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Abstract

Alpha radionuclide with a high emitting energy and short emitting range has emerged as a
new tool for the treatment of advanced tumors; however, its clinical usage stringently depends
on delivery vehicle. Here, we report on Sigma-1 receptor and PSMA dual-specific peptide
with efficient 225-actinium labeling (***Ac-S1R/PSMA-P) for targeted alpha therapy and
alpha-immunotherapy of murine prostate tumor. **>Ac-SIR/PSMA-P with a high specific
activity and radiostability exhibited upgraded cell binding and uptake while diminished efflux
in RM1-PSMA" cancer cells. Intriguingly, ***Ac-S1R/PSMA-P afforded a peak uptake of 34.7
+ 3.2 %ID/g and elevated the radioactivity in the tumor over 7 days, with a tumor/kidney ratio
of 12.2 + 1.2 and minimal deposition in blood and other normal tissues like liver and muscle.
A single injection of ***Ac-S1R/PSMA-P effectively shrank large LNCaP-FGC tumors at 1.85
or 5.5 kBq, and completely eradicated highly malignant murine RM1-PSMA/RM1 tumors at
33.3 kBq. We further showed that > Ac-SIR/PSMA-P at a low dose of 3.7 kBq could boost
immune checkpoint blockade therapy of murine RM1-PSMA/RM1 tumor, leading to 5 out of
7 mice tumor-free that showed durable antitumor immune memory. >>Ac-S1R/PSMA-P with
excellent targeting and immune activation ability has a great clinical potential for treating

advanced prostate cancer patients.
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1. Introduction

Nuclear medicine represents a rapidly advancing diagnosis and treatment modality for
different diseases, particularly metastatic cancers[1-4]. Targeted radionuclide therapy (TRT)
that delivers radionuclide to the diseased site offers a unique advantage of screening and
treating patients as well as monitoring treatment effects using the same radioligand, elegantly
achieving precision therapy[5-7]. Given their great clinical benefits, two TRT drugs,
7TLu-DOTATATE and '""Lu-PSMA-617, have been approved for the treatment of
neuroendocrine tumors and metastatic castration-resistant prostate cancer (mCRPC),
respectively [8, 9]. Of note, the accumulated clinical results show that only partial patients are
responsive to current TRT with !"7Lu [10-12], which is associated with inadequate tumor
accretion of radionuclide, modest energy of beta particles, and radiation resistance of tumor
cells[13, 14]. We recently developed a Sigma-1 receptor and PSMA dual-specific peptide
(SIR/PSMA-P) that labeled with '""Lu achieved superior tumor uptake and retention and
better TRT of LNCaP prostate tumor xenografts than !”’Lu-PSMA-617 control[15].

In contrast to beta particles, alpha particles possess a much higher linear energy transfer
(LET) and a shorter tissue penetration range, which affords not only significantly more potent
tumor killing effects but also largely reduced damage to healthy cells[16-18]. Many studies
have confirmed that TRT with alpha particles is much more effective than that with beta
particles in different tumor models[19-21]. Among the numerous alpha emitters, >>Ac has
attracted the most interest due to its favorable half-life (ti2 = 9.9 days), substantial net
emission energy of 27 MeV per decay, and excellent coordination properties[22]. The
preclinical and clinical studies have demonstrated the efficacy of ?>>Ac-labeled radioligands in
overcoming radiation resistance and improving tumor control[23-25]. It should be noted,
however, that there is a very limited supply, in addition to a high cost, of alpha-emitting

radionuclides like *2Ac [26]. It is of critical importance for targeted alpha therapy (TAT) to



develop a highly efficient and stable delivery system, which uses as few **Ac as possible.

mCRPC is an immunologically cold tumor and current immunotherapy has demonstrated
dismal clinical efficacy[27, 28]. The mCRPC patients treated with PD-1 immune-checkpoint
blockade (ICB) showed an objective response rate of 3% - 5% in the Keynote-199 trial [29].
The alpha radiation was reported to induce immunogenic cell death (ICD) and yield an
inflammatory phenotype, thereby sensitizing the tumor to immunotherapy[30]. The
radiation-induced ICD would lead to the release of tumor-associated antigens and
damage-associated molecular patterns (DAMPs)[31]. The administration of various alpha
emitters, including 2!'At, 2**Ra, 2!2Pb, ?*>Ac, and ?**Ra, has induced immune activation, with
a subsequent enhancement in efficacy when combined with immune checkpoint inhibitors
(ICIs)[32-35]. The combination of alpha-radionuclide therapy with immunotherapy may
provide a novel treatment strategy for mCRPC patients.

Here, we report on dual-targeted alpha therapy based on radioligand SIR/PSMA-P and
alpha-immunotherapy of malignant prostate tumor (Scheme 1). Remarkably,
225Ac-SIR/PSMA-P at a one-third dose, exhibited superior antitumor efficacy to
PSMA-single targeted counterpart in advanced prostate tumor models. *>>Ac-S1R/PSMA-P
completely eradicated the malignant murine tumors at 33.3 kBq, and at a very low dose (3.7
kBq) synergized with ICB therapy, potentiating immunotherapy of “cold” prostate tumor.
235Ac-S1R/PSMA-P with excellent targeting and immune activation abilities exhibits a high

clinical potential for the treatment of advanced prostate cancer.
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Scheme 1. Sigma-1 receptor and PSMA dual-specific radioligand (SIR/PSMA-P) for targeted
alpha therapy and alpha-immunotherapy of murine prostate tumor. ***Ac-S1R/PSMA-P
achieves superior tumor accumulation and retention by binding to Sigma-1 receptor in the
endoplasmic reticulum and minimizing drug efflux, leading to effective treatment of advanced
human prostate tumor xenografts as well as malignant murine tumors. > Ac-S1R/PSMA-P at
a very low dose (3.7 kBq) is capable of boosting immune checkpoint blockade therapy of

“cold” murine prostate tumor.

2. Experimental
2.1 Materials

PSMA-617 was purchased from Topscience Co. Ltd. SIR/PSMA-P was kindly provided
by Suzhou Ruihe Pharmaceutical Technology Co., Ltd. > Ac¢(NOs); was purchased from the

China Isotope & Radiation Corporation.

2.2 Radiosynthesis

The radiolabeling of SIR/PSMA-P followed the method previously described for

255 Ac-PSMA-I&T with slight modifications[36]. Briefly, 9.25 MBq of solid 22Ac(NOs); was



dissolved in 100 puL of 0.1 M HCI to obtain a ?>>AcCls solution with a final concentration of
92.5 kBg/uL. 200 mg of SIR/PSMA-P was dissolved in 1 mL of 0.1 M sodium ascorbate and
diluted to a final concentration of 3.7 pg/uL. Subsequently, 370 kBq of ?°Ac(NOs); was
mixed with 7.4 pg of SIR/PSMA-P followed by replenishing with 0.1 M sodium ascorbate to
a total volume of 50 uL. The mixture was heated at 95 °C for 25 min and then diluted with 50
pL of 0.25 M sodium ascorbate buffer. The radiochemical yield (RCY) was determined by
radio-TLC analysis. 37 kBq of mixture was spotted onto the bottom of TLC plate and 0.5 mL
of sodium citrate (0.5 M, pH 5) was employed as a mobile phase. Once the solvent had
reached the top, the strip was dried and left for 3 h and 24 h, respectively, to allow for the
measurement of activity. The radiochemical yield was calculated based on the ratio of activity

of 2> Ac-S1R/PSMA-P to the total radioactivity (Lablogic, Scan-RAM).

2.3 In vitro PSMA-binding assay

The RM1-PSMA" cells were obtained by transfecting RM1 cells with human PSMA and
isolating monoclonal lines via flow cytometry [37]. The time-dependent binding and
internalization of ?*>Ac-S1R/PSMA-P were investigated in RM1-PSMA" and LNCaP-FGC
cells at 5x10* cells/well in 24-well plates. The cells were incubated with 500 pL of
225Ac-S1R/PSMA-P (185 Bq) or ?>°Ac-PSMA-617 (185 Bq) for 1, 4, or 24 h, followed by
washing, stripping of membrane-bound activity with glycine buffer (50 mM glycine and 100
mM NaCl, pH 3), and collection of internalized activity by NaOH (1 M) lysis. In the efflux
study, cells were incubated with 500 pL of **>Ac-S1R/PSMA-P (185 Bq) or ***Ac-PSMA-617
(185 Bq) for 1 h under varying concentrations of haloperidol (0, 2, or 10 uM). Subsequently,
the nonradioactive medium was replaced and incubated for a further 3 h. Binding in

PSMA-negative PC3 and RM1 cells was assessed after a 4 h incubation. The radioactivity



was quantified using a gamma counter (PerkinElmer, Wallac 2480).

2.4 Biodistribution study in RM1-PSMA" tumor-bearing mice

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. C57BL/6 mice (5 - 6 weeks old, 20 - 22 g) were maintained under
standard relative humidity (50 - 60%), temperature (22 + 2°C), hygiene, and a 12 h light/dark
cycle. The suspension of a mixture of RM1-PSMA™ cells (4.5 x 10° cells) and RM1 cells (5 x
10° cells) was subcutaneously inoculated into the shoulder region of the mice in 100 pL of
PBS and Matrigel (Corning, Arizona) at a 1:1 ratio. Once the tumors reached 100-200 mm?>,
225 Ac-S1R/PSMA-P (37 kBq) or **Ac-PSMA-617 (37 kBq) was administered intravenously
(n = 3). Mice were sacrificed at 4, 24, 48, 96, and 168 h post-injection. Tumors and major
organs including blood, heart, liver, spleen, lung, kidney, muscle, bone, and bladder were
collected, weighed, and analyzed for radioactivity using a y-counter. The gamma counting
was postponed for 24 h to allow ?2’Ac to reach the secular equilibrium state with its daughter
radionuclides[38]. The activity of 2> Ac was detected within the energy window of 170 - 260
keV. The data were decay-corrected and expressed as a percentage of the injected dose per

gram tissue (%ID/g).

n(2)
ADC:AtXeTl/Z

(1)

%ID/g=

Apc

Agm %100 2)

Where Apc is the decay-corrected radioactivity in the tissue at time t, A: is the measured
radioactivity in the tissue at time t, and Ao is the total injected dose of radioactivity. Ti.

represents the half-life of 2> Ac. The weight of the tissue (m) is expressed in grams and t is the

time elapsed since the injection. The area under the curve (AUC) values were determined for



the radioactivity in the tumor, kidney, liver, muscle, and blood after the injection from 4 h to
168 h based on decay-corrected biodistribution data, using GraphPad Prism software. The

tumor-to-normal tissue (T/N) ratio was calculated from the AUC values.

2.5 In Vivo Therapy

To investigate the therapeutic efficacy of *Ac-SIR/PSMA-P in PSMA-positive
LNCaP-FGC tumor, the mice were intravenously injected with PBS, varying doses of
225Ac-S1R/PSMA-P (1.85 kBq and 5.55 kBq), and 5.55 kBq of **Ac-PSMA-617 at an
average tumor volume of 500 mm?. Tumor volume and body weight were monitored twice a
week. The toxicity of *?Ac-SIR/PSMA-P was assessed in healthy mice with varying
administration doses, ranging from 0 to 33.3 kBq. On the 27™ day, the mice were sacrificed,
and the blood samples were collected for routine blood analysis. For the mice treated with
PBS or 33.3 kBq of **Ac-S1R/PSMA-P, blood samples were also collected for liver and
kidney function tests. Major organs including heart, liver, spleen, lung, and kidney were
collected, sliced, and analyzed using hematoxylin and eosin (H&E) staining.

The therapeutic efficacy of **Ac-SIR/PSMA-P in RM1-PSMA/RM1 tumor-bearing
mice was studied by intravenously injecting PBS, varying doses of *>Ac-S1R/PSMA-P (3.7
kBq, 11.1 kBq, and 33.3 kBq) or ?*Ac-PSMA-617 (11.1 kBq and 33.3 kBq) when the average
tumor volume reached ca. 100 mm?®. Tumor volume and body weight were monitored twice a
week. The tumor volume (mm?®) was calculated according to the following formula:
0.5 x length x width®. The survival rates of the mice were recorded. Mice were euthanized
following ethical protocols when they exhibited signs of distress or rapid weight loss (20%

3 or became

from the initial weight). Furthermore, if the tumor size exceeded 2000 mm
necrotic or ulcerative, mice were also euthanized.

To assess whether *>>Ac-SIR/PSMA-P induce ICD in RM1-PSMA™ cells, calreticulin



(CRT) surface exposure, a key ICD marker, was quantified. RM1-PSMA" cells were seeded at
1x10° cells/well in a 12-well plates, incubated overnight, and treated with PBS or
2255 Ac-S1R/PSMA-P (3.7 kBg/mL, n = 3) for 48 h. Then, cells were stained with an anti-CRT
antibody at 4 °C for 1 h, followed by incubation with an Alexa Fluor 647-conjugated
secondary antibody at 4 °C for 30 min. CRT expression was analyzed via flow cytometry, and
data were processed using FlowJo V10.

To investigate the maturation of BMDCs stimulated by coculturing **Ac-S1R/PSMA-P
and RMI1-PSMA" cells, RMI-PSMA" cells were incubated with either PBS or
225 Ac-S1R/PSMA-P (3.7 kBg/mL, n = 3) for 48 h. BMDCs (1x10° /well) were then added and
co-cultured for 24 h. BMDCs were collected, labeled with CD11c-FITC, CD80-APC, and
CD86-PE/Cy7 antibodies at 4 °C for 30 min, and analyzed by flow cytometry.

To investigate the therapeutic efficacy of combination therapy of radiotherapy and
immunotherapy, RM1-PSMA/RM1 tumor-bearing mice were randomly divided into four
groups (n = 7): PBS, TAT (***Ac-SIR/PSMA-P: 3.7 kBq), aPD1(10 pg), and TAT+aPD1
(**Ac-SIR/PSMA-P: 3.7 kBq; oPD1: 10 pg). On day 0, ?*Ac-SIR/PSMA-P was
intravenously administered and on days 1, 3, 5, and 7, aPD1 was intravenously administered.
Tumor volume and body weight were measured twice a week post-injection. The survival
rates of the mice were recorded. Mice were euthanized according to ethical protocols if they
showed signs of distress or rapid weight loss (20% of initial weight) or tumor volume over
2000 mm®,

To investigate the memory effect of combination therapy of radiotherapy and
immunotherapy, five mice that had been cured were re-challenged with a suspension of the
mixture of RM1-PSMA™ cells (4.5x10° cells) and RM1 cells (5x10° cells) on day 120 after
the first injection of 2*Ac-SIR/PSMA-P. Naive mice inoculated with the mixture of

RMI1-PSMA" cells and RM1 cells were used as control. Tumor volume and body weight were



assessed twice a week. The date of death of the mice was recorded during the treatment. After
11 days, blood samples were collected, blocked with anti-mouse CD16/32, and stained with
CD3-APC, CD8-PE/Cy7, CD44-FITC, and CD62L-PE. The cells were treated with RBC
lysis/fixation solution for 10 min, washed and analyzed via flow cytometry to quantify
CD44'CD62L" central memory T cells (Tcm) and CD44"CD62L" effector memory T cells

(Tem).

2.6 Immunological Analyses

To examine the immune responses associated with targeted alpha therapy combined with
immunotherapy, RM1-PSMA" tumor-bearing mice were randomly divided into four groups (n
= 4): PBS, TAT (***Ac-SIR/PSMA-P: 3.7 kBq), oPDI(10 pg), and TAT+aPD1
(**Ac-SIR/PSMA-P: 3.7 kBq; oPDI1: 10 pg). On day 0, ?*Ac-SIR/PSMA-P was
intravenously administered and on days 1, 3, and 7, aPD1 was intravenously administered. On
day 8, peripheral blood, tumor, and spleen were harvested. Tumor and spleen were then
ground into single cell suspensions. The cells were stained with Zombie-NIR, blocked with
anti-mouse CD16/32, labeled with CD45.2-PerCP/Cy5.5, CD3-APC, CDS8a-FITC and
CD69-PE/Cy7, and analyzed using flow cytometry. Serum samples were obtained for the

purpose of quantifying the concentrations of IFN-y and TNF-a.

2.7 Statistical Analysis

All data in this manuscript are presented as mean + SD. Statistical significance was
calculated using two-tailed Student's t-test for two-group comparisons and one-way two-sided
analysis of variance (ANOVA) for multiple comparisons. p < 0.05 was considered significant

(*), <0.01 (**) and <0.001 (***) highly significant.



3. Results and Discussion
3.1 Radiosynthesis and cell-binding study of ?>Ac-S1R/PSMA-P

SIR/PSMA-P could be readily labeled with 2*’Ac. The radiochemical yield of
225 Ac-S1R/PSMA-P exceeded 97%, as determined by radio-TLC (Fig. 1a). Fig. 1b illustrates
that *2Ac-S1R/PSMA-P displayed remarkable radiostability in PBS or serum at room
temperature, with a radiochemical purity maintained over 90% in 7 days, warranting the
subsequent in vitro and in vivo applications.

It has been demonstrated that the PSMA is highly expressed in over 90% of prostate
cancer patients [39], while the Sigma-1 receptor is moderately expressed in 40% of such
patients [40]. To investigate the combination of TAT and immune therapy, we have
established a PMSA-positive murine cell line by transfecting RM1 cells with human PSMA.
The expression of PSMA has been validated by flow cytometry (Fig. S1). RM1-PSMA™ cells
showed modest expression of Sigma-1 receptors on the membrane and abundant expression
on endoplasmic reticulum (Fig. S2), which aligns with previous reports [41, 42].
22 Ac-S1R/PSMA-P demonstrated superior binding toward RM1-PSMA™ and LNCaP cells to
PSMA -single targeted *>>Ac-PSMA-617, at different time points from 1 to 24 h (Figs. 1¢ and
S3). Fig. 1d further shows that **Ac-S1R/PSMA-P was more efficiently internalized (over
2.0-fold) than *°Ac-PSMA-617. The high internalization and low non-uptake dose of
255 Ac-S1IR/PSMA-P (Fig. S4) means fewer 22’Ac and its daughters (*2'Fr, 2'’At, and 2!*Bi)
being directly exposed to the extracellular environment [43]. Interestingly,
225Ac-S1R/PSMA-P demonstrated approximately 3.7-fold lower efflux in RM1-PSMA”"
compared to control (Figs. 1e). The addition of haloperidol, an antagonist to ¢ receptors, to
the culture medium resulted in increased efflux of *>Ac-S1R/PSMA-P in both RM1-PSMA™*
and LNCaP cells (Figs. 1e and S5), confirming enhanced tumor cell retention via binding to

Sigma-1 receptors. In contrast, haloperidol had little influence on the single PSMA-targeted



control. In PSMA-negative RM1 and PC3 cells, **>Ac-SIR/PSMA-P demonstrated minimal
binding (Fig. 1f). It is evident, therefore, that the selective cell binding and endocytosis of
25Ac-SIR/PSMA-P in RMI1-PSMA™ cells is mainly mediated by PSMA. Following
internalization, 22’Ac-SIR/PSMA-P binds to the Sigma-1 receptor in the endoplasmic
reticulum, which effectively enhances intracellular drug retention by inhibiting drug efflux.
This extracellular and intracellular sequential targeting strategy of *2*Ac-S1R/PSMA-P is

unique because it boosts drug accumulation/retention inside target cells but not in other cells.
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Fig. 1 Radiolabeling, in vitro stability and cellular uptake assessment of *>Ac-S1R/PSMA-P.
(a) Radiolabeling efficiency analyzed by radio-TLC. (b) The radiostability of
225 Ac-S1R/PSMA-P incubated with PBS or serum at room temperature over 7 days analyzed
by radio-TLC. Binding efficiency (c) and internalization (d) of **Ac-SIR/PSMA-P and
25Ac-PSMA-617 at incubation with RM1-PSMA™ cells for 1, 4, or 24 h. (e) Efflux of
255 Ac-SIR/PSMA-P and 2Ac-PSMA-617 in RM1-PSMA™ cells after 3 h treatment with

various concentrations of haloperidol (0, 2, or 10 uM). (f) Binding efficiency of



255 Ac-S1R/PSMA-P incubated in RM1-PSMA", PC3 or RMI cells for 4 h (n = 3).

3.2 Biodistribution and Pharmacokinetics of 22> Ac-S1R/PSMA-P

The biodistribution of 2°Ac-S1R/PSMA-P was studied in murine RM1-PSMA" tumor model,
which was established by subcutaneously inoculating a mixture of RM1-PSMA" cells (4.5 x
10° cells) and RMI cells (5 x 10° cells). RM1-PSMA"/RM1 tumor is a highly malignant
model, reaching a volume of 1500 mm?® within 14 days. Fig. 2a shows a great tumor uptake of

255Ac-SIR/PSMA-P, reaching 34.7 + 3.2 %ID/g at 4 h post-injection , which was

approximately 2.0-fold that of 2°Ac-PSMA-617 (Fig. 2b). Interestingly, 2> Ac-S1R/PSMA-P
demonstrated superior tumor retention, with tumor level remained 26.1 = 1.2 %ID/g at 96 h
post-injection and increased to 81 + 1.2 %ID/g at 168 h due to notable reduction in tumor
volume. Giving its half-life of 9.9 days, the alpha radioactivity in the tumor did not decrease
but increased at prolonged time. Throughout the observation period (4 - 168 h),
225Ac-S1R/PSMA-P demonstrated superior tumor accumulation, in which a 5.8-fold higher
area under the curve (AUC) was observed for ?>°Ac-S1R/PSMA-P over **Ac-PSMA-617
(Fig. 2¢). In contrast to the high expression of PSMA in mouse kidneys, PSMA is moderately
expressed in human kidneys. It is less likely that significant renal toxicity will occur in
humans if no toxicity is observed in mice[44]. Furthermore, the low uptake of the liver
corroborated the stable chelation, as free 2Ac has a proclivity to distribute in this organ[45].
In comparison to **>Ac-PSMA-617, **Ac-SIR/PSMA-P exhibited higher tumor-to-normal
tissue (T/N) ratios, e.g. 2.1-fold, 1.4-fold, 3.2-fold and 3.9-fold higher T/N ratios in the kidney,
liver, muscle, and bone, respectively (Fig. 2d). The elevated T/N ratios signified enhanced
selectivity and a more favorable therapeutic index for >>Ac-S1R/PSMA-P. Fig. S6 shows a
nearly linear decrease of *Ac in the tumor, which extrapolated a tumor elimination time of

approximately 194 h. In addition to its high energy, *>>Ac-SIR/PSMA-P also exhibited



advantages of much higher tumor uptake and retention compared with '""Lu-PSMA-617
control in RM1-PSMA* model (results of !”’Lu-PSMA-617 shown in Fig. S7).

The pharmacokinetics of ***Ac-SIR/PSMA-P were investigated in healthy male
C57BL/6 mice. > Ac-S1R/PSMA-P exhibited rapid elimination from the bloodstream with a
half-life of 0.16 h, which was comparable to that of 2*>Ac-PSMA-617 (Fig. 2e) and
7"Lu-PSMA-617 [15]. This rapid blood clearance is beneficial because it can minimize the
amount of daughter radionuclides of ***Ac to blood due to the recoil effect and differing
chemical properties of the daughter radionuclides[46], and it can effectively reduce off-target

toxicity by minimizing exposure to non-target tissues.
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Fig. 2 The biodistribution of 2> Ac-S1R/PSMA-P (37 kBq) (a) and > Ac-PSMA-617 (37 kBq)
(b) in RM1-PSMA/RMI tumor-bearing mice at indicated time points post-injection (n = 3).
(c) Accumulation of *Ac-SIR/PSMA-P and ?>*Ac-PSMA-617 in tumor over time and their
(d) tumor-to-normal tissue (T/N) ratio. T/K: tumor to kidney, T/L: tumor to liver, T/M: tumor

to muscle, T/B: tumor to bone. (¢) Pharmacokinetics of 2*>Ac-SIR/PSMA-P and



225 Ac-PSMA-617 in healthy male C57BL/6 mice after intravenous injection (37 kBq) (n = 3).
Statistical significance was analyzed by student t-test, ** p < 0.01, *** p <0.001 and **** p

<0.0001.

3.3 Targeted Radionuclide Therapy of Prostate Tumor

The in vivo antitumor efficacy of **>Ac-SIR/PSMA-P was evaluated in PSMA-positive
LNCaP-FGC and RM1-PSMA"/RM1 tumor models. The LNCaP-FGC tumor-bearing NCG
mice, which are deficient in functional/mature T, NK and B cells, were randomly divided into
four groups (n = 5) and intravenously injected with PBS, ?>>Ac-S1R/PSMA-P (1.85 kBq or
5.55 kBq), and ***Ac-PSMA-617 (5.55 kBq), respectively (Fig. 3a). LNCaP-FGC tumor is
highly malignant, and the treatment was started when tumor volume reached approximately
500 mm?® (advanced tumor model). Fig. 3b shows that **>Ac-S1R/PSMA-P effectively shrank
tumor even at a low dose of 1.85 kBq, while progressive tumor growth was observed for
235 Ac-PSMA-617 at 5.55 kBq. In light of the global scarcity and high cost of ***Ac, reducing
the alpha dosage will not only ensure better patient safety but also greatly reduce financial
burdens, thereby enhancing the accessibility of therapy[47]. There was no significant loss of
body weight of the mice during all treatments (Fig. 3¢). The above results corroborate that
225 Ac-S1R/PSMA-P induces potent inhibitory effect for advanced prostate cancer.

The safety of 22Ac-SIR/PSMA-P was assessed in healthy BALB/c mice (n = 5). The
results showed that a single injection of >>Ac-S1R/PSMA-P at 3.7 kBq, 11.1 kBq, or 33.3
kBq did not cause significant changes in body weight over the 27-day observation period (Fig.
3d). The routine blood analysis of mice treated with *>Ac-SIR/PSMA-P at 3.7 kBq to 33.3
kBq, showed comparable levels of white blood cells, red blood cells, and platelets to those
observed in healthy mice (Figs. 3e, 3f, and 3g). Liver and kidney function tests of mice

treated with 33.3 kBq of 2> Ac-S1R/PSMA-P showed no significant differences compared to



healthy mice (Fig. S8). No discernible abnormalities in the main organs of mice were

observed even at the highest dose of 33.3 kBq (Fig. 3h). The above results collectively

indicate that 22 Ac-S1R/PSMA-P is well tolerated.
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Fig. 3 Therapeutic activity of > Ac-S1R/PSMA-P at various doses in advanced LNCaP-FGC
tumor-bearing NCG mice (a - ¢) and toxicity of 22> Ac-S1R/PSMA-P in healthy C57BL/6 mice
(d - h). (a) Experimental schedule for figures b and c. (b) Tumor growth curves and (c)
average body weight of the mice (n = 5) using ?>>Ac-PSMA-617 as control. (d) Body weight

changes of mice after intravenous injection of *>Ac-S1R/PSMA-P at varying doses from 3.7



to 33.3 kBq, and (e - g) analysis of blood cells and (h) H&E stained images of major organs of
healthy mice on day 27 post intravenous injection. Scale bar corresponds to 100 um. WBC:
white blood cells, RBC: red blood cells, PLT: platelets. Statistical significance was analyzed
by student t-test, * p < 0.1, ** p <0.01, and *** p <0.001.

The efficacy of *Ac-SIR/PSMA-P was further investigated in RM1-PSMA/RM1
tumor-bearing mice when tumor volume reached approximately 150 mm?®. The mice were
randomly divided into four groups (n = 5) and intravenously injected with PBS,
225 Ac-S1R/PSMA-P at three different doses (3.7, 11.1, or 33.3 kBq), and *>>Ac-PSMA-617 at
two different doses (11.1 or 33.3 kBq), respectively (Figs. 4a). Intriguingly, a single dose of
225Ac-S1R/PSMA-P at 3.7 kBq, 11.1 kBq, and 33.3 kBq resulted in 20%, 40%, and 100%
complete regression (CR), respectively (Figs. 4b, 4¢). In comparison, 2*Ac-PSMA-617 at
11.1 and 33.3 kBq only achieved 20% and 40% complete response (CR). It is of interest to
note that 2°Ac-SIR/PSMA-P at 11.1 kBq greatly prolonged median survival time, reaching
67 days, which surpassed that for 2> Ac-PSMA-617 at 11.1 kBq (27 days) and 33.3 kBq (37
days). There was no significant body weight loss during the treatments (Fig. 4d). The above
results confirm that **Ac-SIR/PSMA-P is far more effective than PSMA single targeted
control, and is capable of eradicating malignant murine prostate cancer.

Alpha radiation has the capacity to modulate the tumor microenvironment by inducing
ICD of tumor cells and further stimulating antigen-presenting cells[48-50]. We evaluated the
ICD induction of 22Ac-SIR/PSMA-P at 3.7 kBg/mL by detecting the production of
calreticulin (CRT), a typical marker of ICD. The results revealed that 2> Ac-S1R/PSMA-P
induced a substantial elevation in CRT (Figs. 4e and 4f). It has been demonstrated that >'*Bi,
223Ra, and *!' At induce the pro-inflammatory damage-associated molecular patterns, including
CRT, HMGBI, and HSP70, which are hallmarks of tumor immunogenicity[51-53]. The

studies on stimulation of dendritic cells (DCs) co-cultured with RM1-PSMA™ cells by



25Ac-SIR/PSMA-P  demonstrated significantly stimulated maturation of BMDCs
(CD11¢"CD80'CD86", mDCs) by up to 13.6% (Figs. 4g and 4h), which is in line with
previous reports that alpha radiation could elicit DCs maturation and boost cancer
immunity[32, 34]. Hence, the therapeutic effect of 22°Ac-SIR/PSMA-P most likely derives

from not only direct damaging of tumor cells via alpha particles but also activating the

immune cells.
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Fig. 4 Therapeutic activity of **Ac-SIR/PSMA-P at various doses in RM1-PSMA*/RM1

tumor-bearing mice. (a) Experimental schedule. (b) Individual tumor growth curves, (c)



Kaplan-Meier survival curves, and (d) average body weight of mice treated with
25Ac-SIR/PSMA-P (3.7, 11.1, or 33.3 kBq) or 2°Ac-PSMA-617 (11.1 or 33.3 kBq) (n = 5).
(e) Representative flow cytometry graphs and (f) percentage of CRT of RM1-PSMA™ cells
treated with 22°Ac-S1IR/PSMA-P (3.7 kBg/mL) for 48 h. (g) Representative flow cytometry
graphs and (h) percentage of mature BMDCs (CD11¢"CD80'CD86", mDCs) stimulated by
255 Ac-S1R/PSMA-P (3.7 kBg/mL). Statistical significance was analyzed by student t-test, **
p <0.01 and *** p <0.001.

3.4 25Ac-S1R/PSMA-P boosts immune checkpoint blockade therapy

The alpha therapy has shown capable of improving the immune responses of “cold”
tumors like prostate tumor to a certain extent[54, 55]. Here, we studied whether a low dose
(3.7 kBq) of ?>*Ac-S1R/PSMA-P could boost PD-1 therapy (Fig. 5a). As expected, oPD-1
monotherapy failed to achieve any tumor control. The combination of **>Ac-S1R/PSMA-P
and aPD-1, however, effectively inhibited tumor growth and 5/7 mice achieved CR over 120
days (Figs. 5b, 5¢, and 5d). Importantly, the combo group did not cause body weight loss (Fig.
Se). These treatment results are remarkable compared with previous report with
2255 Ac-PSMA-617 and aPD-1, in which 2/8 mice achieved CR at 30 kBq[54]. This may be due
to the much better tumor enrichment and retention of **Ac-SIR/PSMA-P compared to
22 Ac-PSMA-617, potentially activating a more sustained immune response[56].

To further evaluate the immune memory generated by the combination therapy, we
re-challenged the cured mice with a mixture of RM1-PSMA" and RM1 cells on day 120 after
the initial alpha therapy. Healthy mice inoculated with a mixture of RM1-PSMA™ and RM1
cells was served as a control. In contrast to rapid tumor growth in the control group, tumor
growth was significantly retarded in the cured mice (Figs. 5f and 5g). Notably, 3/5 mice
showed full protection from the re-challenge, suggesting *>Ac-S1R/PSMA-P in combination
with aPD-1 induces strong and long-lasting immunity. The blood analysis showed that the

percentage of CD8" effector memory T cells (Tem, CD44"'CD62L") in CD8" T cells increased



from 14% for the control to 29% (Figs. Sh and 5i), suggesting a strong immune memory
against tumor cells. The finding that a low dose of *>Ac-S1R/PSMA-P can effectively boost
the immune checkpoint blockade therapy of prostate tumor is remarkable, as it may provide a

new treatment perspective for prostate cancer patients.
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5 2%Ac-SIR/PSMA-P boosts immune checkpoint blockade therapy

in

RM1-PSMA/RM1 tumor-bearing mice. TAT refers to *2>Ac-SIR/PSMA-P at 3.7 kBq, and

aPD1 represents i.v. injection of aPD1 antibody at a dose of 10 pg. (a) Experimental schedule

for figures b-i. (b) Tumor growth curves, (c) individual tumor growth curves, (d)



Kaplan-Meier survival curves, and (e) average body weights of the mice treated with PBS,
TAT, aPD1, or TAT+aPDI. (f) Tumor growth curves and (g) Kaplan-Meier survival curves of
mice re-challenged at 120 days after 2> Ac-S1R/PSMA-P treatment. (h) Representative flow
cytometry graphs and (i) percentages of effector memory T cells (Tem, CD8"CD44"CD62L")
in CD8" T cells in peripheral blood following re-challenge. (j) Experimental workflow of
immunotherapy and analysis of immune responses for figures k-p. (k) CD3"CD8" T cells in
CD45" cells and (1) CD69" in CD8" T cells within tumor. Contents of CD8" T cells in the (m)
spleen and (n) peripheral blood. Expression levels of (o) IFN-y and (p) TNF-o in serum
analyzed by ELISA. Statistical significance was analyzed by one-way ANOVA, * p <0.1, **
p <0.01, and *** p <0.001.

We further investigated the immunological responses (immune cells and cytokines) of
the mice following combo therapy. The results showed that 3.7 kBq of ***Ac-S1R/PSMA-P
combined with aPD1 significantly increased the percentage of CD8' tumor-infiltrating T
lymphocytes (CD45°CD3"CD8") in the tumor (Fig. 5k). We further found an increase of
activated CD8 T cells (CD8'CD69") in the tumor (Fig. 51), indicating cytotoxic T cells are
activated at an early stage. The combo therapy also led to a higher ratio of CD8" T cells within
the spleen and blood (Figs. Sm and 5n) and an increase in serum [FN-y cytokine and TNF-a
secretion (Figs. 50 and 5p). These results confirm that 2*>Ac-SIR/PSMA-P in combination
with aPD-1 elicits robust and durable anti-tumor immune responses.

ICB is one of the most exciting developments in clinical cancer treatment; however, a
majority of patients do not respond to ICB therapy [57]. TRT has appeared to be an effective
strategy to enhance the response rate of ICB [58-62]. Furthermore, in an open-label phase 1
clinical trial, a single dose of !"’Lu-PSMA-617 followed by pembrolizumab treatment brought
about durable clinical benefit in mCRPC patients [63]. The results of this study show that a
very low dose of 2 Ac-S1R/PSMA-P can convert immunologically “cold” prostate tumor into
“hot” and markedly boost aPD1 therapy, achieving CR in 5 out of 7 RMI1-PSMA*/RM1

tumor-bearing mice. The low dose of ?>>Ac-SIR/PSMA-P is beneficial, as it will not only



greatly reduce treatment cost but also improve safety and minimize damage to immune
system. PSMA is also overexpressed in the neovasculature of several malignant tumors such
as lung, breast, and gastric cancers [64-66], which renders *>>Ac-S1R/PSMA-P potentially

interesting for boosting ICB therapy across various tumor types.

4. Conclusion

We have demonstrated that Sigma-1 receptor and PSMA dual-specific radioligand
(SIR/PSMA-P) mediates superior alpha therapy and alpha-immunotherapy of malignant
prostate tumor. Of note, **Ac-SIR/PSMA-P showed an extraordinary tumor selectivity,
uptake and retention, which could effectively shrink large PSMA-positive LNCaP-FGC tumor
at 1.85 kBq and completely regress highly malignant murine RM1-PSMA"/RM1 tumor at
33.3 kBq. More interestingly, a low dose of 2> Ac-S1R/PSMA-P could induce ICD of tumor
cells and reverse the suppressive tumor microenvironment, and boost immune checkpoint
blockade therapy with aPDI1, leading to 5/7 of the mice free of tumor. The cured mice exhibit
long anti-cancer immune memory effect. These findings highlight the significant clinical
potential of 2>Ac-SIR/PSMA-P as a novel therapeutic radiopharmaceutical for the treatment

of advanced prostate cancer.
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Sigma-1 receptor and PSMA dual-specific radioligand (SIR/PSMA-P) induces high-efficacy

alpha therapy and immunotherapy, leading to complete regression of highly malignant murine

prostate tumor.



Highlights

1. Sigma-1 receptor and PSMA dual-specific peptide (SIR/PSMA-P) boosts cell uptake and
retention of 2 Ac by inhibiting drug efflux.

2. *Ac-SIR/PSMA-P exhibits high uptake and long retention in the PSMA-positive
prostate tumor.

3. A single low dose of 2?Ac-SIR/PSMA-P (1.85 kBq) effectively shrinks large
PSMA-positive LNCaP-FGC tumor xenografts.

4. A low dose of **Ac-SIR/PSMA-P (3.7 kBq) boosts aPDI1 therapy of “cold” murine

prostate tumor.



