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ABSTRACT

In this lecture, we presented current clinical studies on targeted radionuclide imaging of breast and prostate tumors
with overexpression of the gastrin-releasing peptide receptor (GRPR). GRPR is a transmembrane receptor, the
activation of which promotes the growth and proliferation of tumor cells. The highest level of GRPR expression is
observed in malignant pathologies of breast and prostate, which is of particular interest for radionuclide diagnostics.

The conducted clinical studies assessed the safety, pharmacological properties, and effectiveness of imaging
using radiopharmaceuticals based on peptide agonists and antagonists of GRPR labeled with technetium-99m
and gallium-68 radionuclides. The results clearly demonstrate the advantage of GRPR antagonists over GRPR
agonists, since they have optimal pharmacological properties, good tolerability, rapid elimination by organs with
a physiological level of receptor expression, and high imaging efficiency of mammary and prostate tumors with
overexpression of GRPR.
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PE3IOME

B nexuun npezacraBieHbl akTyalbHble KIMHUYECKUE UCCIIEIOBAHUS OTHOCUTEIBHO TapreTHOM paauoHYKINIHOM
BU3YyaIM3allMK OIlyXOJIel MOJIOYHOM M MpEeACTaTeNbHON Kelle3 ¢ TUIep3KCIIpeccHell pelienTopa racTpuH-BbICBO-
o6oxmaromero nentuaa (GRPR). Penenrtop GRPR npencrasisier coboii TpaHCMeMOpPaHHBIH PELENTOP, aKTHBALUS
KOTOPOTO CIIOCOOCTBYET POCTY U HPONU(Epaly OMyX0JeBbIX KieTok. Hanbosee BBICOKHI yPOBEHb SKCIPECCHU
GRPR Habnronaercs npy Takux 3710Ka4eCTBEHHBIX IIATONIOTHSX, KAK paK MOJIOYHOMU U MPEACTATEIbHOM XKene3, 4To
npecTaBisieT 0coOblit MHTEpeC VIS paJHOHYKIMIHOW THarHOCTHKY.

B mpoBeseHHBIX KIMHIYECKNX MCCIIEI0BAHUSIX OIEHUBAIICH 0€3011aCHOCTD, ()apMaKOIOTHYECKHe CBOHCTBA, (-
(heKTUBHOCTh BU3yaJH3alMK pagrodapMIIpenapaToB Ha OCHOBE IENTHAOB-arOHUCTOB M aHTaroHHcToB GRPR,
MEUEHHBIX paJUOHYKINIaMH TeXHeeM-99m u ramuem-68. Pe3ynbTaTsl HCOIBITAHUI HAMIATHO JEMOHCTPUPYIOT
npenmytiectBo antaronnctoB GRPR nepen aronncramun GRPR, mockonsky 06:1agatoT onTHMansHBIMA (hapMako-
JIOTHYECKUMH CBOMCTBAMH, XOpOIIeH MepeHOCUMOCTBIO, OBICTPEIM BEIBEAEHHEM OpPraHaMy ¢ (H3HOIOTHYECKUM
YPOBHEM 3KCIIPECCHH PELENTOPA, BEICOKOH () (EeKTHBHOCTHIO BU3YaIH3AIIH OITyX0JIeH MOJIOYHOM U IIpeJICTaTeb-
Ho >xene3 ¢ runepakcnpeccueil GRPR.

Kauessbie ciioBa: GRPR, tapreTHas paimoHyK/IMIHas IUarHOCTHKA, PAK MOJIOYHOH JKeJe3bl, paK MpecTaTesb-
HOI 7KeJIe3bl

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHQ)INKTOB HWHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HaCTOSIIEH CTaThH.

Hcrouynuk ¢punancupoBanus. Pabora BblnonHeHa B paMKkax rpanTa Poccuiickoro Hay4anoro ¢onma Ne 22-15-00169
no eme «®enornn BRCA-nonoGHBIX omyxouieii B porecce KaHIIeporeHes3a U JeUSHUsD).

[ untupoBanus: bparuna O.J]., BanoBa A.I'., Yceinuna E.A. Pangnonykmunnas Busyanusauus GRPR npu
3JI0KaUE€CTBEHHON MATOJOTMM MOJOYHOM U IMPENCTATENbHON JKEJIe3: OINBbIT KIMHUYECKOrO NMPUMEHEHus. bioae-

mens cubupckou meouyunsl. 2025;24(1):164—172. https://doi.org/10.20538/1682-0363-2025-1-164-172.

INTRODUCTION

Breast cancer (BC) and prostate cancer (PC) are
the most common malignancies among the female
and male populations, respectively [1]. The rapidly
developing fields of molecular biology and oncology
continue to seek new promising targets to optimize
the diagnosis and treatment of oncological diseases,
including gastrin-releasing peptide receptors (GRPR,
BB2, Gastrin Releasing Peptide Receptor) [2].

GRPR belongs to the bombesin receptor family
(BB1, BB2, BB3) and is a 7-transmembrane receptor
coupledtoa Gprotein. Its endogenous ligand is gastrin-
releasing peptide (GRP), a regulatory molecule
involved in stimulating gastrin release from gastric G
cells and a number of other processes by binding to
GRPR and activating the phospholipase C signaling
pathway. In the human body, GRPR is expressed in
neuroendocrine cells of the gastrointestinal tract (GI

tract), brain, lungs, prostate, exocrine cells of the
pancreas and mammary glands providing exocrine
and endocrine functions, contraction of smooth
muscles of the GI tract and genitourinary system,
effects on immune cells, thermoregulation, circadian
rhythm, and the growth and proliferation of both
normal and pathological cells [3].

Literature data show that GRP and other
peptides analogs of bombesin act as a growth factor
contributing to proliferation of various cell types
[4]. The binding of GRP to GRPR stimulates the
phosphorylation of tyrosine kinase receptors, causing
cross-talk of G-protein-coupled receptors (GPCR)
[5]. Similarly, faster activation of the epidermal
growth factor receptor (EGFR) is provided, through
which subsequent signaling occurs via the mitogen-
activated protein kinase (MAPK) signaling pathway
in cells of head and neck carcinoma and non-small
cell lung cancer [6]. In addition, GRPR is capable
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of increasing the expression of cyclins, such as D1
and E, while simultaneously reducing p27 (cyclin-
dependent kinase inhibitor) and hyperphosphoryla-
ting retinoblastoma protein (pRb), resulting in the
cell transition from the G1 phase of the cell cycle

to the S phase. Another effect may be the effect of
GRP on cell survival and the involvement of PI3K-
Akt signaling pathways after GRPR activation. This
assumption has not been fully studied yet and requires
further research (Figure) [7].
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Figure. The role of GRPR in cell proliferation

Overexpression of GRPR has been found in
a variety of malignant neoplasms, such as non-
small cell lung cancer, kidney cancer, gastrinomas,
gastrointestinal stromal tumors, head and neck
cancers, and neuroblastomas. However, the highest
expression of the GRPR is most often observed
in prostate and breast cancers [4]. According to
literature data, GRPR expression is found in 75.8%
of malignant breast tumors and is largely associated
with the expression of estrogen receptors (ER) [8,
9]. A greater number of GRPR expression cases are
observed in luminal A — 86.2%, 70.5% — in luminal
HER2-negative, 82.8% — in luminal HER2-positive,
21.3% —in HER2—positive (non-luminal), and 7.8% —
in triple-negative (TNBC) subtypes of breast cancer
[4]. According to the literature , the GRPR expression
in prostate cancer is 63—100% [10].

Currently, several techniques are used to determine
the level of GRPR expression in tumors, such as
autoradiography of frozen sections, quantitative
reverse transcription polymerase chain reaction (RT-
gqPCR); however, immunohistochemistry (IHC) of
formalin-fixed and paraffin-embedded material, or
matrix RNA (mRNA) are used more often [11]. As a
rule, rabbit or mouse recombinant human polyclonal

antibodies are used for IHC, as they form an antigen —
antibody complex with the desired GRPR receptor.
The expression of this receptor is evaluated in the
form of an immunoreactivity index (II), which
takes into account the intensity of staining (0 — no
detectable staining, 1 — weak staining, 2 — moderate
staining and 3 — strong staining) and the percentage
of stained tumor cells (0 — no positive cells, 1 — <
10% of positive cells, 2 — 11-50% positive cells, 3 —
51-80% positive cells and 4 —> 80% positive cells).
Thus, the final assessment of II (staining intensity x
percentage of positive cells) varies from 0 to 12:
0-1 — no GRPR expression, 2-3 — weak GRPR
expression, 4-8 — moderate GRPR expression,
9-12 — strong GRPR expression [12].

Despite its accessibility, high sensitivity and
specificity, IHC has a number of disadvantages.
They include the necessity of an invasive procedure,
the failure to obtain tumor samples due to tumor
localizationn, violation of the methodology, for
example, the molecular characteristics of the antigen
may change during the fixation of histological
material under the influence of fixing agents and
different factors (such as long delivery of the material
to the laboratory, the choice of a fixing agent,
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failure to observe the fixation time), as a result of
which the antigen — antibody reaction will be
disrupted [13, 14].

Targeted radionuclide diagnosis. Currently, one
of the areas in the diagnosis of malignant tumors
is targeted radionuclide imaging, where synthetic
proteins are increasingly used as a targeting
module. Proteins are characterized by their small
size, structure stability, affinity for antigen, optimal
pharmacological and pharmacodynamic properties,
and low cost of production due to expression in
the bacterial system. Intravenous administration of
this type of radiopharmaceuticals makes it possible
to detect not only the primary tumor, but also the
possible metastatic sites in in regional lymph nodes
and distant organs and tissues. It also allows to
detect the molecular biological characteristics of the
identified tumor sites [15-18].

There are two main methods of radionuclide
diagnostics — single-photon emission computed
tomography (SPECT) and positron emission
tomography (PET), which allow to detect areas of
pathological hyperfixation of radiopharmaceuticals
in metabolically active neoplasms in vivo [16]. Due
to the high level of GRPR in mammary and prostate
tumors compared with normal tissues (in particular in
the pancreas and neuroendocrine cells of the GI tract),
SPECT and PET are considered to be promising
methods to detect GRPR expression [19, 20].

RADIONUCLIDE DIAGNOSIS OF PROSTATE
CANCER WITH GRPR OVEREXPRESSION

Labeled peptides — bombesin analogues. Over
the past two decades, studies with bombesin receptor
agonists have been actively conducted as it was
assumed that targeting GRPR using bombesin
receptor agonists in radionuclide diagnosis of
prostate cancer would allow for visualization of a
primary tumor with high specificity due to its high
affinity for this receptor. One of the first compounds
which underwent clinical trials was the protein
RP527, labeled with technetium-99m (/*"Tc]Tc-
RP527). The study conducted in 2001 involved 10
patients: six patients had breast cancer, and four
patients had prostate cancer. After the administration
of [*"Tc]Tc-RP527, its pathological accumulation in
the tumor was observed in 4 out of 6 cases of breast
carcinomas and in one out of four cases of prostate
carcinomas [21]. This analysis was the starting point

for further GRPR-targeted radionuclide imaging and
allowed for further studies in that direction.

A clinical trial with the N-terminal modified
BBN protein (1-14) labeled with *™Tc¢ (/*"Tc]Tc-
BN) conducted in 2003 involved ten patients: eight
patients had prostate cancer, two — benign prostate
adenoma. According to the results of SPECT, there
was high tumor uptake of radiopharmaceuticals in all
8 patients with prostate cancer after the administration
of [*"Tc]Tc-BN [22].

The DB4 protein labeled with *"Tc (/*"Tc]
Tc-DB4) at the preclinical stage demonstrated high
accumulation in PC3 xenografts of human prostate
cancer in combination with its rapid excretion by the
kidneys [23]. In the subsequent phase I of the clinical
trial involving eight patients with prostate cancer, two
individuals had a primary tumor and did not receive
hormone therapy, and six patients had metastatic
prostate cancer and received hormone therapy. After
intravenous administration of [*"Tc]Tc-DB4, the
primary tumor node in the prostate was visualized on
SPECT in all patients who did not receive systemic
treatment, while in patients with metastatic prostate
cancer, the accumulation was extremely low [24].

Another bombesin receptor agonist that was
studied in a clinical trial was the molecule AMBA
(DOTA-Gly-4-aminobenzoyl-BBN (7-14)), which is
a BBN protein modified at the side ends of amino
acids. The analysis of ten patients with IHC confir-
med tumors of various localizations (prostate cancer,
breast cancer, medullary thyroid cancer, uterine
and colon tumors) and yielded visualization of the
primary tumor, regional and distant metastases
after the administration of the [**Ga/Ga- AMBA to
patients with prostate and breast cancer. At the same
time, the results in patients with thyroid cancer and
tumors of the colon and uterus were unsatisfactory
(Table 1) [25].

Labeled peptides — bombesin antagonists. Despite
the satisfactory data from clinical research (Table
1), it was noted that the use of bombesin analogs as
a targeting module has a number of disadvantages,
which include receptor activation and subsequent
cascade reaction, mitogenic effect on tumor cells,
significant side effects in the form of nausea and
vomiting, abdominal cramps (which is apparently
associated with the activation of GRPR not only in
tumor cells, but also in neuroendocrine cells in the GI
tract and in the pancreas), and rapid desensitization of
receptors to the ligand. The identified disadvantages
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allowed to consider alternative compounds that
exhibit antagonism towards GRPR [19].

The results of preclinical trials performed by
R. Cescato et al. demonstrated a greater advantage
of GRPR antagonists compared to agonists in aiming
at a target due to the neutralization of the receptor
activation effects, including side effects [26].

SB3 molecule was developed for diagnostic and
therapeutic purposes. Radiolabeling was carried
out using isotopes “*Ga and '"'In, '""Lu was used
for radiotherapy. According to the results of in vivo
studies, /'/’In]In-SB3 and [’ Lu]Lu-SB3 were rapidly
catabolized and subsequently were not admitted to
clinical trials. A clinical trial with the [*Ga]Ga-SB3
involved 17 patients with a disseminated process
(eight patients with breast cancer and nine — with
prostate cancer) and allowed to visualize breast
tumors in four out of eight patients and prostate
cancer in five out of nine patients. [27].

Another GRPR antagonist [**Ga/Ga-RM2 was
studied in tumor models in vivo and demonstrated
good tolerability, specificity and sensitivity to GRP
receptors, optimal pharmacological properties, and
a high degree of accumulation in tumor tissue. The
subsequent clinical study involved 32 patients with
IHC-confirmed prostate cancer recurrence with
elevated levels of prostate-specific antigen, in whom
standard diagnostic methods (computed tomography
and magnetic resonance imaging) did not prove to
be effective. According to the study, recurrence of
tumors in the prostate gland was detected in 71.8%
of cases (23 out of 32 cases) [28]. [%Ga]Ga-RM2
was also studied in 2022 in 41 patients with moderate
and high-risk prostate cancer. The PET data after
[%Ga]Ga-RM?2 administration were comparable with
the results of histologic examination of subsequent
surgical material after prostatectomy performed in 32
patients and with the results of multivariate magnetic
resonance imaging of 36 patients [29].

Another GRPR antagonist, the RM26 molecule
labeled with %Ga and **"Tc, demonstrated similar
results. The first RM26 clinical trial was conducted
in 2018 by J. Zhang et al., and included five healthy
individuals and 28 patients diagnosed with prostate
cancer (17 patients with diagnosed prostate tumors
who did not receive treatment and 11 patients
who underwent treatment). The /[*Ga/Ga-RM26
administration did not have any side effects and was
well tolerated. Visualization of the primary tumor
was noted in 15 out of 17 patients, metastatic lymph
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nodes were observed in three out of eleven patients
with previous treatment, and distant bone metastases
were detected in eight out of eleven cases [30].

Phase I clinical trial of the /[*"Tc]Tc-maSSS-
PEG,-RM26 was carried out at the Department of
Radionuclide Therapy and Diagnostics of Cancer
Research Institute of Tomsk NRMC in 2023. The
study included six patients with prostate cancer and
seven patients with breast cancer who did not receive
specialized treatment. Images of the primary tumor
were obtained in four out of six cases of prostate
cancer, a correlation was noted with the prostate-
specific antigen (PSA) level (optimal visualization
was achieved in the patient with the highest PSA
value) and the size of the tumor. In breast cancer
patients, the effectiveness of primary tumor imaging
was observed in all seven participants. Additionally,
accumulation of the [*"Tc/Tc-maSSS-PEG -RM26
in metastatic regional lymph nodes was noted in
three out of seven cases [31].

The antagonist of the gastrin-releasing peptide
receptor NeoBOMB 1 is one of the solutions developed
over the last decade. The first results of the study of
the /®*GaJGa -NeoBOMBI including four prostate
cancer patients demonstrated good tolerability and
high levels of accumulation of radiopharmaceuticals
in tumors, regional lymph nodes, and metastatic
lesions of the liver and bones [32]. Another study
focusing on [®*Ga]Ga-NeoBOMBI involved 19
patients with solid tumors of various localizations
with overexpression of GRPR (tumors of the
mammary and prostate glands, colorectal cancer,
and lung cancer). The overexpression of GRPR was
confirmed by the data of the IHC in all cases. The
results of this clinical study demonstrated satisfactory
tolerability of the /**Ga]Ga-NeoBOMBI, as well as
visualization of primary and metastatic tumors based
on PET data [33].

Table 1

Clinical trials of bombesin analogs and antagonist peptides
for radionuclide diagnosis of prostate cancer with GRPR

overexpression
Analog . . Visualization
GRPR Radionuclide method Researcher, year
Bombesin analog peptides
RP527 mTe SPECT Van de Wiele, 2000
BBN mTe SPECT Scopinaro, 2003
AMBA %Ga PET Baum, 2007
DB4 9OmTe SPECT Mather, 2014
Bombesin antagonist peptides

SB3 | ®Ga |  PET Maina, 2016
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Table 1 (continued)

Analog . . Visualization
GRPR Radionuclide method Researcher, year
Nock, 2017
68, il
NeoBOMBI1 Ga PET Diaileb, 2020
RM2 $Ga PET Minamimoto, 2018
%Ga PET Zhang, 2018
RM26 PmTe SPECT Chernov, 2023

RADIONUCLIDE DIAGNOSIS OF BREAST
CANCER WITH GRPR OVEREXPRESSION

Due to successful applications of labeled peptides
that are bombesin analogs and its antagonists for
prostate cancer, researchers concluded that this area
should be studied in terms of targeted radionuclide
imaging of breast tumors (Table 2).

Labeled peptides — bombesin analogs. In 2008,
C. Van de Wiele et al. studied the /**"Tc]Tc-RP527 in
14 breast cancer patients, five of whom had negative
expression of estrogen and progesterone receptors.
The tumor process was visualized in all patients
who had not previously received tamoxifen hormone
therapy. In addition, metastasis to regional lymph
nodes was also detected in all ER-positive patients.
Imaging of tumors with a negative hormonal status
was negative in all five patients [34].

Table 2

Clinical trials with bombesin analog peptides and antagonist
peptides for radionuclide diagnosis of breast cancer
with GRPR overexpression

Analog BBN | Radionuclide Visualization Researcher, year
method
Bombesin analog peptides
Van de Wiele, 2000
RP527 e SPECT | Van de Wiele, 2008
BBN PmTe SPECT Scopinaro, 2002
AMBA %Ga PET Baum, 2007
Sestamibi 9mTe SPECT Urbano, 2020
Bombesin antagonist peptides
SB3 %8Ga PET Maina, 2016
RM2 %Ga PET Stoykow, 2016
%8Ga PET Zhang, 2018
RM26 mTe SPECT Chern(g)v, 2023
NeoBOMBI %Ga PET Djaileb, 2020
DBI15 9mTe SPECT Nock, 2021

A clinical study of [*"Tc]Tc-BBN and [*"Tc]
Tc-Sestamibi with three breast cancer patients
showed the high specificity of [**"Tc]Tc-BBN and
the possibility of using it to detect metastatic lymph
nodes due to selective uptake by tumor cells and no
uptake by nonspecific inflammatory cells [35, 36].

Labeled peptides — bombesin antagonists. Clinical
trials focused on studying antagonists that have shown
promising results in prostate cancer trials, as well as
new molecules, are presented in Table 2.

A study of the [%Ga]**Ga-RM2 conducted by
C. Stoykow et al. in 2016 and included 15 patients
with unilateral (» = 12) and bilateral (n = 3) breast
cancer. Results demonstrated high accumulation of
[%Ga]®Ga-RM?2 in the pathological sites in 73% of
cases (in 13 out of 15 patients). In all patients, the
diagnosis was confirmed by histologic examination
of the biopsy material: 14 tumors were classified as
invasive ductal carcinoma, three — as invasive lobular
carcinoma, and one — as mucinous carcinoma. At the
same time, lobular carcinoma was also detected during
the study, but was not visualized using standard PET
with 18F-fluorodeoxyglucose. In addition, the use
of the [%Ga]*®*Ga-RM2 showed its accumulation in
axillary lymph node metastases with a diameter of <
5 mm. Visualization of lymphatic metastases using
SF -fluorodeoxyglucose may be difficult due to the
metabolic activity of nonspecific cells (macrophages,
adipocytes, etc.) [37, 38].

Another molecule with antagonist properties was
assessed in a prospective clinical trial involving 35
breast cancer patients. The administration of /[**Ga]
Ga-NOTA-RM26 demonstrated a positive correlation
between its accumulation in tumor tissue expressing
GRPR and estrogen receptors (estrogen-independent
tumors were visualized worse). The authors
considered the dependence of the accumulation of
[%Ga]Ga-NOTA-RM?26 on the phase of the menstrual
cycle as another important result of the study. In this
case the maximum value of SUV was observed in
the secretory phase of the menstrual cycle, which can
lead to distortion of the results and should be taken
into account when planning further studies [39].

The DB15 peptide labeled with technetium-99m is
one of the latest advances. According to the results of
preclinical in vivo studies, the [*"Tc]Tc-DB15 made
it possible to accurately visualize primary tumors and
metastatic cancer and had optimal pharmacological
characteristics [40]. Two patients with advanced
breast cancer participated in the first clinical trial
of the [*"Tc]Tc-DB15. No adverse effects were
observed after [*"Tc]Tc-DB15 administration.
According to the SPECT results, distant metastases
were visualized in bones, lungs, and pleura. However,
accumulation was not observed in intra-abdominal
metastatic sites, which were later confirmed using
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standard diagnostic methods (PET with FDG and
histologic examination) [41].

CONCLUSION

The rapid development of radionuclide diagnosis
demonstrates its unquestionable advantages over
standard  diagnostic  procedures, significantly
increasing the diagnostic value and reducing the
cost of research. The requirements for optimizing
the diagnosis of malignancies (in particular, breast
cancer) contribute to expanding the scope of research
to seek additional molecular targets, one of which is
gastrin-releasing peptide receptors.

The results of preclinical and clinical trials have
demonstrated the advantage of radiopharmaceuticals
based on bombesin antagonist peptides compared
with agonist peptides in the visualization of
primary malignant breast tumors, as well as
regional and distant metastases. At the same time,
radioactively labeled GRPR antagonists showed
a higher cumulative effect directly in the tumor
tissue expressing this target, rapid elimination from
the pancreas and other tissues with physiologically
normal GRPR levels. The positive characteristics of
bombesin receptor antagonists may contribute to the
introduction of this method into clinical practice and
consider GRPR not only as a diagnostic, but also as
a therapeutic target.
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