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The gastrin-releasing peptide receptor (GRPR) is overexpressed in
many solid malignancies, particularly in prostate and breast cancers,
among others. We synthesized ProBOMB2, a novel bombesin deriva-
tive radiolabeled with ®3Ga and '"”Lu, and evaluated its ability to target
GRPR in a preclinical model of human prostate cancer. Methods:
ProBOMB2 was synthesized in solid phase using fluorenylmethoxy-
carbonyl chemistry. The chelator 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid was coupled to the N terminus and
separated from the GRPR-targeting sequence by a cationic 4-amino-
(1-carboxymethyl)-piperidine spacer. Binding affinity for both human
and murine GRPR was determined using a cell-based competition
assay, whereas a calcium efflux assay was used to measure the ago-
nist and antagonist properties of the derivatives. ProBOMB2 was
radiolabeled with '"”Lu and ®8Ga. SPECT and PET imaging and bio-
distribution studies were conducted using male immunocompromised
mice bearing GRPR-positive PC-3 human prostate cancer xenografts.
Results: Ga-ProBOMB2 and Lu-ProBOMB2 bound to PC-3 cells with
an inhibition constant of 4.58 + 0.67 and 7.29 = 1.73 nM, respectively.
58Ga-ProBOMB2 and '""Lu-ProBOMB2 were radiolabeled with a
radiochemical purity greater than 95%. Both radiotracers were
excreted primarily via the renal pathway. PET images of PC-3 tumor
xenografts were visualized with excellent contrast at 1 and 2 h after
injection with ®3Ga-ProBOMB2, and there was very low off-target
organ accumulation. '7Lu-ProBOMB2 enabled clear visualization of
PC-3 tumor xenografts by SPECT imaging at 1, 4, and 24 h after injec-
tion '"7Lu-ProBOMB2 displayed higher tumor uptake than 8Ga-Pro-
BOMB?2 at 1 h after injection. '””Lu-ProBOMB2 tumor uptake at 1, 4,
and 24 h after injection was 14.9 = 3.1, 4.8 £ 2.1, and 1.7 = 0.3 per-
centage injected dose per gram of tissue, respectively. Conclusion:
%8Ga-ProBOMB2 and '7’Lu-ProBOMB2 are promising radiotracers
with limited pancreas uptake, good tumor uptake, and favorable phar-
macokinetics for imaging and therapy of GRPR-expressing tumors.
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The gastrin-releasing peptide receptor (GRPR) is a transmem-
brane G protein—coupled receptor that is expressed in the human
body’s central nervous system, gastrointestinal tract, pancreas, and
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adrenal cortex tissues (/). GRPR is also aberrantly overexpressed
in many solid malignancies, which include prostate, breast, lung,
colon, and ovarian cancers (2). The overexpression of GRPR in
cancer makes it an attractive target for radioligand imaging and
therapy. In the past, GRPR antagonists based on bombesin (i.e.,
NeoBOMBI1, RM2, and ProBOMB1) have been preferred over
agonists because of the adverse effects observed from using the
latter (3,4).

NeoBOMBI1 has recently been introduced in clinical trials to
image and treat GRPR-positive tumors with *®Ga- and '"’Lu-
labeled compounds, respectively (5). A common trend with
GRPR-targeting agents in patients and preclinical animal models
is the high physiologic accumulation of the radiotracer in the pan-
creas and gastrointestinal tract (5,6). The off-target accumulation
of the radiotracer in normal organs can affect image contrast and
lesion detection and limit the maximum tolerated dose of radio-
tracer administered for radioligand therapy (I). Recently, our
group began to address the issue of off-target GRPR binding (i.e.,
in the pancreas and intestines) with the development of Pro-
BOMBI. It contains a unique terminal LeuysPro-NH, sequence
that significantly reduced pancreas uptake compared with Neo-
BOMBI1 while still retaining target specificity (7,8). However,
ProBOMBI displayed lower tumor uptake with the '"’Lu label
than did NeoBOMBI, whereas ®3Ga-labeled tracer uptake was
similar (7,8). To improve tumor uptake and further mitigate pan-
creas uptake, we designed, synthesized, and evaluated ProBOMB2
(Fig. 1). ProBOMB2 contains the same GRPR-binding sequence
and unique terminal LeuysPro-NH, as are seen in ProBOMB1 but
uses a cationic 4-amino-(1-carboxymethyl)-piperidine spacer
instead of a neutral p-aminomethylaniline-diglycolic acid spacer
(Fig. 1). The cationic piperidine spacer has been used in the past
with the GRPR antagonist °®Ga-RM2 to improve tumor affinity
and in our own lab to improve the pharmacokinetic profile of other
radiotracers (9,10).

Here, we describe the synthesis and pharmacokinetic evaluation
of a novel bombesin derivative, ProBOMB2. We evaluated the
potential of ProBOMB2 as a theranostic agent by radiolabeling
with ®®Ga and '""Lu. Antagonistic properties were evaluated using
an in vitro fluorescence-based Ca* release assay. The pharmaco-
kinetic properties of ®®Ga-ProBOMB2 and '’"Lu-ProBOMB2
were studied in a preclinical model of human prostate cancer.

MATERIALS AND METHODS

Synthesis of ProBOMB2 and Radiolabeling
ProBOMB2 was synthesized in solid phase using a standard
fluorenylmethoxycarbonyl-based  approach. The synthesis of
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an in-house colony and were inoculated sub-
cutaneously with 5 X 10° PC-3 cells
(100 uL; 1:1 phosphate-buffered saline/
Matrigel; Corning), and tumors were
allowed to grow for 3 wk. For '"’Lu-Pro-
BOMB?2, 8-wk-old male NOD.Cg-Ragl™"
Mom - 112rg™IWil/S7]  were used instead,
inoculated the same way as the NOD.Cg-
Prkdc*112rg™ ™™i/SzJ mice.

PET/CT Imaging and
Biodistribution Studies

Mice bearing PC-3 tumors were sedated
(2.5% isoflurane in O,) for intravenous
injection of **Ga-ProBOMB2 (4.18 % 0.68
MBq) and allowed to recover and roam

FIGURE 1.

ProBOMB?2 and its lutetium and gallium cold standards is described
in the supplemental materials (available at http://jnm.snmjournals.org).
ProBOMB?2, Ga-ProBOMB2, and Lu-ProBOMB2 were purified by
high-performance liquid chromatography, and purity was confirmed
by electrospray ionization mass spectrometry (supplemental materi-
als). ProBOMB2 was radiolabeled using **GaCl; to generate **Ga-
ProBOMB2 and was purified using radio—high-performance liquid
chromatography using the methods described in the supplemental
materials. 17’LuCl; was used to obtain !”’Lu-ProBOMB2, which was
then purified using radio—high-performance liquid chromatography as
described in the supplemental materials. The molar activity of radio-
tracers was measured using high-performance liquid chromatography
by dividing the injected radioactivity by the tracer quantity, which was
quantified by area under the ultraviolet absorbance peak and extrapo-
lated from a standard curve. The standard curve was established
with known quantities of nonradioactive Ga-ProBOMB2 or Lu-
ProBOMB?2.

Cell Culture

Human PC-3 prostate adenocarcinoma and murine Swiss 3T3 fibro-
blast cell lines were cultured and maintained in a humidified incubator
(5% CO»; 37°C) in F-12K medium and RPMI medium (Life Technol-
ogies Corp.), respectively, and supplemented with 10% fetal bovine
serum, a 100 IU/mL solution of penicillin, and a 100 wg/mL solution
of streptomycin (Life Technologies Corp.). PC-3 cells were chosen
because of their inherent propensity to display a high surface-
membrane density of human GRPR (/7). Similarly, Swiss 3T3 cells
were selected for their high surface density of murine GRPR as a way
to further explain radiotracer biodistribution in our murine animal
model (/2).

Competition Binding Assay

The in vitro competition binding assays were conducted by follow-
ing previously published procedures, also described in the supplemen-
tal materials (8).

Fluorometric Calcium Release Assay

The FLIPR Calcium 6 assay kit (Molecular Devices) was used to
perform calcium release assays according to published procedures and
is described in the supplemental materials (/3).

Animal Model

Animal experiments were approved by the Animal Care Committee
of the University of British Columbia. For *®Ga-ProBOMB2, 8-wk-
old male NOD.Cg-Prkdc™“I12rg™V"/SzJ mice were obtained from
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Chemical structure of ProBOMB1 (top) and ProBOMB2 (bottom)

freely in their enclosure during the uptake
period. Shortly before the imaging time, the
mice were sedated again under isoflurane
inhalation and placed on the scanner (Inveon small-animal PET/CT
scanner; Siemens Healthineers) while body temperature was main-
tained using a heating pad. A baseline CT scan was obtained for local-
ization and attenuation correction (80 kV, 500 pA, and 300 ms),
followed by a 10-min static PET scan at 1 or 2 h after injection of the
radiotracer. After imaging, the mice were killed under isoflurane anes-
thesia by CO, inhalation, for biodistribution analysis.

The PET data were obtained in list mode, reconstructed using
3-dimensional ordered-subsets expectation maximization (2 iterations)
and a maximum a priori algorithm (18 iterations) with CT-based atten-
uation correction. The Inveon Research Workplace software (Siemens
Healthineers) was used to analyze and view the images. For biodistri-
bution and blocking studies, the mice were injected with 1.47 £ 1.17
MBq of radiotracer. At 1 or 2 h, the mice were anesthetized with 2%
isoflurane and euthanized by CO, inhalation. Blocking was done at 1 h
via coinjection of the radiotracer with 100pg of [p-Phe®Leu-
NHE'3,des-Met'*Jbombesin(6-14). Blood was drawn via cardiac
puncture, and the organs or tissues of interest were harvested, rinsed
with saline, blotted dry, weighed, and counted using an automatic
vy-counter (PerkinElmer). Uptake values were expressed as percentage
injected dose per gram of tissue (%ID/g).

SPECT/CT Imaging and Biodistribution Studies

PC-3 tumor—bearing mice were sedated (2.5% isoflurane in O,),
and '""Lu-ProBOMB2 (34.96 = 2.49 MBq) was administered intra-
venously. Before each SPECT/CT image acquisition, the mouse
was given a subcutaneous injection of 250 pL of sterile saline for
hydration. The same mouse was used for all imaging time-points.
Mice were scanned while sedated (U-SPECT*/CT; MI Labs) using
an ultra-high-sensitivity big-mouse collimator (2-mm pinhole size),
and body temperature was maintained using a heating pad. The CT
scan was obtained using 615wA and 60kV for localization and
attenuation, followed by a SPECT scan with a 20% energy window
centered around 208 keV. Similarity-regulated ordered-subset expec-
tation maximization (32 subsets, 4 iterations), a 1.0-mm postpro-
cessing gaussian filter, and a voxel size of 0.4 mm were used to
reconstruct the images. Scatter was corrected using the automatic
triple energy window, and a collimator-dependent calibration factor
was applied. Images were decay-corrected to the time of injection
and divided by the injected activity with PMOD, version 3.402
(PMOD Technologies), to obtain quantitation in %ID/g. Data were
then converted to DICOM for visualization in Inveon Research
Workplace.
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For biodistribution and blocking studies, the mice were injected
with 2.50 £ 0.62 MBq of radiotracer. At 1, 4, 24, or 72 h, the mice
were anesthetized with 2% isoflurane and euthanized by CO, inhala-
tion. Blocking was done at 1 h via coinjection of the radiotracer with
100 g of [D-Phe® Leu-NHEt'?, des-Met'#]bombesin(6—14). Blood was
drawn via cardiac puncture, and the organs or tissues of interest were
collected, weighed, and counted using an automatic y-counter (Perki-
nElmer). Uptake values were expressed as %ID/g.

Dosimetry

The uptake values (%ID/g) obtained from the biodistribution data
were decayed to the appropriate time point and fitted to monoexponen-
tial or biexponential models using an in-house Python script (Python
Software Foundation, version 3.5). Biexponential fitting assumed zero
uptake at baseline. The best fit was based on the coefficient of deter-
mination (R*) and by qualitatively looking at fits in log—log plots and
their residuals. Time-activity curves were integrated to acquire resi-
dence times per unit gram and multiplied by mass of model tissue
(25-g mouse whole-body phantom). The residence time data were
input into OLINDA (Hermes Medical Solutions, version 2.2), which
has precalculated dose factors to obtain dosimetry (/4,15). Dosimetry
estimations for the average adult human male were extrapolated per
published procedures (8). Mouse biodistribution data were extrapo-
lated to humans with the method proposed by Kirschner et al., using
the following equation (/6):

%ID %ID M mouse
= M, X (m(’rga“)human 4
Morgan /' human Morgan / mouse human

where Mgrgan 1s mass of organ and M represents total-body mass.
Once human equivalent biodistribution values were extrapolated
with the above equation, dosimetry was obtained as for the mouse
case using OLINDA.

Statistical Analysis

Data were analyzed with GraphPad Prism, version 8.0. ¢ tests were
performed for all organs in the biodistribution studies and the binding
affinity studies. For ¢ tests performed for organ comparison, a correc-
tion factor was used to account for multiple comparisons using the
Holm-Sidak method. The Welch ¢ test was used to compare Pro-
BOMB?2 radiotracer accumulation in organs with each other and with
previously established ProBOMB1 and NeoBOMBI values. A statisti-
cally significant difference was considered present when the adjusted
P value was less than 0.05 using the Holm—Sidak method.

RESULTS

Chemistry and Radiolabeling

The starting material fluorenylmethoxycarbonyl-LeuysPro-OH
was synthesized in solution phase with 31% yield. The precursor
ProBOMB2 was synthesized using fluorenylmethoxycarbonyl
chemistry in solid phase. The nonradioactive Ga-ProBOMB2 and
Lu-ProBOMB2 were obtained in 88% and 86% yields, respecti-
vely. Multiple batches of *Ga-ProBOMB2 were prepared in good
radiochemical yield (45.5% *=29.9%, n = 3) and good specific
activity (139.86 = 70.67 GBg/pmol, n = 3), with more than 95%
radiochemical purity. '7’Lu-ProBOMB?2 was prepared in good radio-
chemical yield (45.5% *+4.4%) and high specific activity
(421.8 = 5.2 GBg/pumol), with more than 99% radiochemical purity.

Binding Affinity and Antagonist Characterization

Ga-ProBOMB2 and Lu-ProBOMB2 binding affinities were
measured in human GRPR-expressing PC-3 prostate cancer cells
and murine GRPR-expressing Swiss 3T3 cells (Supplemental Fig.
1; Fig. 2). The competitor '*°I-Tyr*bombesin was successfully dis-
placed in a dose-dependent manner by both compounds on PC-3
and Swiss 3T3 cells. Inhibition constants for Ga-ProBOMB2 and
Lu-ProBOMB2 on human GRPR-expressing PC-3 cells were
4.58 = 0.67 and 7.29 = 1.73 nM, respectively (» = 3). Inhibition
constants for Ga-ProBOMB2 and Lu-ProBOMB2 on murine
GRPR-expressing Swiss 3T3 cells were 530*1.55 and
7.91 = 2.60 nM, respectively (n = 3). There was no significant
difference in binding affinity for Ga-ProBOMB2 between murine
and human GRPR (P = 0.528). Lu-ProBOMB?2 also displayed no
significant difference in binding affinity between murine and
human GRPR (P = 0.751).

Intracellular calcium release was measured for Ga-ProBOMB2
and Lu-ProBOMB2 using PC-3 cells (Supplemental Figs. 3 and
4). Adenosine triphosphate (50 nM) and bombesin (50 nM)
induced Ca®' efflux corresponding to 907.3*177.5 and
880.6 = 146.3 relative fluorescence units (RFUs), compared with
6.0 £2.7 RFUs for buffer control. For [D—Pheﬁ,Leu-NHEtB,des-
Met'“]bombesin(6-14) (50 nM), 5.7 = 0.7 RFUs was observed. For
Lu-ProBOMB2 (50 nM), 5.5 0.8 RFUs were recorded, whereas
Ga-ProBOMB2 (50 nM) elicited 6.4 = 1.0 RFUs. Ga-ProBOMB2
RFUs were ignificantly lower from those of adenosine triphosphate
(P = 0.002) and bombesin (P = 0.001) but were not significantly

different from those of [p-Phe®Leu-

NHEt'? des-Met'*Jbombesin(6-14) (P =
0.299). Lu-ProBOMB2 RFUs were signifi-
5 cantly lower than RFUs obtained with aden-
osine triphosphate (P = 0.002) and
bombesin (P = 0.001) but were not signi-
ficantly different from RFUs obtained with
[D-Phe®, Leu- NHEt'?, des-Met'*]bombe-
sin(6-14) (P = 0.719).

6/Q1%

PET Imaging and Biodistribution

The PET and PET/CT images are shown
in Figure 2. There was clear visualization
of PC-3 tumor xenografts in mice by *Ga-
ProBOMB2, which was excreted primarily
through the renal pathway. The urine con-

FIGURE 2. Fused maximum-intensity projection PET/CT and PET alone of ®3Ga-ProBOMB2 in
PC-3 xenograft-bearing mice. Images were acquired at 1 h (A), 2 h (B), and 1 h with blocking (C) after
injection. Blocking was performed with coinjection of 100ug of [p-Phe® Leu-NHEt'® des-

Met'“Jbombesin(6-14).
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tained the highest activity of **Ga-Pro-
BOMB?2, followed by the tumor and
kidneys, respectively. Coinjection of the
blocking agent, [D—Phe(’,Leu—NHEtB,deS-
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Dosimetry

The absorbed doses in mice injected
with 77Lu-ProBOMB2 are shown in
Table 1. The bladder received the highest
dose, followed by the PC-3 tumor and the
kidneys.

Table 2 lists the estimated absorbed
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male. These data remained consistent with

FIGURE 3. Organ uptake (A) and tumor-to-organ ratios (B) of ®*Ga-ProBOMB2. Time points are at
1 h and 2 h after injection in PC-3 xenograft-bearing mice. p.i. = after injection.

Met'*]bombesin(6—/4), reduced tumor uptake of **Ga-Pro-
BOMB?2 by 65% at 1 h after injection. This was a significant
reduction in tumor uptake compared with the unblocked sample at
1 h after injection (P = 0.00006).

PC-3 tumor uptake for **Ga-ProBOMB2 was 10.80 = 2.56 and
8.79 = 3.01 %ID/g at 1 and 2 h after injection, respectively. There
was no significant difference between 1 and 2 h after injection
(P = 0.219). Kidney uptake for *Ga-ProBOMB2 was 1.81 = 0.44
and 1.27 = 0.31 %ID/g at 1 and 2 h after injection, respectively.
Blood, muscle, bone, and liver uptake of the PET tracer was less
than 1 %ID/g across all time points (Fig. 3). Pancreas uptake was
1.20 = 0.42 and 0.30*=0.11 %ID/g at 1 and 2 h after injection,
respectively. Tumor-to-blood ratio increased over time from
22.19 = 3.51 at 1 h after injection to 75.32 = 28.59 at 2 h. Tumor-
to-kidney ratios were 6.03 = 0.88 and 6.96 = 1.89 at 1 and 2 h after
injection, respectively. Tumor-to-pancreas ratios increased from
9.32 = 1.38 to 31.05*9.28 at 1 and 2 h after injection, respec-
tively. Tumor-to-liver ratios remained high, increasing from
26.18 = 6.43 at 1 h after injection to 34.99 = 16.10 at 2 h. Com-
plete biodistribution data are presented in Supplemental Table 1.

SPECT Imaging and Biodistribution

The maximum-intensity-projection SPECT images of '""Lu-
ProBOMB2 are shown in Figure 4. There was clear and high-
contrast visualization of PC-3 tumor xenografts in mice by
77 u-ProBOMB2 at 1, 4, and 24 h, and the tracer was then
excreted renally. The highest activity for '7’Lu-ProBOMB2 was
observed in the urine, followed by the tumor and kidneys. Coinjec-
tion of the blocking agent, [p-Phe® Leu-NHEt'3,des-Met!*]bombe-
sin(6-14), decreased tumor uptake of '"’Lu-ProBOMB2 by 80%
at 1 h after injection.

PC-3 tumor uptake for '"’Lu-ProBOMB2 was 14.94 *+ 3.06,
4.75 £2.06, 1.68 = 0.30, and 0.91 = 0.15 %ID/g at 1, 4, 24, and
72 h after injection, respectively. Kidney uptake for '”’Lu-Pro-
BOMB2 was 2.44 = 0.59 %ID/g at 1 h after injection, which by
24 h after injection dropped to 0.71 = 0.10 %ID/g. Pancreas up-
take was 1.36 = 0.45 %ID/g at 1 h after injection, and at 4 h after
injection descended to 0.17 = 0.06 %ID/g. Blood, muscle, bone,
and liver uptake of the SPECT tracer was less than 1 %ID/g across
all time points (Fig. 5). Biodistribution data for all other collected
organs are presented in Supplemental Table 2. Tumor-to-blood
ratio increased over time from 35.34 = 8.47 at 1 h after injection to
320.13 £160.30 at 24 h. Tumor-to-kidney ratios peaked at
6.33 = 1.60 at 1 h after injection, decreasing to 2.39 = 0.30 at 24 h.
Tumor-to-pancreas ratios increased from 11.70 = 3.08 at 1 h after
injection to 19.57 £4.00 at 24 h. Tumor-to-liver ratios peaked

RADIOTRACERS FOR GRPR IMAGING  *

the mouse model. The highest estimated
normal-organ dose was in the urinary
bladder, followed by the kidneys. The
estimated pancreas dose remained low, along with other tissues of
interest (e.g., gastrointestinal tract).

DISCUSSION

GRPR is an attractive radiopharmaceutical target for cancer
therapy and diagnosis because of its overexpression in many can-
cer types (1,17-19). Bombesin-based GRPR antagonists can image
both primary and metastatic disease in patients, particularly in
estrogen receptor—positive breast cancer and prostate cancer
(5,6,8,20-22). The literature largely supports the use of GRPR
radiotracers for prostate cancer, for which it can be combined with
prostate-specific membrane antigen radiopharmaceuticals to
enhance disease management (/9,23). Some bombesin-based
radiotracers often accumulate in the intestine and pancreas, nega-
tively affecting tumor contrast (24,25). Incorporating a charged
hydrophilic linker in the radiotracer sequence can increase water
solubility, renal excretion, and tumor uptake of radiopharmaceuti-
cals to enhance image contrast (26,27). Novel !”’Lu-ProBOMB2
and %®*Ga-ProBOMB2 contained the unique terminal LeuysPro
moiety used in ProBOMB1 but now include a cationic piperidine
spacer to improve tumor uptake and contrast (7,8).

Ga-ProBOMB?2 and Lu-ProBOMB2 were found to be potent
GRPR antagonists, highly desirable for tolerability (3,4). ®*Ga-
ProBOMB2 and '”’Lu-ProBOMB2 demonstrated high-contrast
visualization of GRPR-expressing PC-3 prostate cancer xenografts

FIGURE 4. Fused maximum-intensity projection SPECT/CT of '""Lu-
ProBOMB2 in PC-3 xenograft-bearing mice. Acquisition time points are 1,
4,24, and 72 h after injection. t = tumor.

Bratanovic et al. 427
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FIGURE 5. 'Lu-ProBOMB2 uptake in organs of interest in
PC-3-bearing mice.

with minimal normal-organ uptake on PET and SPECT imaging,
respectively. Both radiotracers were rapidly excreted from the
blood and peripheral organs through the renal pathway. Blocking
studies confirmed radiotracer specificity for GRPR. Although
blocking was not complete, decreasing tumor uptake from 10.8
%ID/g to 3.77 %ID/g, this decrease likely reflected an insufficient
dose of the blocking competitor, [p-Phe6,Leu-NHEt13,des-
Met14]-bombesin, or differences in the clearance profile of the
competitor relative to the radioligand. Complete biodistribution
studies corroborated the quality of the PET and SPECT images,
indicating high, rapid normal-organ clearance of the radiotracers
(Figs. 2 and 4). Tumor uptake peaked at 1 h after injection for
both the ®®Ga and the '"’Lu radiotracers, each with minimal pan-
creas and kidney uptake. These are unique outcomes, as previous
GRPR antagonists characteristically have significant pancreas and
normal-organ accumulation (i.e., RM2 and NeoBOMBI) (79,20).
Our ProBOMB2 radiotracers have an inherent specificity for

TABLE 1
Absorbed Doses per Unit of Injected Activity in Mice for
7Lu-ProBOMB?2

Target organ Absorbed dose (mGy/MBq)

Brain 0.99
Large intestine 217
Small intestine 2.09
Stomach 1.89
Heart 2.24
Kidneys 42.70
Liver 9.34
Lungs 7.50
Pancreas 8.64
Bone 6.28
Spleen 8.15
Testes 2.76
Thyroid 0.83
Bladder 632.00
Remainder of body 5.64
Tumor 134.63
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TABLE 2
Estimated Organ-Absorbed Doses of ””Lu-ProBOMB2 for
Adult Human Male

Target organ Absorbed dose (mGy/MBaq)

Adrenals 7.51E-03
Brain 7.43E-035
Esophagus 3.18E-034
Eyes 2.57E-034
Gallbladder wall 3.91E-034
Left colon 7.57E-034
Small intestine 7.54E-034
Stomach wall 3.67E-034
Right colon 5.48E-034
Rectum 7.06E-034
Heart 7.45E-034
Kidneys 1.53E-032
Liver 3.15E-033
Lungs 2.75E-033
Pancreas 2.82E-033
Prostate 6.09E-034
Salivary glands 2.65E-034
Red marrow 3.45E-034
Skeleton 4.72E-034
Spleen 2.73E-033
Testes 6.96E-034
Thymus 2.96E-034
Thyroid 2.84E-034
Urinary bladder 5.27E-032
Remainder of body 8.03E-034

GRPR-positive cancer tissue but not healthy tissue that expresses
GRPR (i.e., the pancreas). Our binding affinity experiments
showed that that the lack of pancreas and intestine uptake is not
due to the interspecies difference in the GRPR structure of our ani-
mal model; rather, it is a unique property of ProBOMB?2 that war-
rants further investigation.

The biodistribution of **Ga-ProBOMB2, compared with that of
%8Ga-NeoBOMBI, found that at 1 h after injection there was a sig-
nificantly lower retention of **Ga-ProBOMB?2 in nontarget tissues,
such as the blood, intestines, stomach, liver, pancreas, and kidneys
(P < 0.05), while maintaining similar tumor uptake (P > 0.05)
(Fig. 6) (8). The same pattern was observed when comparing
"7"Lu-ProBOMB2 with '""Lu-NeoBOMBI. The significantly
higher tumor uptake for '"’Lu-ProBOMB2 than for '"’Lu-Neo-
BOMBI (P < 0.05) at 1 h after injection is a promising character-
istic, as there was significantly lower uptake of our radiotracer in
the blood, intestine, pancreas, and liver (P < 0.05) (Fig. 6) (7).
However, '"’Lu-ProBOMB2 had significant washout from the
tumor at 4 h after injection, resulting in lower tumor uptake than
that of '7’Lu-NeoBOMBI (Fig. 6). The GRPR radiotracer profile
of high pancreas uptake is also observed in RM2, a clinically
established GRPR-specific radiotracer (22). ®*Ga-RM2 presented
with notably high pancreas uptake in both preclinical and clinical
studies (20,22). With the same prostate cancer model as in our

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 63 + No.3 + March 2022



A 200

100

M *Ga.NeoBOMB1
M “°Ga-ProBOMB2

% IDig

B ""Lu-NeoBOMB1
B "Lu-ProBOMB2

% IDIg

0 0
) * @
& &F o
) S &
&

«s‘é}ﬁ

¢ ®
& <
o

&

o
&°

&

&

o
&
o
&

tumor clearance of our radiotracer. In future
iterations, the radiotracer’s biologic half-life
can be increased using albumin binders to
attenuate bladder dosing and mitigate tissue
damage. The remaining organs had a low
absorbed dose and were comparable to each
other. When compared with published data
for '""Lu-labeled NeoBOMBI and Pro-
BOMBI, the predicted dose with '""Lu-
ProBOMB2 for a human adult male was
much lower for many key organs (Fig. 7).
The average male would be expected to
receive approximately a 100 times lower
dose to the pancreas with '""Lu-Pro-
BOMB?2 than with '’Lu-NeoBOMBI.

The favorable distribution profile of
ProBOMB2 has the potential to reduce
radiation exposure to normal organs and
is a promising alternative for therapy of
GRPR-positive cancers.
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CONCLUSION

FIGURE 6. (A) Comparison of ®®Ga-ProBOMB2 and %8Ga-NeoBOMB1 biodistributions in key
organs in PC-3 tumor-bearing mice. Biodistribution data are for 1 h after injection (left) and 2 h after
injection (right) (8). (B) Comparison of 77Lu-ProBOMB2 and '""Lu-NeoBOMB1 uptake in key organs
in PC-3 tumor-bearing mice. Biodistribution data are for 1 h after injection (left) and 4 h after injection

(right) (7).

study, ®*Ga-RM2 achieved similar tumor uptake at 1 and 2 h after
injection but had higher pancreatic accumulation (20).

Both '7"Lu-ProBOMB2 and **Ga-ProBOMB?2 are strong candi-
dates for clinical translation. They demonstrated rapid clearance,
resulting in high tumor-to-blood, -bone, and -muscle ratios. Impor-
tantly, a high tumor-to-pancreas ratio was obtained, with pancreas
being the common dose-limiting organ for '”’Lu-RM2 and '""Lu-
NeoBOMBI1 (5,28). ProBOMB?2 is a GRPR antagonist, and there
was washout of the radiotracer from the tumor over time. Sus-
tained tumor uptake is desirable to enhance the radiation dose
delivered to tumors relative to normal organs. Further improve-
ments in tumor retention may be achieved by improving the meta-
bolic stability of bombesin derivatives.

Because ProBOMB2 was excreted primarily renally, the bladder
received the highest absorbed dose in our mouse model, followed by
the kidneys (Table 2). This route is likely due to high blood and
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FIGURE 7. Estimated human absorbed doses of '"’Lu-labeled Neo-
BOMB1 and ProBOMB2 for average adult male (7).

RADIOTRACERS FOR GRPR IMAGING

We synthesized ProBOMB2, a GRPR-
targeting peptide with nanomolar affinity
for the receptor, and successfully radiola-
beled it with ®*Ga and '""Lu. *®Ga- and
77 u-ProBOMB2 were able to provide
high-contrast images of GRPR-expressing
tumors in a preclinical human prostate cancer model with PET
and SPECT, respectively, with minimal pancreas uptake. With
high tumor-to-pancreas and normal-organ uptake ratios and favor-
able dosimetry, *®Ga- and '"’Lu-ProBOMB2 warrant further
investigation as a theranostic pair for cancer imaging and therapy.
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KEY POINTS

QUESTION: How well does the peptide ProBOMB2 bind to GRPR
and allow imaging of GRPR-positive cancers when radiolabeled
with either ®3Ga or ""7Lu?

PERTINENT FINDINGS: ProBOMB?2 radiolabeled with ®®Ga or
177y accumulated specifically in GRPR-positive neoplastic tissue,
with minimal normal-organ uptake. Uptake in the pancreas was
significantly decreased, compared with previous GRPR-targeting
radiopeptides (i.e., NeoBomb1), while maintaining sustained tumor
uptake.

IMPLICATIONS FOR PATIENT CARE: ProBOMB2 accumulates
in GRPR-positive neoplasms while having lower uptake in healthy
tissues (i.e., the pancreas), thus improving image contrast for diag-
nostic use and reducing off-target tissue damage for therapeutic
applications.
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