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Because overexpression of the gastrin-releasing peptide receptor
(GRPR) has been reported on various cancer types, for example,
prostate cancer and breast cancer, targeting this receptor with
radioligands might have a significant impact on staging and treat-
ment of GRPR-expressing tumors. NeoBOMB1 is a novel DOTA-
coupled GRPR antagonist with high affinity for GRPR and excellent
in vivo stability. The purpose of this preclinical study was to further
explore the use of NeoBOMB1 for theranostic application by
determining the biodistribution of ¢8Ga-NeoBOMB1 and '77Lu-
NeoBOMB1. Methods: PC-3 tumor—xenografted BALB/c nu/nu mice
were injected with either approximately 13 MBqg/250 pmol ¢8Ga-
NeoBOMB1 or a low (~1 MBg/200 pmol) versus high (~1 MBg/10 pmol)
peptide amount of 77Lu-NeoBOMBH1, after which biodistribution
and imaging studies were performed. At 6 time points (15, 30, 60,
120, 240, and 360 min for 8Ga-NeoBOMB1 and 1, 4, 24, 48, 96,
and 168 h for 77Lu-NeoBOMB1) postinjection tumor and organ
uptake was determined. To assess receptor specificity, additional
groups of animals were coinjected with an excess of unlabeled
NeoBOMBH1. Results of the biodistribution studies were used to
determine pharmacokinetics and dosimetry. Furthermore, PET/CT
and SPECT/MRI were performed. Results: Injection of approxi-
mately 250 pmol $8Ga-NeoBOMB1 resulted in a tumor and pan-
creas uptake of 12.4 = 2.3 and 22.7 + 3.3 percentage injected dose
per gram (%ID/g) of tissue, respectively, at 120 min after injection.
177Lu-NeoBOMB1 biodistribution studies revealed a higher tumor
uptake (17.9 = 3.3 vs. 11.6 = 1.3 %ID/g of tissue at 240 min after
injection) and a lower pancreatic uptake (19.8 + 6.9 vs. 105 = 13
%ID/g of tissue at 240 min after injection) with the higher peptide
amount injected, leading to a significant increase in the absorbed
dose to the tumor versus the pancreas (200 pmol, 570 vs. 265 mGy/
MBg; 10 pmol, 435 vs. 1393 mGy/MBq). Using these data to predict
patient dosimetry, we found a kidney, pancreas, and liver exposure
of 0.10, 0.65, and 0.06 mGy/MBaq, respectively. Imaging studies resulted
in good visualization of the tumor with both 68Ga-NeoBOMB1 and
177Lu-NeoBOMB1. Conclusion: Our findings indicate that ®8Ga- or
177 u-labeled NeoBOMBH1 is a promising radiotracer with excellent tu-
mor uptake and favorable pharmacokinetics for imaging and ther-
apy of GRPR-expressing tumors.
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The gastrin-releasing peptide receptor (GRPR), also known
as bombesin receptor subtype 2, is a G-protein—coupled recep-
tor expressed in various organs, including those of the gastro-
intestinal tract and the pancreas (/,2). On binding of a suitable
ligand, the GRPR is activated, eliciting multiple physiologic
processes, such as regulation of exocrine and endocrine secre-
tion (/,2). In the past decades, GRPR expression has been
reported in various cancer types, including prostate cancer
and breast cancer (3,4). Therefore, the GRPR became an in-
teresting target for receptor-mediated tumor imaging and
treatment, such as peptide receptor scintigraphy and peptide
receptor radionuclide therapy (2). After the successful use of
radiolabeled somatostatin peptide analogs in neuroendocrine
tumors for nuclear imaging and therapy (5,6), multiple radio-
labeled GRPR radioligands have been synthesized and studied
in preclinical as well as in clinical studies, mostly in prostate
cancer patients. Examples of such peptide analogs include
AMBA, the Demobesin series, and MP2653 (7-11). Recent
studies have shown a preference for GRPR antagonists com-
pared with GRPR agonists (/2,13). Compared with receptor
agonists, antagonists often show higher binding and favorable
pharmacokinetics (/4). Also, clinical studies with radiolabeled
GRPR agonists reported unwanted side effects in patients
caused by activation of the GRPR after binding of the peptide
to the receptor (/5).

Although imaging and treatment with radiolabeled GRPR
peptide analogs is not yet approved for routine clinical practice,
progress made over the years led to new diagnostic radiotracers,
which are most promising. On the route to developing a new
successful imaging and treatment strategy for GRPR-expressing
tumors, the development of radiotracers with favorable phar-
macokinetics that can be labeled with different radionuclides is
an essential step. Further studies are now needed to optimize the
use of GRPR radioligands for imaging and treatment of GRPR-
expressing tumors to determine the clinical value of GRPR-targeting
radiotracers.

In this study, we explored the use of a novel DOTA-coupled
GRPR antagonist, NeoBOMBI, derived from a previously reported
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GRPR antagonist, SB3 (/6). The peptidic part of NeoBOMBI,
however, is based on a different GRPR antagonist first de-
scribed by Heimbrook et al. (/7) and generated by modifica-
tion of the C-terminal Leu!3-Met!'“-NH, and the replacement
of Asn® by DPhe® of native bombesin(6-14). NeoBOMB1 was
chosen for further studies because of its improved affinity
for the GRPR (78,19). Coupling of the antagonist to a DOTA che-
lator enables labeling with different radionuclides such as %8Ga
(for PET), "!'In (for SPECT), and !7’Lu (for radionuclide therapy),
which makes theranostic use of NeoBOMBI1 possible. In a prelim-
inary communication on NeoBOMBI1, a GRPR affinity in the low
nanomolar range for "Ga-NeoBOMBI1 and excellent in vivo stabil-
ity of ©’Ga-NeoBOMBI1 were reported (18).

The aim of our study was to further explore the perspectives of
%8Ga-NeoBOMBI1 and '77Lu-NeoBOMBI1 for clinical translation
by performing biodistribution studies in PC-3—xenografted mice.
Two peptide amounts of 17’Lu-NeoBOMBI1 were studied to de-
fine the optimal peptide amount for increasing tumor targeting
while minimizing background radioactivity levels. Data of the
177Lu-NeoBOMB1 biodistribution studies were used to deter-
mine dosimetry in mice and to predict dosimetry in humans.

MATERIALS AND METHODS

Radiotracer and Radiolabeling Procedure

NeoBOMBI1 (Advanced Accelerator Applications) (Fig. 1) (20)
was diluted in ultra-pure water, and concentration and chemical purity
were monitored with an in-house—developed titration method (27).
Labeling of NeoBOMBI1 was based on a previously published kit
approach by Castaldi et al. (22). Radioactivity was added (60 MBq/
nmol %8Ga or 100 MBg/nmol '"Lu) to a vial containing all the
necessary excipients, for example, buffer, antioxidants, and pep-
tide; subsequently, this vial was heated at 85°C for 7 or 20 min,
respectively. To measure radiometal incorporation, quality control
was performed by instant thin-layer chromatography on silica gel
using 0.1 M citrate (pH 5) or 1 M ammonium acetate/methanol
(30/70 v/v) as buffers. High-performance liquid chromatography
was performed with a gradient of methanol and 0.1% trifluoroace-
tic acid to determine radiochemical purity. Both °8Ga-NeoBOMB1
and '"7Lu-NeoBOMBI1 were diluted in phosphate-buffered saline
plus a tensioactive agent to prevent sticking of the peptide, before
injection in animals.

Animal Model

All animal studies were conducted in agreement with the Animal
Welfare Committee requirements of Erasmus MC and in accordance
with accepted guidelines. Male BALB/c nu/nu animals (6-8 wk)
(Janvier) were subcutaneously (right shoulder) injected with 150 pL
of inoculation medium (1/3 Matrigel high concentration [Corning] and

2/3 Hank’s balanced salt solution [Thermofisher Scientific]) contain-
ing 5 x 10° cells of the GRPR-expressing human-derived prostate
cancer cell line PC-3 (American Type Culture Collection). In vivo
imaging and biodistribution studies were performed 3-4 wk after
tumor cell inoculation, when tumor size was 340 = 114 mm?.

Imaging Studies

Mice (n = 2 per radiotracer) were injected with 50 wL of approx-
imately 11.5 MBq/230 pmol %8Ga-NeoBOMBI1 or 200 p.L of 20 MBg/
200 pmol '77Lu-NeoBOMBI, after which PET/CT or SPECT/MRI
was performed.

The PET/CT scans were obtained at 60 min after injection of ®Ga-
NeoBOMBI in a small-animal SPECT/PET/CT scanner (VECTor/CT;
Milabs) under isoflurane/O, anesthesia. Whole-body scans were ac-
quired for 120 min (48 projections, 38 s/projection) using a special
collimator with clustered pinholes for high-energy photons. The col-
limator contains 162 pinholes with a diameter of 0.7 mm grouped in
clusters of 4. Reconstruction was performed using a pixel-based
ordered-subset expectation maximization method (4 subsets, 30 it-
erations) and visualized with Vivoquant (InVicro). A postreconstruc-
tion 3-dimensional gaussian filter was applied (1.2 mm full width at
half maximum).

Whole-body SPECT images were obtained 240 min after injection
of 177Lu-NeoBOMB1 under isoflurane/O, anesthesia, using a 4-head
multipinhole system (NanoScan SPECT/MRI; Mediso Medical Im-
aging). The images were acquired using 28 projections (40 s/projection)
and reconstructed using the ordered-subset expectation maximiza-
tion method and a voxel size of 0.25 x 0.25 x 0.25 mm and a scan
time of 47 min. Coronal T2-weighted images were acquired with a
2-dimensional fast spin echo sequence on a 1-T permanent magnet
(Mediso) with a 35-mm transmit/receive solenoid coil. Scan param-
eters used were echo time/repetition time, 4,500/39 ms; number of
signals averaged, 4; field of view, 70 mm; resolution, 0.4 x 0.4 X
0.8 mm, with 0.1-mm spacing between slices and a scan time of
10 min.

Biodistribution Studies
Biodistribution studies were performed to determine tumor and
organ uptake of ®®Ga-NeoBOMBI1. Animals (n = 4 for each time point)
were injected intravenously with an average of 13 MBq/250 pmol *3Ga-
NeoBOMBI (injected volume, 50 L) at t = 0. At 6 selected time points
(15, 30, 60, 120, 240, and 360 min) after injection, animals were
euthanized and organs and tumors were excised and their radioactivity
uptake was determined. For the '7’Lu-NeoBOMBI1 biodistribution stud-
ies, animals were injected with either 1 MBq/200 pmol or 1 MBgq/10
pmol '77Lu-NeoBOMBI1 (injected volume, 200 pL) to determine the
peptide amount with optimal tumor-to-background ratio. Four, 24,
48, 96, and 168 h after injection, animals were euthanized, organs
were collected, and radiotracer uptake was determined (n = 4 for
each concentration per time point). For both the ®Ga-NeoBOMB 1
and the !77Lu-NeoBOMBI1 biodistribution
studies, the following organs were collected:
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blood, lungs, spleen, pancreas, kidneys, liver,
organs of the gastrointestinal tract (stomach,
intestine, caecum, and colon), muscle, tail,
and tumor. To confirm receptor specificity of
radiotracer uptake, PC-3—xenografted mice
were coinjected with either °3Ga-NeoBOMB 1
or 77Lu-NeoBOMBI plus an excess (40 nmol)
of unlabeled NeoBOMB1 (n = 2 and 4, re-
spectively), after which tumor and organ up-
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FIGURE 1.
binding domain.
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Chemical structure of NeoBOMB1. Green = DOTA chelator; purple = spacer; black =

take was determined 120 and 240 min after
injection, respectively.
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The extrapolated TIAC},,,, multiplied by
the reference man organ weight, was used as
input to the dosimetry software OLINDA/EXM
(27). Absorbed doses to the organs were de-
rived for the reference male phantom. Fifty
percent of the activity was considered to be

FIGURE 2.

68Ga-NeoBOMB1 biodistribution and imaging. (A) Biodistribution of approximately
13 MB@g/250 pmol $8Ga-NeoBOMB1. Tumor-to-organ ratios are displayed in upper bar graph. (B

distributed in the whole body (remainder), and
the dynamic bladder model was used to derive
the urinary bladder dose with 5 voids per day.

and C) Pharmacokinetic modeling of 88Ga-NeoBOMB1 tumor and pancreas uptake, respectively.

(D) PET/CT images acquired 60 min after injection of 11.5 MBqg/230 pmol ®8Ga-NeoBOMBH1.
Tumor is located on the shoulder. Bl = blood; Gl = gastrointestinal tract; Ki = kidney; Li = liver;
Lu = lungs; Mu = muscle; Pa = pancreas; Sp = spleen; Tu = PC-3 tumor.

After tumor and organs were collected, the samples were weighed
and counted in a <y-counter (1480 WIZARD automatic ~y-counter;
PerkinElmer) to determine the percentage injected dose per gram of
tissue (%ID/g of tissue). For vy-counter measurements, an isotope
specific energy window, a counting time of 60 s, and a counting error
of 5% or less were used.

The radioactivity uptake in tumor and organs was corrected for the
percentage of radioactivity measured in the tail.

Dosimetry

Kinetic analysis of the biodistribution data was performed to determine
uptake and clearance characteristics of the radiotracers. For '7’Lu-
NeoBOMBI, the resulting time—activity concentration curves through
the uptake data were used to calculate the absorbed doses to the organs
and tumor. The mouse dosimetry was performed using the RAdiation
Dose Assessment Resource realistic mouse model (23). The absorbed
dose to an organ, D,,,4,,, Was calculated according to the MIRD scheme
(24 Dorgan = Mopgan X Y, TIACyye X S(organ<—src), with TIAC,.

sre

GRPR RADIOLIGAND FOR THERANOSTIC USE *

Statistics

Least-square fits with exponential curves
were performed with Prism software (version
5.01; GraphPad Software). Decisions on the
number of exponentials and plateau values
were based on the Aikake information criterion, thereby balancing
better fit correlation and degrees of freedom for the fit. A correlation
coefficient R?> > 0.7 was used as the lowest allowable goodness-of-fit
criterion. Time—activity curves below this criterion were piecewise
integrated by the trapezoidal method.

RESULTS

Biodistribution of 8Ga-NeoBOMB1

The results of the biodistribution studies with approximately 13
MBq/250 pmol °®Ga-NeoBOMBI1 are presented in Figure 2. The
highest tumor uptake of 12.4 * 2.3 %ID/g of tissue was measured
at 120 min after injection (Fig. 2A). At that time point, uptake in
the pancreas was 22.7 = 3.3 %ID/g of tissue. As a consequence of
renal and hepatobiliary excretion, uptake values in the kidney and
liver were 5.7 = 2.4 and 8.3 = 1.8 %ID/g of tissue, respectively.
When receptors were blocked by coinjection with an excess of
unlabeled NeoBOMBI1, uptake in GRPR-expressing tissues, such

Dalm et al. 295



A 150 4 - c 50 -
4 1n ©
100 Ak § 40
509 = 24h 2 20 = L
157 == 48h 5 20 gl 3
] i ol
= 168 h F ool -
] == 4 h + block Ki Li Pa
w
<104
2
=]
5
oll B H i . ‘ L D ‘ = IL. i HL
Mu Lu Sp Gl Bl Ki Li Pa Tu
B 5o 300
= 1h g
150
= 4h % 50:1 m
254 == 24h o T I
= 48h = ’ = T
= 168 h E] o :
° = 4+ block " olomiy - — ‘
H] Ki Li Pa ‘
£ 10 ‘
2
g
"-E |
= |
54 -
] [
ol & R . B o W5, B i, ‘ : e
Mu Lu Sp Gl Bl Ki Li Pa Tu
200 - o
C 10pmol  t,,=361+28h 1504 el Ky =45 x15h (5310
— 200pmol t_ =286+27h 100 tmz =137 £ 6.2 1 (37%)
cear . 50 —— 200 pmol t, =11.0£29h
] 07
o 30 g3
2 8
2 ]
= w
- o
g 20- 220
- g
o g
a 2
= =}
104 3 101
‘—__———_
0 T T T 1 0 T T T 1
0 50 100 150 200 0 50 100 150 200

Time after injection (h) Time after injection (h)

Sagital view

Transversal view Coronal view

FIGURE 3. '77Lu-NeoBOMB1 biodistribution and imaging. (A and B) Biodistribution of 200 and
10 pmol '77Lu-NeoBOMB1 in PC-3-xenografted animals, respectively. Tumor-to-organ ratios are
displayed in upper bar graph. (C) Pharmacokinetic modeling of '77Lu-NeoBOMB1 tumor uptake.
(D) Pharmacokinetic modeling of '77Lu-NeoBOMB1 pancreas uptake. (E) SPECT/MR images
240 min after injection of 20 MBg/200 pmol '7”Lu-NeoBOMB1. Tumor is located on right shoulder.
Bl = blood; Gl = gastrointestinal tract; Ki = kidney; Li = liver; Lu = lungs; Mu = muscle; Pa =
pancreas; Sp = spleen; Tu = PC-3 tumor.

as tumor and pancreas, decreased to 1.0 = 0.1 and 0.7 = 0.1 %ID/g
of tissue, respectively. Pharmacokinetic calculations resulted in a
tumor clearance half-life of 6.9 = 2.8 h and a pancreas clearance
half-life of 12.9 = 4.0 h (Figs. 2B and 2C). Clearance from blood
proceeded according to a biphasic pattern: 66% * 9%, with a half-
life of 8 = 5 min, and 34%, with a half-life of 50 * 15 min.
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PET/CT scans of animals injected with
11.5 MBg/230 pmol resulted in good visu-
alization of the tumor tissue. As expected,
uptake was also seen in the abdominal area
as a consequence of uptake in the gastroin-
testinal tract or pancreas. Images are pre-
sented in Figure 2D.

Biodistribution of 77Lu-NeoBOMB1

Injection of 1 MBg/10 pmol or 1 MBqg/
200 pmol '"7Lu-NeoBOMBI1 in PC-3-
xenografted mice resulted in a higher tumor
uptake with 200 pmol 77Lu-NeoBOMBI1
than that obtained after injection of 10 pmol
177Lu-NeoBOMBI1 (17.9 * 3.3 vs. 11.6 =
1.3 %ID/g tissue 240 min after injection).
Figure 3 shows the results of the '7"Lu-
NeoBOMBI1 biodistribution studies with
200 pmol (Fig. 3A) and with 10 pmol
(Fig. 3B). Next to the tumor, high uptake
was seen in the pancreas. However, in con-
trast to the tumor uptake, pancreas uptake
was lower after injection of 200 pmol
177Lu-NeoBOMBI1 (19.8 = 6.9 %ID/g tis-
sue 240 min after injection) than injection of
10 pmol 77Lu-NeoBOMBI1 (105 = 13 %ID/g
240 min after injection), resulting in a signif-
icant increase of the tumor-to-pancreas ratio
with the higher peptide amount. Apart
from the tumor and pancreas, the differ-
ence in peptide amount injected did not
affect uptake in other non—-GRPR-express-
ing organs (e.g., kidney uptake was 2.8 *
0.4 vs. 2.5 = 0.6 %ID/g tissue 240 min
after injection of 200 and 10 pmol '77Lu-
NeoBOMBI, respectively). Uptake in tu-
mor and pancreas was receptor-specific,
because coinjection with an excess of un-
labeled NeoBOMBI resulted in a significant
decrease of both tumor uptake (0.50 = 0.02
and 0.39 £ 0.06 %ID/g of tissue using 200
and 10 pmol '"7Lu-NeoBOMBI, respec-
tively) and pancreas uptake (0.13 = 0.01
and 0.10 = 0.01 %ID/g of tissue using
200 and 10 pmol !7’Lu-NeoBOMBI, re-
spectively), independent of the peptide
amount used.

Although initial radioactivity uptake in
the pancreas was high, pancreas uptake de-
creased relatively rapidly, whereas tumor
radioactivity was retained longer. The phar-
macokinetic calculations resulted in a tumor
clearance half-life of 28.6 = 2.7 h and in a
pancreas clearance half-life of 11.0 £ 2.9 h
when animals were injected with 200 pmol

177Lu-NeoBOMBI (Figs. 3C and 3D). The tumor clearance half-
life was 36.1 = 2.8 h after injection of 10 pmol of the radiotracer.
The clearance from the pancreas showed a biexponential pattern
after injection of 10 pmol '7’Lu-NeoBOMB1: 63%, with a half-life
of 4.5 = 1.6 h, and 37%, with a half-life of 13.7 = 6.2 h. After
injection of 200 pmol 7’Lu-NeoBOMBI, only a single-exponential
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TABLE 1
Absorbed Dose per Administered Activity (mGy/MBq) in
340 + 100 mm?3 PC-3 Tumor Xenografts and Organs for
177Lu-NeoBOMB1

D(tumor)/D(organ)
Organ 10 pmol 200 pmol 10 pmol 200 pmol
Tumor 435 570 — —
Kidneys 58 57 7.5 10
Pancreas 1393 265 0.31 2.15

curve could be fitted. Clearance from blood proceeded according
to a single-phase pattern, with a half-life of 63 = 32 min after
injection of 10 pmol '7’Lu-NeoBOMBI and 48 *+ 12 min after
injection of 200 pmol of the radiotracer.

SPECT/MR images acquired 240 min after injection of
approximately 20 MBg/200 pmol of 77Lu-NeoBOMBI1 resulted
in good visualization of the tumor (Fig. 3E). In line with the
results of the biodistribution study, minimal uptake was observed
in the gastrointestinal tract.

Dosimetry

Dosimetry calculations resulted in a higher tumor dose (581 vs.
435 mGy/MBq) and a lower dose to the pancreas (265 vs. 1,393
mGy/MBq) after injection of 200 pmol '77Lu-NeoBOMB1 versus
10 pmol "7Lu-NeoBOMBI1 (Table 1). When animal data were
used to predict human dosimetry according to method 2 (ratio of
organ weights), we found a kidney, pancreas, and liver exposure
of 0.10, 0.65, and 0.06 mGy/MBq, respectively (Table 2).
Method 1 (ratio of body weights) yielded lower absorbed dose
estimates.

DISCUSSION

Because overexpression of the GRPR is reported in various cancer
types, targeting this receptor with radiolabeled peptide analogs for
imaging and therapy might have a significant impact on patient care.
In this study, we explored the use of a novel radiolabeled GRPR
antagonist, NeoBOMBI, for tumor targeting by performing imaging
and biodistribution studies in a prostate cancer mouse model.
NeoBOMBI is linked to a DOTA chelator and can be labeled with
different radionuclides, enabling the theranostic use of the
peptide analog. We evaluated the biodistribution of both %8Ga-
NeoBOMBI, for imaging purposes, and '7’Lu-NeoBOMB, for
therapy purposes, in a mouse model to generate information for
theranostic use of the radiotracer.

Biodistribution studies with ®8Ga-NeoBOMBI resulted in a
high tumor uptake, leading to clear visualization of the tumor
on PET/CT scans. Furthermore, relatively high uptake of %Ga-
NeoBOMBI1 was observed in the GRPR-expressing pancreas, result-
ing in a tumor-to-pancreas ratio of 0.6 (60 min after injection).
Clearance half-lives demonstrated a lower clearance half-life for
the tumor (6.9 = 2.8 h) than the pancreas (12.9 £ 4.0 h). Presum-
ably, this is a consequence of the limited time points studied in the
68Ga-NeoBOMB1 biodistribution studies. Furthermore, tumor up-
take was slower than pancreas uptake. Because of the short half-life
of %8Ga in combination with the slower tumor kinetics, biodistribu-
tion studies could not be performed at later time points. Nevertheless,
the presented data indicate that NeoBOMBI has excellent pharma-
cokinetic properties for imaging.

In the '77Lu-NeoBOMBI1 biodistribution studies, we compared
organ and tumor uptake of 2 different peptide amounts, 1 MBg/10
pmol and 1 MBg/200 pmol. Injection of 1 MBq/200 pmol '77Lu-
NeoBOMBI resulted in a higher tumor uptake and a lower pan-
creatic uptake than the uptake observed after administration of
1 MBg/10 pmol '"7Lu-NeoBOMBI, resulting in a favorable
tumor-to-pancreas ratio (0.9 vs. 0.11, based on radioactivity uptake 4

TABLE 2
Extrapolated Human Dosimetry (mGy/MBq) for 177Lu-NeoBOMB1
10 pmol 200 pmol
Organ Method 1 Method 2 Method 1 Method 2
Lower large intestine wall 0.18 0.32 0.17 0.18
Small intestine 0.17 0.19 0.15 0.16
Stomach wall 0.16 0.19 0.15 0.17
Upper large intestine wall 0.23 0.34 0.17 0.21
Heart wall 0.02 0.02 0.01 0.01
Kidneys 0.03 0.09 0.03 0.10
Liver 0.15 0.03 0.03 0.06
Lungs 0.02 0.01 0.01 0.01
Muscle 0.01 0.01 0.01 0.01
Pancreas 0.54 3.37 0.11 0.65
Red marrow 0.11 0.10 0.11 0.11
Osteogenic cells 0.44 0.42 0.45 0.44
Spleen 0.02 0.03 0.01 0.02
Urinary bladder wall 0.75 0.74 0.75 0.75
Total body 0.15 0.14 0.15 0.15
GRPR RADIOLIGAND FOR THERANOSTIC USE ¢ Dalm et al. 297



TABLE 3
Comparison Between Extrapolated and Determined Absorbed Doses per Injected Activity for 177Lu-DOTA-Tyr3-Octreotate

Organ Method 1* Method 2* 177Lu-DOTA-Tyr3-octreotate in patientst
Kidneys 0.06 0.16 0.62 (0.49-0.75)
Liver 0.01 0.01 0.29 (0.21-0.49)
Red marrow 0.11 0.11 0.016 (0.012-0.022)
Spleen 0.01 0.02 0.68 (0.51-0.92)
Total body 0.14 0.14

*Data based on published data by Bison et al. (32).
"Data published by Sandstrém et al. (33).

h after injection) with the high peptide amount used. In contrast
to the GRPR-positive pancreas, the uptake in other organs was not
influenced by the injected peptide amount. The observed peptide
amount—dependent uptake in the pancreas is likely due to partial re-
ceptor saturation of the pancreas when 200 pmol of the radiotracer
is administered. Our results are in line with previous observa-
tions (8,28) for the GRPR agonist AMBA and emphasize the need
for careful optimization of protocols for nuclear imaging and
therapy.

Furthermore, dosimetry calculations resulted in a 1.3-times-
higher tumor dose and a 5-times-lower pancreas dose with 200
pmol '77Lu-NeoBOMB1 than 10 pmol '77Lu-NeoBOMBI.
When dosimetry data are compared with other radiolabeled
GRPR antagonists, such as '"7Lu-JMV4168 (29), estimated
absorbed radiation doses to the tumor were higher for 17’Lu-
NeoBOMBI1 (29 Gy/50 MBq vs. 11 Gy/50 MBq) even when
177Lu-JMV4168 was stabilized by coinjection of an enzyme
inhibitor (29 Gy/50 MBq vs. 20 Gy/MBq). When we compared
the dose to the kidneys and pancreas of the radiotracers,
we found a more favorable tumor-to-kidney ratio for !'7’Lu-
NeoBOMBI (10 vs. 1.5) and a similar tumor-to-pancreas ratio
(2.2 vs. 2.5).

As expected, when the biodistribution of the ®®Ga-NeoBOMB1
or '77Lu-NeoBOMB1 was compared with the uptake of radiola-
beled GRPR agonists, for example, *°™Tc-demobesind or 77Lu-
AMBA, a lower uptake was observed in GRPR-expressing organs,
namely the pancreas and the gastrointestinal tract (8,13).

Comparing uptake and dosimetry of radiolabeled NeoBOMB1
with other radiolabeled GRPR antagonists mentioned in the litera-
ture is difficult because of the differences between experi-
mental conditions, such as the peptide amount used and the
radionuclide bound to the peptide. However, we can report that
the in vivo tumor-to-pancreas ratios in mouse models are more
favorable for 8Ga-NeoBOMBI1 (0.6) than other GRPR antag-
onists such as ’Ga-SB3 (0.2) reported by Maina et al. (/6) and
99mT¢_Demobesin 1 (0.2) reported by Cescato et al. (numbers
are based on biodistribution results 60 min after injection of
the radiotracers) (/3). However, lower peptide amounts were
used in these studies, which could lead to less favorable results
as demonstrated in the !77Lu-NeoBOMBI1 biodistribution
studies. Nevertheless, the mentioned radiotracers have success-
fully been used in clinical trials for the visualization of both
breast and newly diagnosed prostate cancer lesions, emphasiz-
ing the potential of °Ga-NeoBOMB1 for tumor visualization in
humans.
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Comparing extrapolated human dosimetry data of 77Lu-
NeoBOMBI1 with extrapolated dosimetry data of '77Lu-DOTA-
Tyr3-octreotate, which is currently successfully used for treatment
of patients with neuroendocrine tumors, we found similar values
(Table 3). This was expected because excretion patterns of the 2
radiotracers are comparable. Although the extrapolated dosimetry
data of 177Lu-DOTA-Tyr3-octreotate do not completely fit the
dosimetry values obtained from patient studies (Table 3), based
on the extrapolated data of '7’Lu-NeoBOMB1, we expect similar
values.

Concerning imaging, patient studies by Maina et al. (/6) in
which prostate cancer lesions were successfully visualized using
a GRPR radioligand showed a biodistribution pattern in physio-
logic organs similar to what was found in mice. However, this was
a pilot study in a limited number of patients, and more clinical
studies are needed.

Promising prostate-specific membrane antigen (PSMA)—targeting
ligands are currently also under investigation for the same purpose.
In a recent study, Minamimoto et al. (30) compared PSMA and
GRPR-targeted imaging in prostate cancer and found no signifi-
cant differences. Furthermore, Perera et al. (37) reported on a rela-
tively low sensitivity of PSMA-targeted imaging in patients with low
prostate-specific antigen levels and patients with primary disease
(40% and 50%, respectively). Especially in these patient groups,
the application of GRPR radioligands may be of benefit.

CONCLUSION

On the basis of the presented data, both 8Ga-NeoBOMB1 and
177_Lu-NeoBOMBI1 have excellent tumor uptake and favorable phar-
macokinetics for theranostic use. Clinical studies using these radio-
tracers in GRPR-expressing cancer, for example, prostate cancer and
breast cancer, have yet to be performed, but expectations are high.
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