Journal of Controlled Release 375 (2024) 767-775

ontrolled

Contents lists available at ScienceDirect @ " journal of
release

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

ELSEVIER

Check for

PSMA and Sigma-1 receptor dual-targeted peptide mediates superior | e
radionuclide imaging and therapy of prostate cancer

Zhenyuan Huangfu "' , Jiangtao Yang *"! , Juan Sun® @bl Bin Xu ™", Lei Tao ™",
Jiang Wu “, Feng Wang“ , Guanglin Wang ', Fenghua Menga b Zhlyuan Zhong

a,b,*

& Biomedical Polymers Laboratory, College of Chemistry, Chemical Engineering and Materials Science, and State Key Laboratory of Radiation Medicine and Protection,
Soochow University, Suzhou 215123, People's Republic of China

Y College of Pharmaceutical Sciences, Soochow University, Suzhou 215123, People's Republic of China

¢ Department of Nuclear Medicine, Nanjing First Hospital, Nanjing Medical University, Nanjing 210006, People's Republic of China

4 State Key Laboratory of Radiation Medicine and Protection, School of Radiation Medicine and Protection, Collaborative Innovation Center of Radiological Medicine of
Jiangsu Higher Education Institutions, Soochow University, Suzhou 215123, China

ARTICLE INFO ABSTRACT

Keywords:

Peptides

Targeted delivery
Prostate cancer
Theranostics
Radionuclide therapy

Radionuclide therapy, in particular peptide receptor radionuclide therapy (PRRT), has emerged as a valuable
means to combat malignant tumors. The specific affinity of ACUPA peptide toward prostate-specific membrane
antigen (PSMA) renders the successful development of PRRT for prostate cancer. The clinical outcome of PRRT is,
however, generally challenged by moderate tumor uptake and off-target toxicity. Here, we report on a novel
design of Sigma-1 receptor and PSMA dual-receptor targeted peptide (SIR/PSMA-P) for superior radionuclide
imaging and therapy of prostate cancer. SIR/PSMA-P was acquired with good purity and could efficiently be
labeled with }”"Lu to yield }”’Lu-S1R/PSMA-P with high specific activity and radiostability. Interestingly, '””Lu-
SIR/PSMA-P revealed greatly enhanced affinity to LNCaP cells over single-targeted control *”’Lu-PSMA-617.
The single photon emission computed tomography (SPECT) imaging demonstrated exceptional uptake and
retention of 17’Lu-S1R/PSMA-P in LNCaP tumor, affording about 2-fold better tumor accumulation while largely
reduced uptake by most normal tissues compared to 177Lu-PSMA-617. The selective uptake in LNCaP tumor was
also visualized by positron emission tomography (PET) with %Ga-S1R/PSMA-P. In accordance, a single and low
dosage of 177Lu-S1R/PSMA-P at 11.1 MBq effectively suppressed tumor growth without causing apparent side
effects. This dual-targeting strategy presents an appealing radionuclide therapy for malignant tumors.

1. Introduction exactly the same ligand [6-8]. Peptide receptor radionuclide therapy

(PRRT) is on the frontier of radionuclide therapy [9-11]. The efficacy of

Radionuclide therapy represents one of the most advanced precision
therapies for malignant tumors [1-3]. Unlike common drugs such as
chemotherapeutics and biotherapeutics, radionuclides cause DNA
damage and thereby cell death by releasing high-energy particles such as
alpha and beta particles [4]. Certain radionuclides such as 17714 can
release gamma and beta particles, which render it suitable for both
imaging and therapy [5]. It is also possible to integrate diagnosis and
treatment by replacing therapeutic radionuclides (e.g. ”’Lu) with
diagnostic radionuclides (e.g. °3Ga), thereby achieving theranostics with

PRRT in the treatment of malignant tumors has been clinically validated,
particularly when targeting highly expressed receptors such as the
overexpressed prostate-specific membrane antigen (PSMA) receptor of
prostate cancer and somatostatin receptor of neuroendocrine tumors
[12-15]. *77Lu-DOTA-TATE (Lutathera) and *”’Lu-PSMA-617 (Pluvicto)
were granted approval by the authority in 2018 and 2022, respectively
[16]. PSMA-targeted PRRT is widely recognized as an effective treat-
ment for metastatic castration-resistant prostate cancer (mCRPC)
[16-18]. Of note, the tumor uptake and retention as well as safety of
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PRRT still present significant opportunities for improvement [19,20].
A variety of approaches involving the structural modification of
PSMA-targeting urea molecules are currently being investigated in
depth with the goal of enhancing the efficacy of '7’Lu-PSMA-617.
Molecules designed to contain functional groups that non-covalently
bind to serum albumin, such as 4-(para-iodophenyl) butyric acid, trun-
cated Evans blue, ibuprofen, and fatty acids, have been reported with
the most frequency [21-25]. These molecules are designed to increase
circulation time, thereby increasing tumor uptake and reducing the
administered dose. Nevertheless, a prolonged circulation time while
resulting in an increased tumor uptake is also accompanied by signifi-
cantly enhanced distribution in healthy organs. This, in turn, leads to
decrease rather than increase of tumor-selectivity and accordingly in-
crease of off-target toxicity [26-28]. Another strategy for modifying the
pharmacokinetics is to alter the ligand's hydrophilicity. This can be
achieved by the introduction of a polyethylene glycol (PEG) molecule
between the Lys-Urea-Glu and the chelator [29-32]. The introduction of
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PEG facilitates renal excretion of the ligand, thereby reducing the
toxicity of PRRT to the blood and kidneys [33]. Nevertheless, there was
no augmentation or even reduction of tumor accumulation.

Dual and multiple targeting ligands have shown interesting features
such as higher tumor uptake, improved tumor-to-normal tissue ratio,
and prolonged tumor retention [34,35]. For instance, the combination
of a PSMA ligand with a targeting ligand for gastrin-releasing peptide
receptors (GRPR) or fibroblast activation protein (FAP) resulted in the
creation of new ligands with enhanced tumor uptake and retention,
enabling imaging of metastatic foci and tumors with a low PSMA
expression [36-40]. GRPR is highly expressed in the early stages of
prostate cancer, while FAP is expressed on fibroblasts rather than the
tumor cell itself. The Sigma-1 receptor, also known as Sigma-1, is a
transmembrane protein that plays a role in a number of biological
processes, including neurodegenerative disorders and cancer [41-43].
Its overexpression has been observed in more than 40 % of prostate
cancer patients [44,45]. PET imaging of Sigma-1 receptor has been
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Fig. 1. (a) Schematic drawing of ®®Ga/'””Lu-S1R/PSMA-P for dually targeted radionuclide imaging and therapy of prostate cancer. (b) The purity of SIR/PSMA-P
analyzed by HPLC. (c) 'H NMR spectrum of S1R/PSMA-P in DMSO-ds. (d) The radio-purity of 1””Lu-S1R/PSMA-P in PBS at room temperature over time analyzed by
HPLC. (e) The expression of Sigma receptor and PSMA in LNCaP cells by flow cytometry. (f) Binding efficiency of }””Lu-S1R/PSMA-P to LNCaP cells at varying times
from 1 h to 24 h. 177Lu-PSMA-617 was used as a control. The competitive experiments were carried out in the presence of 6.5 mM free SIR/PSMA-P.
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explored in the clinic for imaging the origin of pain [46]. Subsequent to
its initial discovery, a number of ligands such as anisamide have been
developed to target Sigma-1 receptor, and radiolabelled anisamide and
its derivatives, as well as anisamide-modified nanomedicines, have been
extensively studied for tumor diagnosis and therapy [47-50].

The objective of this study was to design a novel dual-receptor tar-
geted ligand that specifically binds to both Sigma-1 receptor and PSMA,
designated as S1R/PSMA-P, for enhanced radionuclide imaging and
therapy of prostate cancer (Fig. 1a). SIR/PSMA-P containing anisamide
and ACUPA peptide can be stably radiolabeled with 7”Lu and ®3Ga. The
single photon emission computed tomography (SPECT) demonstrated
superior selectivity, uptake and retention of 7’Lu-S1R/PSMA-P in
LNCaP tumor to single targeted control (\””Lu-PSMA-617). The positron
emission tomography (PET) confirmed selective uptake of ®®Ga-S1R/
PSMA-P by LNCaP tumor. Notably, a single dose of 17’Lu-S1R/PSMA-P
at 11.1 MBq was shown to effectively suppress tumor growth, signifi-
cantly outperforming single PSMA-targeted control at 33.3 MBq. S1IR/
PSMA-P appears to be an interesting ligand for high-efficacy thera-
nostics of prostate cancer.

2. Experimental
2.1. Materials

All chemicals were purchased commercially. '7’LuCls and
68Ge—58Ga generator were purchased from China Isotope & Radiation
Corporation with a radionuclide purity of >99 %. SIR/PSMA-P was
synthesized by BioAct Peptide Biotechnology LLC. SIR/PSMA-P was
characterized by mass spectrometry (MS) and nuclear magnetic reso-
nance spectroscopy (lH NMR). 'H NMR (600 MHz, DMSO-dg):6
8.61-8.59 (t, 1H), 8.53-8.52 (d, 1H), 8.18-8.10 (m, 2H), 7.84-7.78 (m,
5H), 7.63-7.60 (m, 2H), 7.51-7.49 (m, 1H), 7.47-7.41 (m, 2H),
7.25-7.24 (d, 1H), 7.18-7.17 (d, 1H), 7.03-7.00 (m, 2H), 6.33-6.29 (m,
2H), 4.78-4.73 (m, 3H), 4.52-4.49 (d, 1H), 4.12-4.08 (m, 1H),
4.05-4.01 (m, 1H), 3.81 (s, 3H), 3.78-3.58 (m, 12H), 3.24-3.00 (m,
26H), 2.89-2.77 (m, 4H), 2.61-2.56 (m, 2H), 2.44-2.18 (m, 6H),
1.95-1.89 (m, 2H), 1.74-1.67 (m, 2H), 1.63-1.59 (m, 2H), 1.51-1.42
(m, 3H), 1.38-1.34 (m, 3H), 1.28-1.23 (m, 4H). MS (m/z) [M + H]*
[C75H103N14021]Jr calculated = 1536.74, found 1536.37.

2.2. Radiosynthesis

SIR/PSMA-P was radiolabeled analogous to 7’Lu-PSMA-617
[29,35]. Briefly, 0.1 mmol of ligand was dissolved in 100 pL dimethyl
sulfoxide (DMSO) and 0.4 M sodium acetate buffer at pH 4.5 with a final
concentration of 0.2 mg/mL. A defined amount of }””Lu was mixed with
S1R/PSMA-P at a ratio of 1:6 and reacted at 95 °C for 15 min. The
radiochemical yield and stability of ”’Lu-S1R/PSMA-P after incubating
in PBS for 1 h to 72 h was determined by high-performance liquid
chromatography (HPLC, Agilent). The mobile phase of the HPLC was set
up with a Velch Xtimate C18 column (4.6 x 150 mm, 5 pm), 0.1 %
H3PO4/water as mobile phase A, acetonitrile as mobile phase B at a flow
rate of 1 mL/min. The gradient of mobile phase B, 0-20 min with 10 %-—
25 % B, 25-30 min with 25 %-90 % B, 30-32 min with 95 % B, and
32-40 min with 5 % B.

58Ga was eluted from the organic column *Ge/%8Ga generator using
4 mL of 0.05 M HCl and immediately added to the reaction vessel con-
taining 2.3 pg of SIR/PSMA-P dissolved in 23 pL of sodium acetate
buffer (0.05 M, pH 4.5). The mixture was then reacted in a metal bath
reactor at 95 °C for 15 min.

The purification steps for the reaction solution are as follows: acti-
vate the C18 column with 10 mL of 70 % ethanol solution, air dry, clean
with 10 mL of normal saline, air dry, draw the reaction solution into the
C18 column for purification, clean with 5 mL of normal saline, blow dry,
and wash with 0.5 mL of 60 % ethanol. After purification, heat the
ethanol to 95 °C to evaporate and redissolve it with 1 mL of normal
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saline (0.9 % NaCl). After heating, 68Ga-SIR/PSMA-P was filtered
through a 0.22 pm membrane filter for sterilization.

The radiochemical purity of °8Ga-S1R/PSMA-P was determined
using HPLC with Zorbax RaxC-18 (4.6 x 250 mm) column and a mobile
phase consisting of acetonitrile solution containing 0.1 % TFA (A) and
aqueous solution containing 0.1 % TFA (B). Gradient elution was per-
formed at 1 mL/min, increasing from 5 % A and 95 % B in 2 min to 65 %
A and 35 % B in 32 min. The radiochemical purity of °3Ga-S1R/PSMA-P
should be at least 95 %.

2.3. In vitro PSMA-binding assay

Human PSMA-positive LNCaP cells and mice PSMA-positive Sigma
negative RM1 cells were cultured in DMEM (Gibco) and RPMI 1640
(HyClone) supplemented with 1 % penicillin, streptomycin (Kino Bio),
and 10 % fetal bovine serum (FBS) (Gibco) at 37 °C and 5 % CO5 in a
Thermo Fisher Scientific incubator (Type 3111). In order to ascertain the
binding and endocytosing ability of }”’Lu-S1R/PSMA-P to PSMA over-
expressing cells, 177Lu-S1R/PSMA-P or 7Lu-PSMA-617 (5 x 10° counts
per minute, CPM) were cultured with LNCaP cells in 24-well plates for 1,
4, and 24 h. At each designated time point, the medium was removed
and the cells were washed three times with PBS. Subsequently, 0.2 mL of
1 M NaOH solution was added for the purpose of cell lysis. The lysate
was then transferred to the release tube and the activity of each sample
was measured using a gamma counter (PerkinElmer, Wallac 2480). In
the blocking group, the precursor (SIR/PSMA-P, 0.1 mg) was added
together with }”’Lu-S1R/PSMA-P, and the subsequent operations were
conducted as mentioned above.

2.4. Imaging study

All animal experiments were approved by the Animal Care and Use
Committee of Soochow University and conducted according to the
Guidelines for the Care and Use of Experimental Animals. 7’Lu-S1R/
PSMA-P and 77Lu-PSMA-617 in PBS containing 0.5 % Tween 80 (7.4
MBq, 200 pL) were injected intravenously into LNCaP tumor-bearing
mice (n = 3) and PC-3 tumor-bearing mice (n = 3) via the tail vein.
Mice were anesthetized with isoflurane and whole-body imaged using
microSPECT/CT (Milabs, The Netherlands), with 5 min CT and 15 min
SPECT scans at 1, 4, 8, 24, 48, and 72 h postinjection. The scanned data
were reconstructed using U-SPECT-Rec2.51 g software and the distri-
bution of ”’Lu-labeled ligands in the LNCaP tumor-bearing mice was
quantitatively analyzed using PMOD software (Version 3.602).

PET/CT imaging was conducted on a Siemens Inveon small-animal
PET/CT device. 3.7 MBq of %Ga-S1R/PSMA-P and %8Ga-PSMA-617 in
200 pL of saline was intravenously injected into LNCaP tumor-bearing
mice via the tail vein. The mice were anesthetized with isoflurane and
placed on the scanner at 0.5, 1, and 2 h after administration. For the
purpose of localization and attenuation correction, a CT scan was ob-
tained using 80-kV tube voltage, 500 mA current, three bed positions,
34 % overlap, and 220° of continuous rotation. Subsequently, a 10 min
PET acquisition was performed. The PET imaging data were acquired in
list mode and subsequently reconstructed using a three-dimensional
ordered-subsets expectation maximization algorithm with two itera-
tions, followed by a fast maximum a priori algorithm with 18 iterations
and CT-based attenuation correction. The images were analyzed using
PMOD software (Version 3.602).

2.5. In vivo therapy

To assess the antitumor efficacy, LNCaP-FGC tumor-bearing mice
were intravenously injected with PBS, varying doses of ”’Lu-S1R/
PSMA-P from 3.7 MBq to 33.3 MBgq, and 33.3 MBq of }”’Lu-PSMA-617 at
the average tumor volume of 400 mm?® (n = 10). Tumor volume and
body weight were measured twice a week after administration.
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2.6. Safety assessment of 1”7Lu-S1R/PSMA-P

In order to assess the toxicity of ”’Lu-S1R/PSMA-P in healthy BALB/
¢ mice, two groups of mice were administered either PBS or }”’Lu-S1R/
PSMA-P at a dose of 7.4 MBq or 14.8 MBq via intravenous injection into
the tail vein (n = 5). Blood samples were collected in anticoagulant tubes
seven days after injection for analysis of blood cell, hemoglobin, and
platelet counts levels.

To determine the tolerated dose of !7’Lu-S1IR/PSMA-P, healthy
BALB/c mice received PBS or 14.8 MBgq, or 29.6 MBq of 7’Lu-S1R/
PSMA-P by intravenous injection via the tail vein (n = 5). The body
weight of the mice was recorded at 3-day intervals following the
administration of the treatment. On 28th day following the injection, the
major organs were harvested and sectioned. Each organ was then
stained with hematoxylin and eosin (H&E).

In addition, a toxicity test was conducted on }”’Lu-S1R/PSMA-P in
SD rats after tail vein injection at an extended single dose (n = 10). In
accordance with the maximum dose of 7400 MBq (123.3 MBq/kg) for
clinical preparation, a single dose of the drug equivalent to 8 times and
16 times the clinical activity dose was administered to SD male rats.
Blood samples were collected in anticoagulant tubes four days after
injection for analysis of blood cell and hemoglobin index level. The
major organs were harvested and sectioned. Each organ was then
stained with hematoxylin and eosin (H&E).

2.7. Statistical analysis

All data in this manuscript are presented as mean + SD. Differences
between groups were evaluated using one-way ANOVA and Tukey's
post-hoc test. p < 0.05 was considered significant (*), < 0.01 (**) and <
0.001 (***) highly significant.

3. Results and discussion
3.1. Synthesis of SIR/PSMA-P and '”’Lu-S1R/PSMA-P

A novel dual-targeted ligand S1IR/PSMA-P composed of ACUPA
peptide and anisamide, which targets PSMA and Sigma-1 receptors,
respectively, was designed to enhance tumor selectivity and uptake. The
synthesis of SIR/PSMA-P is illustrated in Fig. S1. The purity of SIR/
PSMA-P as analyzed by HPLC was greater than 95 % (Fig. 1b). H
NMR spectrum of SIR/PSMA-P in DMSO-dg corroborated the chemical
structure of SIR/PSMA-P (Fig. 1c). The mass spectrum displayed an m/z
[M + H]" of 1536.37 (Fig. $2), corresponding to the theoretical mass of
S1R/PSMA-P. These results demonstrated the successful synthesis of
S1R/PSMA-P.

S1R/PSMA-P could easily be labeled with }”’Lu. The radiochemical
yield of 1771,u-S1R/PSMA-P exceeded 97 % in acetate buffer (pH 4.5) as
determined by radio-HPLC. The specific activity of ”’Lu-S1R/PSMA-P
was calculated to be 49.3 MBg/nmol. Fig. 1d shows that 7’Lu-S1R/
PSMA-P had excellent radiostability in PBS, in which radiochemical
purity kept over 96 % in 72 h.

3.2. Specific binding and uptake of 7”Lu-S1R/PSMA-P in LNCaP cells

It has been reported that over 40 % prostate cancer patients over-
express Sigma receptors [50] and 90 % overexpress PSMA [51]. Here,
we firstly assessed the expression of Sigma receptors and PSMA in
LNCaP cells by flow cytometry [52]. The results (Fig. 1e) demonstrated
clear overexpression of both PSMA and Sigma-1 receptors in LNCaP
cells, though PSMA was approximately ten times higher expression than
Sigma-1 receptor. Interestingly, 7’Lu-SIR/PSMA-P revealed much
stronger binding to LNCaP cells than single PSMA targeted control
1771u-PSMA-617 and moreover marked increase in binding over time
(Fig. 1f). The binding activity of ”’Lu-S1R/PSMA-P was more than
three times that of 17’Lu-PSMA-617 at 4 and 24 h of incubation. The
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markedly enhanced binding affinity of SIR/PSMA-P compared to PSMA-
617 likely results from not only increased affinity to the cell surface but
also improved uptake and retention inside cells by binding to the Sigma-
1 receptor in the endoplasmic reticulum. It has been reported that
binding to Sigma-1 receptor boosts endocytosis [44] and there are
abundant Sigma-1 receptor in the endoplasmic reticulum [53,54]. The
competitive experiments showed that binding of 1””Lu-S1R/PSMA-P by
LNCaP cells was completely inhibited by 6.5 mM SIR/PSMA-P, sup-
porting receptor-mediated uptake of }””Lu-S1R/PSMA-P by LNCaP cells.
Moreover, in PSMA-positive Sigma-1 receptor-negative RM1 cells,
1771,u-S1R/PSMA-P showed similar uptake as 1771,u-PSMA-617 (Fig. S3),
certifying that Sigma-1 receptor does play a role.

3.3. Pharmacokinetics and biodistribution of '77Lu/%®Ga -S1R/PSMA-P

The pharmacokinetics and biodistribution of ”’Lu-S1R/PSMA-P
were investigated using microSPECT/CT in LNCaP tumor-bearing mice
and 177Lu-PSMA-617 was used as a control. The images at different time
points post-injection demonstrated superior tumor uptake and retention
of 177Lu-S1R/PSMA-P to 77Lu-PSMA-617 (Fig. 2a, b). In contrast to fast
weakening of 17’Lu signal in the tumor at 48 and 72 h post-injection of
1771u-PSMA-617, 177Lu-S1IR/PSMA-P kept practically the same strong
177Lu signal in the tumor from 1 to 72 h. Importantly, }””Lu-S1R/PSMA-
P was rapidly excreted via the renal pathway and essentially no ”"Lu-
S1R/PSMA-P was detected in other normal organs. The quantitative
analyses of uptake by tumor and major organs revealed a remarkably
high tumor level of 27.3 + 2.8 % injection dose per volume (%ID/cc) for
177Lu-S1R/PSMA-P at 4 h postinjection, which was about two-fold that
of single PSMA-targeted control (Fig. 2c, d). }”’Lu-S1R/PSMA-P retained
a high accumulation at the tumor throughout the whole observation
period of time (1-72 h), and the area under the curve (AUC) of 17710-
S1R/PSMA-P was calculated to be 1680.0 + 60.7 he%ID/cc, which was
approximately three-fold that of 17’Lu-PSMA-617 (Fig. 2€). As for 177Lu-
PSMA-617 and many other peptides, kidney is a major organ for
metabolization [55]. Kidney toxicity is a major concern. Fig. 2f shows a
fast excretion of 7’Lu-S1R/PSMA-P, similar to '7’Lu-PSMA-617, indi-
cating a potentially low kidney toxicity. Fast glomerular filtration is
possible due to the hydrophilicity of 1””Lu-S1R/PSMA-P and its molec-
ular weight of 1708 Da [56]. The plot of tumor-to-normal tissue (T/N)
ratio demonstrated clearly better selectivity of '”’Lu-S1R/PSMA-P to
LNCaP tumor than single PSMA-targeted control, in which 4.8, 7.8, 1.2,
and 1.6 times higher T/N ratio was observed in blood, liver, kidney and
muscle, respectively (Fig. 2g). Albumin binding strategy increases tumor
uptake, but also increases renal uptake and haematotoxicity [57]. A
good radiopharmaceutical must balance tumor uptake, haematotoxicity,
and renal distribution [2]. The PET images of 68Ga-S1IR/PSMA-P and
58Ga-PSMA-617 further corroborated fast and selective homing of SIR/
PSMA-P to LNCaP tumor (Fig. 2h, i). We noticed also a high uptake of
8Ga-S1R/PSMA-P in the kidney. The tumor/kidney ratio for 17’Lu-S1R/
PSMA-P is similar to PSMA-617. The high uptake in the tumor renders it
better in identifying metastatic tumors, screening patients, and moni-
toring the treatment effects. In comparison, no tumor uptake of 77u-
S1R/PSMA-P was observed in PSMA-negative PC-3 tumor-bearing
mouse model (Fig. 2j), signifying a high specificity of 7’Lu-S1R/
PSMA-P toward PSMA receptor. The above results demonstrated that
1771u-S1R/PSMA-P has superior selectivity, uptake, and retention in
LNCaP tumor to }”’Lu-PSMA-617 control.

To accurately evaluate its biodistribution behavior, mice at different
time points (1, 4, 24, 72, and 168 h) post-injection of 1771u-S1R/PSMA-P
were sacrificed and tumor and organs such as heart, liver, spleen, kid-
neys, and muscle were isolated and measured with radioactivity. The
results confirmed a high selectivity of 17’Lu-S1R/PSMA-P toward LNCaP
tumor (Fig. 3a). 1771u-S1R/PSMA-P exhibited a maximum tumor accu-
mulation of 28.4 £+ 4.9 % injection dose per gram (%ID/g) of tissue at 4
h post-injection and kept high even at 168 h post-injection (14.9 + 4.7 %
ID/g). Notably, except for kidney, all the other organs had essentially no
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Fig. 2. SPECT/CT images of LNCaP tumor-bearing mice intravenously injected with 1””Lu-S1R/PSMA-P (7.4 MBq) (a) and '7’Lu-PSMA-617 (7.4 MBq) (b) (n = 3).
The red dotted line shows the location of the tumor. Biodistribution of ”’Lu-S1R/PSMA-P (¢) and '77Lu-PSMA-617 (d) quantified from SPECT images. Accumulation
of 177Lu-S1R/PSMA-P and '7’Lu-PSMA-617 in tumor (e) and kidney (f). (g) Tumor-to-normal tissue (T/N) ratio of 1771u-S1R/PSMA-P and 7’Lu-PSMA-617. T/B:
tumor to blood, T/L: tumor to liver, T/K: tumor to kidney, T/M: tumor to muscle. PET/CT images of LNCaP tumor-bearing mice intravenously injected with *®Ga-
S1R/PSMA-P (3.7 MBq) (h) and %8Ga-PSMA-617 (3.7 MBq) (i) (n = 3). (j) SPECT/CT images of PC3 tumor-bearing mice intravenously injected with 7"Lu-S1R/
PSMA-P (7.4 MBq) (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

or low accumulation of ”’Lu (< 1 %ID/g) after 4 h post-injection. The
kidney level of 177Lu-S1R/PSMA-P reduced to less than 6 %ID/g after 24
h post-injection. It should be noted that unlike marked expression of
PSMA in mouse kidneys, human kidneys have only moderate PSMA
expression [57,58]. 1771 u-S1R/PSMA-P will not likely cause significant
kidney toxicity in patients.

The pharmacokinetics of 17’Lu-S1R/PSMA-P was studied in healthy
male BALB/c. The results showed fast elimination of 1”’Lu-S1R/PSMA-P
with a half-life of 0.16 h, which is comparable to that of }””Lu-PSMA-617
(0.15 h) (Fig. 3b). This rapid excretion is beneficial as it may effectively
reduce off-target toxicity [59,60].

3.4. Radionuclide therapy of prostate tumor

The in vivo antitumor efficacy of 1””Lu-S1R/PSMA-P was conducted
in LNCaP-FGC tumor-bearing mice. The mice with tumor volume of
about 400 mm? were randomly divided into five groups (n = 10) and
intravenously injected with PBS, 177Lu-PSMA-617 control at 33.3 MBq,
and ’Lu-S1R/PSMA-P with low, medium, and high doses (3.7 MBq,
11.1 MBq, and 33.3 MBq) to see the effect of dosage. Fig. 4a
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demonstrates that a single dose of ”’Lu-S1R/PSMA-P effectively
inhibited tumor growth and the antitumor efficacy was clearly dose-
dependent. Interestingly, }”’Lu-S1R/PSMA-P at a very low dose of 3.7
MBq induced better tumor inhibition than single-targeted control at
33.3 MBq. Reducing the administration dose not only ensures patient
safety, but also reduces the financial burden on the patient [61]. 7710-
S1R/PSMA-P at both 11.1 and 33.3 MBq brought about continuous and
pronounced shrinkage of tumor over 21 days post injection, in which
tumor volumes decreased from about 400 mm® to 217.4 + 78.9 mm®
and 122.3 + 29.5 mm?, respectively. On day 21 post injection, all mice
were euthanized, and the tumors were collected, weighted, and photo-
graphed (Fig. 4b). Tumor growth inhibition (TGI) was calculated ac-
cording to the tumor weight. The TGI of 1”’Lu-S1R/PSMA-P at dose of
11.1 and 33.3 MBq was 88.3 £+ 5.5 % and 94.2 + 2.8 %, respectively,
while single-targeted control was only 38.2 &+ 29.4 % (Fig. 4c). Little
body weight loss was observed in all the groups during the whole
treatment period (Fig. 4d), which is in line with excellent targetability
and fast excretion of 17’Lu-S1R/PSMA-P. The results confirmed superior
tumor inhibitory effect of 1””Lu-S1R/PSMA-P to single-targeted control.
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Fig. 3. (a) The biodistribution of 7’Lu-SIR/PSMA-P (7.4 MBq) in LNCaP
tumor-bearing mice at different times post injection (n = 3). The mice were
sacrificed at 1, 4, 24, 72, and 168 h post injection, the organs were isolated, and
the radioactivity was measured by gamma counter. (b) The pharmacokinetics of
1771u-S1IR/PSMA-P and '7’Lu-PSMA-617 in healthy male BALB/c mice
following intravenous injection (1.85 MBq) (n = 4).
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Fig. 4. In vivo antitumor performance of a single injection of }””Lu-S1R/PSMA-
P (3.7 MBq, 11.1 MBgq, and 33.3 MBq) and ”’Lu-PSMA-617 (33.3 MBq) in
LNCaP-FGC tumor-bearing mice (n = 10). (a) Tumor volume change over time.
(b) The photograph of the tumor on the 21st day of treatment. (c) Mean tumor
inhibition rate. (d) Body weight change of mice. P values were calculated by
One-way ANOVA with Tukey multiple comparison tests, p* <0.05, p** <0.01,
p*** <0.001.

3.5. Safety assessment of 1”7Lu-S1R/PSMA-P

The safety of 7’Lu-SIR/PSMA-P was further assessed in healthy
BALB/c mice and male rats. As shown above, ”’Lu-S1IR/PSMA-P at a
low dosage of 3.7 MBq is already better than ’’Lu-PSMA-517 at 33.3
MBq. The toxicology assessment of }””Lu-S1R/PSMA-P was then carried
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out at escalating doses of 2 and 4-fold with respect to 3.7 MBq. The blood
tests after intravenous injection of 7.4 MBq or 14.8 MBq of }”’Lu-S1R/
PSMA-P demonstrated that blood parameters, including white blood
cells, red blood cells, and platelets of mice were all at normal levels
(Fig. 5a). Given the low toxicity observed in the blood analysis, we
further escalated the doses in the toxicology assessment based on
bodyweight to 4 and 8-fold. The monitoring of mouse body weights
following intravenous injection of 14.8 MBq or 29.6 MBq of 7’Lu-S1R/
PSMA-P displayed no significant change of body weight over 27 days
(Fig. 5b). On day 27, the mice were sacrificed, and major organs were
harvested and sliced for hematoxylin and eosin (H&E) staining. The
results showed no tissue abnormalities in all organs including heart,
liver, spleen, lung, and kidney (Fig. 5c). The blood tests at 4 days post
intravenous injection of 1”’Lu-S1R/PSMA-P in male rats at a dose of 185
MBq or 370 MBq, which is comparable to the clinically intended
maximum dose of 123.3 MBq/kg, showed normal hemogram, blood
biochemical parameters (Fig. 5d), and no tissue abnormalities in any
organs (Fig. $4). All the above results point out that 1”’Lu-S1R/PSMA-P
presents an excellent safety profile.

Our findings show that PSMA and Sigma-1 receptor dual-targeted
peptide while greatly enhancing the uptake and retention in LNCaP
prostate tumor in mice does not sacrifice the selectivity, as revealed by a
higher T/N ratio of 1771u-S1R/PSMA-P in nearly all normal organs and
blood than 1”7Lu-PSMA-617. It should further be noted that }”’Lu-S1R/
PSMA-P has a similar pharmacokinetics to single-targeted control and is
quickly excreted by the kidney. This augmented tumor-selectivity of
177Lu-S1R/PSMA-P signifies that both PSMA and Sigma-1 receptor are
highly specific and minimally expressed on the surface of healthy cells.
The superior tumor retention of 17’Lu-S1R/PSMA-P is most likely due to
its binding to the Sigma-1 receptor in the endoplasmic reticulum
following receptor-mediated uptake, which circumvents detachment
and tumor clearance. The retention plays a key role in tumor target-
ability and efficacy. Li et al. recently reported that covalent chemical
ligation following peptide-mediated specific cell binding effectively
prevented dissociation of radiopharmaceuticals, leading to elevated cell
binding, augmented tumor uptake and prolonged tumor retention [62].
For nanomedicines, quick dissociation and tumor clearance are also
among the major reasons for lessened tumor accretion and inadequate
tumor retention. Our preliminary clinical studies showed that ”"Lu-
S1R/PSMA-P at a low dosage of 120 mCi, which is nearly half of that for
177Lu-PSMA-617, brought about effective radioligand therapy of meta-
static castration-resistant prostate cancer (mCRPC) patients, without
causing unmanageable adverse effects, validating its clinical advan-
tages. In addition to being overexpressed in prostate cancer cells, PSMA
is also overexpressed in the neovasculature of malignant tumors such as
gastric cancer, breast cancer, and lung cancer [63-65], which makes
177Lu-S1R/PSMA-P potentially interesting for radioligand therapy of
different tumors.

4. Conclusion

We have demonstrated that Sigma-1 receptor and PSMA dual-
receptor targeted peptide (S1R/PSMA-P) mediates high-efficacy radio-
nuclide imaging and therapy of LNCaP prostate tumor in mice. 7’Lu-
S1R/PSMA-P holds several unique features: (i) it has a high specific
activity and radiostability; (ii) it exhibits markedly enhanced affinity to
LNCaP cells over single-targeted control 177Lu-PSMA-617; (iii) it shows
exceptional uptake and retention in LNCaP tumor, affording not only
about 2-fold better tumor accumulation but also higher tumor selectivity
than PSMA single-targeted control; (iv) it has a low distribution in
healthy organs and is quickly excreted via kidney; and (v) it has little
systemic toxicity. As a result, }”’Lu-S1R/PSMA-P induces far superior
inhibitory effect toward LNCaP prostate tumor in mice to single-targeted
control. Notably, %8Ga-S1R/PSMA-P with a high tumor selectivity gives
clear PET imaging of LNCaP tumor at 0.5 to 2 h post injection, rendering
S1IR/PSMA-P also interesting for diagnosis, patient screening, and
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monitoring of treatment effects. °3Ga/1”’Lu-S1R/PSMA-P is currently
under clinical studies for the screening and treatment of metastatic
castration-resistant prostate cancer (mCRPC) patients. This novel dual
receptor-targeted peptide, with improved selectivity and safety, presents
an appealing radionuclide therapy for malignant tumors.
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