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Anticancer Immunity in “Cold” Murine Prostate Tumor
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ABSTRACT: Targeted radionuclide therapy (TRT) with '""Lu holds a huge clinical success in treating advanced prostate cancer
patients. It is noted, however, that '’Lu with moderate radiation energy achieves effective tumor inhibition at a relatively high dose
and has a low capacity to activate “cold” prostate tumor. In this study, we report that Sigma-1 receptor and prostate-specific
membrane antigen (PSMA) dual-targeted peptide (SIR/PSMA-P) labeled with '*'Tb, which emits locally high linear energy transfer
(LET) Auger electrons, effectively inhibits prostate tumor and energizes anticancer immunity. '*'Tb—S1R/PSMA-P exhibited
significantly enhanced cytotoxicity and immunogenic cell death over '"’Lu-labeled counterpart by inducing more DNA double-
strand breaks and reactive oxygen species. Of note, "' Tb—S1R/PSMA-P achieved high tumor uptake and selectivity, induced a
complete regression rate of 60% at a single dose of 7.4 MBq in RM1-PSMA'/RM1 tumor model, and sensitized RM1-PSMA"/RM1
tumor to aPD1 immune checkpoint blockade therapy at a dose of 3.7 MBq resulting in a cure rate of 50% and durable antitumor
immunity. Overall, *Tb—S1R/PSMA-P emerges as a promising theranostic agent that is capable of mitigating prostate tumor by
boosting anticancer immunity.

KEYWORDS: prostate cancer, targeted radionuclide therapy, beta particles, anticancer immunity, immune checkpoint blockade therapy

1. INTRODUCTION micrometastases eradication.'’”"* The alpha (a)-emitters
produce high LET radiation capable of causing irreparable
DNA double-strand breaks.''* Their clinical translation is,
however, often hindered by limited availability, high cost, and
narrow therapeutic windows."> '*'Tb represents a compelling
alternative that bridges the gap between S~ therapy and «
therapy. Chemically analogous to "Ly, ***Tb emits not only
medium-energy B~ particles but also abundant short-range,
locally high LET Auger electrons.'®™"® These radiations confer
a superior dosimetric profile. Monte Carlo simulations indicate
that the absorbed dose from '®'Tb is 2.6—3.6X higher in

Targeted radionuclide therapy (TRT) has emerged as a
transformative modality in cancer treatment, enabling precise
tumor visualization, dosimetry-guided treatment planning and
longitudinal therapeutic monitoring.'~* By delivering cytotoxic
radiation selectively via tumor-specific ligand, TRT maximizes
tumor damage while sparing healthy tissues.”~” However, the
efficacy of TRT hinges critically on the physical properties of
the radionuclide and the biological targeting strategy
employed.

Beta (f87)-emitters, such as '7’Lu, remain a cornerstone of
clinical practice, highlighted by the clinical success and Food

and Drug Administration approvals of '”’Lu-DOTATATE for Received:  May 10, 2026 mS
neuroendocrine tumors and '”’Lu-PSMA-617 for metastatic Revised:  June 27, 2026 w ’ 4
castration-resistant prostate cancer.”” However, the electrons Accepted:  June 29, 2026 @_Ev,
emitted by '’Lu with relatively low linear energy transfer Published: July 3, 2026 Ul IO
(LET) often induces sublethal DNA damage that fosters —
radioresistance and provides insufficient cytotoxicity for
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Scheme 1. ''Tb Radiolabeled Sigma-1 Receptor and PSMA Dual-Targeted Radioligand (**'Tb—S1R/PSMA-P) Mitigates

Prostate Cancer and Boosts ICB Therapy”
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A6ITH—S1R/PSMA-P achieves superior tumor inhibition due to the additional emission of Auger electrons from '*'Tb compared to its '”"Lu-
labeled counterpart. "*Tb—SIR/PSMA-P at a low dose is capable of boosting ICB therapy of “cold” murine prostate tumor.

single-cell models and 2.1—3.0X higher in the cell clusters than
with "77Lu."” This enhanced local energy deposition positions
''Tb as a promising candidate to surpass the therapeutic
efficacy of ""Lu.

The immunomodulatory effects of TRT are gaining
recognition for overcoming resistance to immune checkpoint
blockade (ICB) in immunologically “cold” prostate tu-
mors.”””" TRT counteracts this by inducing immunogenic
cell death (ICD), whereby radiation triggers the release of
tumor-associated antigens and damage-associated molecular
patterns (DAMPs).”>** However, the immunological con-
sequences depend heavily on radionuclides, ligand, and dosing
and time of radiopharmaceuticals. Conventional low LET f~-
emitters (e.g, '”Lu) primarily expand existing adaptive
immunity, often failing to inflame “cold” tumors, whereas
high LET a-emitters initiate robust immune priming,”* The
immunomodulatory potential of '*'Tb is rarely investigated.
We hypothesized that ''Tb could elicit a more potent ICD
response than conventional f™-emitters, offering an alternative
strategy to sensitize prostate cancer to immunotherapy.

The efficacy of TRT highly depends on the ligand, for which
various approaches such as albumin binding, covalent binding,
multimerization, and dual-targeted strategies, have been
investigated to improve its pharmacokinetics, and affinity to
the target.”>™> We recently developed an extracellular-
intracellular dual-targeted peptide (SIR/PSMA-P) that follow-
ing PSMA-mediated endocytosis binds to Sigma-1 receptors in
the endoplasmic reticulum, effectively inhibiting drug
efflux.*®*® When radiolabeled with either ”’Lu or **Ac, this
ligand demonstrated superior tumor uptake and retention, as
well as enhanced efficacy in LNCaP prostate tumor xenografts
compared to PSMA-617 control. This enhanced intracellular
accumulation is particularly critical for '*'Tb, as its high LET
Auger electrons have a short tissue penetration range and
require close proximity to nuclear to exert maximal
cytotoxicity. Herein, we leverage this dual-targeted platform
SIR/PSMA-P to label '*'Tb and investigate its in vitro and in
vivo toxicity as well as ability to boost immune checkpoint
blockade (ICB) therapy in a “cold” murine prostate cancer
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model (Scheme 1). The results show that ***Tb—S1R/PSMA-
P achieved a complete regression rate of 60% at a single dose
of 74 MBq in RMI-PSMA'/RM1 tumor in mice, and
effectively boosted the immune response to aPD1 therapy at
a lower dose of 3.7 MBq. '“'Tb—S1R/PSMA-P has appeared
as a promising radiopharmaceutics for the treatment of
advanced prostate cancer.

2. EXPERIMENTAL SECTION

2.1. Materials

PSMA-617 was purchased from Topscience Co. Ltd. SIR/PSMA-P
was kindly provided by Suzhou Ruihe Pharmaceutical Technology
Co., Ltd. "'TbCl; and "LuCl; were purchased from Chengdu
Syncor Pharmaceutical Co., Ltd. (Chengdu, China). All other
chemicals were used as received.

2.2. Radiosynthesis and Radiostability Test

Radiolabeling with both '"Lu and '®'Tb was performed using
identical reaction conditions based on previously established
protocols.‘m Briefly, SIR/PSMA-P was dissolved in sodium ascorbate
(0.4 M, pH 4.5) to a final concentration of 0.2 ug/uL. 37 MBq of
181TbCl, or ""LuCl; was mixed with 0.5 g of ligand and adjusted to
a total volume of 50 uL with sodium ascorbate (0.4 M, pH 4.5). The
mixture was then heated at 95 °C for 15 min. The radiochemical yield
(RCY) was determined by radio-TLC analysis (Lablogic, Scan-RAM)
using a mobile phase of 1% EDTA 2Na. The radiostability of
radioligands was assessed by radio-TLC after incubation with 10%
fetal bovine serum (FBS) or phosphate-buffered saline (PBS) for 24,
48, 72, 96, 144, and 168 h.

2.3. In Vitro PSMA-Binding Assay

The RM1-PSMA" cells were constructed as previously reported”™*!
and cultured in DMEM (Basalmedia) containing 10% FBS (Gibco) at
37 °C in a 5% CO, atmosphere. RM1-PSMA" cells were seeded at a
density of 5 X 10* cells/well in 24-well plates, and then incubated
with ''Tb—S1R/PSMA-P (37 kBq) or "Lu—SIR/PSMA-P (37
kBq) for 1, 4, and 24 h. Thereafter, the cells were washed with PBS,
and membrane—bound activity was stripped with glycine buffer (50
mM glycine and 100 mM NaCl, pH 3), while internalized activity was
collected by lysis with 1 M NaOH. The quantification of radioactivity
was conducted using a gamma counter (PerkinElmer, Wallac 2480).
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2.4. In Vitro Antitumor Assay

The assessment of cell viability was conducted through the
implementation of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, as previously described.*” Briefly,
RM1-PSMA" cells were seeded in 96-well plates (1 x 10%/well, 80
uL) and cultured for 12 h. Following the addition of 20 uL of ' Tb—
SIR/PSMA-P and ""Lu—S1R/PSMA-P at activity ranging from 0.01
to 1 MBq/mL, the cells were incubated for 48 h. Thereafter, 10 uL of
MTT solution (S mg/mL) was added for 4 h and the resultant data
were quantified with a microplate reader at 570 nm. The cell viability
was determined by comparing the absorbance of the cells treated with
PBS.

For colony formation assay, RM1-PSMA" cells were seeded on 6-
well plates (5 X 10%/well) and left to grow overnight. The cells were
then exposed to 161Th—S1R/PSMA-P and “"Lu—S1R/PSMA-P (0.1
MBq/mL, 2 mL) for 48 h. Thereafter, the media was removed, and
the cells were washed and permitted to proliferate into colonies over a
five-day period. The colonies were fixed and stained with crystal violet
and photographed.

The study of the DNA damage induced in RMI-PSMA* by
radioligands was conducted by seeding RM1-PSMA" cells on 12 mm
glass coverslips in 12-well plates (2 X 10*/well) overnight, and
subsequently treating them with '*'Tb—SIR/PSMA-P and '"’Lu—
SIR/PSMA-P (0.1 MBq/mL) for 48 h. Following fixation with 4%
paraformaldehyde at room temperature for 10 min, the cells were
incubated with a primary antibody against yYH2AX at 4 °C for 1 h, and
then stained with Alexa Fluor 647-conjugated secondary antibodies at
4 °C for 30 min. The stained cells were mounted on a slide and
imaged via confocal microscopy.

In order to examine the generation of reactive oxygen species
(ROS), RM1-PSMA* cells were seeded on 12-well plates and left to
grow overnight. The cells were then treated with 161Th—S1R/PSMA-
P and ""Lu—S1R/PSMA-P (0.1 MBq/mL, 1 mL) for a period of 48
h. Following this incubation period, the cells were stained with 10 gM
DCFH-DA for the purpose of measuring the levels of ROS using flow

cytometry.
2.5. Biodistribution 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 (Ethics
Approval Number: 202503A0856). The male CS7BL/6 mice (6
weeks, 20—22 g) were procured from GemPharmatech Co., Ltd. and
maintained under standard conditions. A mixture of RM1-PSMA"
cells (4.5 X 10° cells) and RM1 cells (5 X 10° cells) was suspended in
100 uL of PBS and Matrigel (Corning, Arizona) at a 1:1 ratio and
subcutaneously injected into the right flank of each mouse. Pure
RM1-PSMA" tumors frequently underwent spontaneous shrinkage
and occasional complete regression, likely due to the immunogenicity
of exogenously expressed PSMA. Therefore, RM1 cells were mixed
with RM1-PSMA* cells to establish a more stable tumor model that
also better reflects the heterogeneous PSMA expression observed in
clinical prostate cancer. When the tumors grew to approximately
100—200 mm® RM1-PSMA*/RM1 tumor-bearing mice were used for
microSPECT/CT imaging (Milabs, The Netherlands). Mice were
intravenously administered '*'Tb—S1R/PSMA-P (11.1 MBq), '""Lu—
SIR/PSMA-P (11.1 MBq), or ''Tb-PSMA-617 (11.1 MBq) via tail
vein and then scanned at 1, 4, 8, 24, 48, 72, and 96 h postinjection (n
= 3). The scanned data were then reconstructed using U-SPECT-
Rec2.51g software and analyzed with PMOD software (Version
3.602).

In order to study pharmacokinetics, a group of healthy CS7BL/6
mice was administered with radioligands (5.5 MBq) via intravenous
injection. Blood samples were collected from the orbital plexus at 1, S,
10, 15, 30 min, 1, 2, 4, 8, 24, 48, and 72 h (n = 3). The samples were
weighed, and their radioactivity was measured using the gamma
counter. The data underwent a process of decay correction prior to
presentation as the percentage of the injected dose per gram of tissue
(% ID/g).
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2.6. In Vivo Therapy

In order to evaluate the therapy efficacy of the radioligand therapy,
RM1-PSMA*/RM1 tumor-bearing mice were divided into five groups
at random and intravenously injected with PBS, ”’Lu—S1R/PSMA-P
(7.4 MBq), ''Tb-PSMA-617 (7.4 MBq), "*'Tb—S1R/PSMA-P (3.7
MBq), or "'Tb—S1R/PSMA-P (7.4 MBq) (n = 6). Treatment was
initiated on day 4 after tumor inoculation, when tumors had reached
approximately 100—200 mm?® exhibited a firm morphology, and
showed substantial radioligand uptake by SPECT imaging. Tumor
volume and body weight were measured on a twice—weekly basis.
The volume of tumor (mm®) was calculated using the following
formula: 0.5 X length X width.” On the seventh day, a random
selection of one mouse from each group was euthanized. The tumors
were sectioned and subjected to staining for K-67, y-H2AX, and
hematoxylin and eosin (H&E). The toxicity of '**Tb—S1R/PSMA-P
was subsequently assessed in healthy mice at the dose of 14.8 and 29.6
MBgq. Body weight was measured two occasions per week. On the
27th day, the mice were euthanized, and blood samples were collected
for routine blood analysis and liver and kidney function tests. The
major organs, including the heart, liver, spleen, lung, and kidney, were
collected and sliced for analysis. The analysis was conducted using
H&E staining.

In order to assess the ability of '*'Tb—S1R/PSMA-P to induce
ICD in RM1-PSMA* cells, the expression of calreticulin (CRT),
adenosine triphosphate (ATP), and high mobility group box 1
(HMGB1) was quantified. RM1-PSMA" cells were seeded at a density
of 1 X 10° cells/well in 12-well plates, then incubated overnight. The
cells were then treated with PBS, '*Tb—S1R/PSMA-P, or ""Lu—
S1R/PSMA-P at indicated concentrations (0.01, 0.1, and 1.0 MBgq/
mL) for 48 h. The culture medium was then collected in order to
ascertain the secretion of ATP and HMGBI via an enhanced ATP
assay kit and a mouse HMGB1 ELISA kit. The cells were collected
and stained with an anti-CRT antibody at 4 °C for 1 h and Alexa
Fluor 647-conjugated secondary antibody at 4 °C for 30 min,
followed by flow cytometry analysis. The data were analyzed using
FlowJo_V10.

In the subsequent stage of the study, the effects of radioligands-
induced ICD on bone marrow-derived dendritic cells (BMDCs) were
investigated. In this study, RM1-PSMA" cells were seeded in 12-well
plates at a density of 1 X 10° cells/well. The cells were then incubated
with radioligands at 0.1 MBq/mL (1 mL) for a period of 48 h.
Following this, BMDCs (1 X 10°/well) were added to each well and
cocultured for a further 24 h. The culture medium was then collected
in order to analyze the levels of cytokines, such as IL-6 and TNF-q,
using ELISA kit specifically designed for mouse IL-6 and TNF-q,
respectively. The cells were collected and stained with CD11¢-FITC,
CD80-APC, and CD86-PE/Cy7 antibodies, followed using flow
cytometry. The data were analyzed using FlowJo_V10.

To compare the synergistic effects of '""Lu—SIR/PSMA-P and
161Thb—S1R/PSMA-P with immunotherapy, two parallel therapeutic
experiments were conducted. In order to ascertain the effectiveness of
the combination of "’Lu—SIR/PSMA-P and aPD1, RMI1-PSMA*/
RMI1 tumor-bearing mice were methodically separated into six groups
(n = 5) for the purpose of the study: PBS, '”’Lu—S1R/PSMA-P (3.7
MBq), ""Lu—S1R/PSMA-P (7.4 MBq), aPD1 (10 pug/dose), '""Lu—
SIR/PSMA-P (3.7 MBq) + aPD1 (10 ug/dose), and '""Lu—SIR/
PSMA-P (7.4 MBq) + aPD1 (10 ug/dose). On day 0, ""Lu—S1R/
PSMA-P was administered intravenously, and aPD1 was given
intravenously on days 1, 3, 5, and 7. The investigation into the efficacy
of the combination of ' Tb—S1R/PSMA-P and aPD1 involved the
utilization of RM1-PSMA*/RMI1 tumor-bearing mice, which were
randomly divided into four groups of six mice each: PBS, '*'Tb—S1R/
PSMA-P (3.7 MBq), aPD1 (10 ug/dose), and ' Tb—S1R/PSMA-P
(3.7 MBq) + aPD1 (10 pug/dose). On day 0, "'Tb—S1R/PSMA-P
was administered intravenously, and aPD1 was given intravenously on
days 1, 3, 5, and 7. Tumor volume and body weight were monitored
on a twice-weekly basis, and the survival of the mouse was recorded.
Mice were euthanized in accordance with established ethical protocols
when they exhibited signs of distress or rapid weight loss (20% of
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Figure 1. Binding and in vitro toxic effect of 161Th—S1R/PSMA-P compared with 77Lu—S1R/PSMA-P in RM1-PSMA* cells. (a) Cell binding
efficiency after 1, 4, or 24 h incubation (n = 3). (b) Cytotoxicity of 1”’Lu—S1R/PSMA-P and *'Tb—S1R/PSMA-P in RM1-PSMA" cells after 48 h
incubation (n = 6). (c) Representative colony formation assay after 48 h incubation with radioligands (0.1 MBq/mL). (d) Representative confocal
microscopy images of RM1-PSMA" cells stained with y-H2AX antibody after 48 h incubation with radioligands (0.1 MBq/mL) (scale bars: 50 ym).
(e) Representative flow cytometry graph and mean fluorescence intensity (MFI) of ROS after 48 h incubation with radioligands (0.1 MBq/mL).
Statistical significance was analyzed by one-way ANOVA, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 2. (a) SPECT/CT images of RMI-PSMA*/RMI tumor-bearing mice intravenously injected with '*'Tb—S1R/PSMA-P (11.1 MBgq),
7"Lu—S1R/PSMA-P (11.1 MBgq), and '*'Tb-PSMA-617 (11.1 MBq) (n = 3). (b) Accumulation of the radioligands in tumor. (c) Tumor-to-
normal tissue (T/N) ratio. T: tumor, L: liver, M: muscle, B: bone. (d) The pharmacokinetics of radioligands in healthy male CS7BL/6 mice after
intravenous administration (5.5 MBq) (n = 3).
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Figure 3. Therapeutic activity of ‘**Tb—S1R/PSMA-P in RM1-PSMA*/RM1 tumor-bearing mice (a—e) and safety evaluation of ***Tb—SIR/
PSMA-P in healthy CS7BL/6 mice (f—h). (a) Experimental schedule for figures b, c, d, and e. (b) Average tumor growth curves, (c) individual
tumor growth curves, and (d) Kaplan—Meier survival curves of the mice treated with 1IThb—S1R/PSMA-P (3.7 or 7.4 MBq), '”’Lu—S1R/PSMA-P
(7.4 MBq), and ‘' Tb-PSMA-617 (7.4 MBq) (n = 5). (&) Representative immunofluorescence images of Ki67 and H&E-staining images of tumor
slices on day 7 after intravenous injection of radioligands. Body weight changes (f), kidney function tests (g), and H&E staining of major organs
(h) from healthy mice on day 27 post intravenous injection of ***Tb—SIR/PSMA-P at doses of 14.8 and 29.6 MBq. Scale bar corresponds to 100

pm. UREA: urea, CREA: creatinine.

initial weight), tumor length exceeding 15 mm, or tumor volume
surpassing 1500 mm?.

In order to investigate the memory effect of combined radiotherapy
and immunotherapy, three mice that had been cured were
rechallenged with a mixture of RM1-PSMA" cells (4.5 X 10° cells)
and RMI cells (5 x IOf cells) on day 90 after the initial **Tb—SIR/
PSMA-P injection. Naive mice that had been inoculated with the
same cell mixture were used as a control group. Tumor volume and
body weight were monitored twice a week, and survival was recorded.
Following a rechallenge 11 days later, blood samples were collected
and stained with CD3-APC, CDS8-PE/Cy7, CD4-PE/Cy7, CD44-
FITC, and CD62L-PE. The cells were analyzed via flow cytometry.

2.7. Immunological Analysis

In order to examine the immune responses to targeted radionuclide
therapy combined with immunotherapy, RM1-PSMA*/RMI1 tumor-
bearing mice were randomly divided into four groups (n = 4): PBS,
TRT (*'Tb—S1R/PSMA-P: 3.7 MBq), aPD1 (10 ug), and TRT +
aPD1 (*'Tb—S1R/PSMA-P: 3.7 MBg; aPD1: 10 ug). ''Tb—S1R/
PSMA-P was administered intravenously on day 0 and aPD1 was
given intravenously on days 1, 3, and S. On the seventh day, the
tumors were harvested and dissociated into single-cell suspensions.
Then cells were then stained with Zombie-NIR, blocked with
antimouse CD16/32, and labeled with CD45.2-PerCP/CyS.5, CD3-
APC, CD8a-FITC, and CD4-PE in order to facilitate flow cytometry
analysis. Serum samples were obtained in order to quantify the
concentrations of IFN-y and TNF-a. One mouse from each group
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was euthanized for the purpose of tumor excision, which was then
subjected to staining with anti-CD4 and anti-CD8 primary antibodies,
as well as Alexa Fluor 647 secondary antibody staining, for the
purpose of observation under a confocal microscope.

3. RESULTS AND DISCUSSION

3.1. Radiosynthesis and In Vitro Antitumor Efficacy

SIR/PSMA-P was efficiently labeled with '*'Tb under the
same conditions for '”’Lu. Radio-TLC analysis demonstrated
that '*Tb—SIR/PSMA-P attained a radiochemical yield that
surpassed 99%, following a 15 min reaction at 95 °C (Figure
S1). Furthermore, '*'Tb—S1R/PSMA-P displayed exceptional
radiostability in PBS and 10% FBS at ambient temperature,
preserving radiochemical purity above 95% for a duration of 7
days (Figure S2). This radiostability profile is comparable to
that previously reported for ”’Lu—S1R/PSMA-P.*® Moreover,
!'Thb—S1R/PSMA-P exhibits comparable binding affinity to
RM1-PSMA" cells to ""Lu—S1R/PSMA-P (Figure la). This
finding indicates that substituting '""Lu with ''Tb exerts a
negligible influence on the cellular binding, which is in
accordance with previous report.””> ''Tb—S1R/PSMA-P
demonstrated 1.4- to 1.6-fold greater inhibitory potency in
RM1-PSMA" cells than '’Lu—S1R/PSMA-P (Figure 1b). At a
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Figure 4. Comparative in vitro immunostimulatory capacity of "' Tb—S1R/PSMA-P and ""Lu—S1R/PSMA-P (1 = 3). (a) MFI of surface CRT
exposure, ATP release, and HMGBI release in RM1-PSMA" cells treated with 161TH—_S1R/PSMA-P or YLu—SIR/PSMA-P at indicated
concentrations (0.01, 0.1, and 1.0 MBq/mL) for 48 h. (b) Schematic illustration of the BMDCs activation for figures c-d. (c) Representative flow
cytometry graphs and percentage of mature BMDCs (CD11c¢*CD80*CD86%, mDCs). (d) Concentrations of IL-6 and TNF-a secreted in the
supernatants of BMDCs. Statistical significance was analyzed by one-way ANOVA, *p < 0.05, **p < 0.01, and ***p < 0.001.

concentration of 0.1 MBq/mlL, 161ThL—S1R/PSMA-P reduced
cell viability to 51.9% =+ 5.3%. This enhanced efficacy of
11Th—S1R/PSMA-P was further confirmed by the colony-
forming assay (Figure lc). '’Tb—SIR/PSMA-P showed a
propensity to induce a greater number of DNA double-strand
breaks and ROS (Figure 1d,e). At equivalent radioactivity
levels, the ROS intensity of "*'Tb—S1R/PSMA-P was found to
be 1.6x that of "Lu—S1R/PSMA-P. Furthermore, the
computational results showed that the production of radicals
was 1.5X higher for ''Tb than for '"’Lu. The above findings
provide direct experimental validation that the unique decay
profile of '*'Tb, specifically its coemission of Auger electrons,
translates into superior radiotoxic efficacy compared to '’Lu.

3.2. Biodistribution Study

!Tb emits y rays suitable for SPECT imaging, enabling in
vivo profiling of biodistribution.>* 3¢ The microSPECT/CT
imaging in RM1-PSMA"/RM1 tumor-bearing mice revealed
that ‘*'Tb—S1R/PSMA-P had notable tumor uptake, reaching
20.3 + 2.9%ID/g at 4 h postinjection and maintaining 13.0 +
0.4%ID/g at 96 h postinjection (Figure 2a). Importantly,
'Tb—S1R/PSMA-P exhibited rapid renal clearance and
minimal distribution in the healthy organs, which was
analogous to that of '""Lu—SIR/PSMA-P. Over the observa-
tion period (1-96 h), '’Tb—S1R/PSMA-P agents demon-
strated 3.1-fold higher tumor accumulation and 1.2- to 6.7-fold
higher tumor-to normal tissue (T/N) ratios compared to
16ITh-PSMA-617 (Figure 2b,c). These elevated T/N ratios
indicated superior selectivity and a more favorable therapeutic
index for '®'Tb—S1R/PSMA-P. '“'Tb—SIR/PSMA-P was
rapidly eliminated from the bloodstream with a half-life of
0.16 h (Figure 2d), which was consistent with the high
hydrophilicity of SIR/PSMA-P (log P = —3.3 + 0.03), despite
being slightly less hydrophilic than PSMA-617 (reported log P
= —4.0 + 0.15).”” These findings suggest that ' Tb and '""Lu-
labeled S1R/PSMA-P have similar pharmacokinetics and
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biodistribution profiles. The consistently superior tumor
uptake and enhanced tumor-to-normal tissue ratios demon-
strated by '*'Tb—S1R/PSMA-P compared to '*'Tb-PSMA-
617 validates the advantage of the dual-targeted strategy in
improving the specificity and therapeutic index for prostate
cancer.

3.3. Targeted Radionuclide Therapy

The in vivo antitumor efficacy of these radioligands was
evaluated in RM1-PSMA*/RM1 tumor-bearing mice (Figure
3a). Figure 3b shows that, at equivalent doses, the therapeutic
efficacy of ''Tb—S1R/PSMA-P is superior to that of both
Lu—S1R/PSMA-P and '®'Tb-PSMA-617. Notably, the
antitumor efficacy of a single dose of '*'Tb—S1R/PSMA-P
(3.7 MBq) is similar to that of '"Lu—SI1R/PSMA-P (7.4
MBq) and greater than that of '“'Tb-PSMA-617 (7.4 MBq).
Previous studies have reported similar targeting but enhanced
therapeutic efficacy for ''Tb-labeled radioligands relative to
their '"Lu analogs.g'g’?’9 Consistent with this, 16ITh—S1R/
PSMA-P and """Lu—S1R/PSMA-P showed comparable cellular
uptake and tumor accumulation, suggesting similar receptor-
mediated internalization. Moreover, SIR/PSMA-P has been
shown to exhibit greater cellular internalization and retention
than PSMA-617,” which may contribute to the superior
efficacy of '¢'Tb—SIR/PSMA-P over '®’Tb-PSMA-617.
Remarkably, a single 7.4 MBq dose of '*'Tb—SIR/PSMA-P
achieves a 60% tumor complete regression (CR), and even a
3.7 MBq dose yields a 20% CR (Figure 3c, d). Moreover, no
significant body weight loss was observed during the
treatments, indicating good tolerability (Figure S3). Consistent
with the antitumor efficacy results, tumor slices from '*'Tb—
SIR/PSMA-P (7.4 MBq) group displayed the lowest
proliferation rate and the most extensive tumor necrosis
compared to other groups (Figure 3e). These findings
highlight the superior antitumor activity of '*’Tb—SI1R/
PSMA-P over '”’Lu—SI1R/PSMA-P and '*'Tb-PSMA-617.
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Figure S. Sensitization effects of *""Lu—S1R/PSMA-P to aPD1 therapy (a—e) and '**Tb—S1R/PSMA-P to aPD1 therapy (f—j) in RM1-PSMA*/
RMI tumor-bearing mice. (a) Experimental schedule for figures b-e (n = 5). (b) Average body weight of the mice. Average tumor growth curves
(¢), individual tumor growth (d) and survival curves (e). (f) Experimental schedule for figures g—j (n = 6). Average body weight (g), average tumor
growth (h), individual tumor growth (i) and survival curves (j). Statistical significance was analyzed by one-way ANOVA and Log-rank test, *p <

0.0s.

Furthermore, the safety of 161Th_S1R/PSMA-P was
assessed in healthy mice. Figure 3f showed that a single
injection of '*Tb—S1R/PSMA-P at 14.8 and 29.6 MBq did
not result in any loss of body weight over 27 days. Routine
blood analysis revealed that white blood cell, red blood cell,
and platelet levels were within normal ranges (Figure S4).
Liver and kidney function tests of mice treated with ''Tb—
SIR/PSMA-P exhibited no significant differences compared to
healthy mice (Figure 3g). Furthermore, no tissue abnormalities
were observed in the main organs (Figure 3h). These results
demonstrate that ''Tb—S1R/PSMA-P is well tolerated.
Notably, a half dose (3.7 MBq) of "*'Tb—S1R/PSMA-P was
found to be as effective as a full dose (7.4 MBq) of the '""Lu-
labeled ligand, highlighting a significant therapeutic advantage.

3.4. ''Tb—S1R/PSMA-P Boosts ICB Therapy

It has been reported that TRT can induce ICD by releasing
DAMPs, which are characterized by the exposure of CRT and
the release of ATP and HMGBI1.*"*' As illustrated in Figure
4a, RM1-PSMA* cells treated with ' Tb—S1R/PSMA-P (0.01,
0.1, and 1.0 MBq/mL) for 48 h exhibited significant
upregulation of CRT expression, as well as a marked increase

in the release of ATP and HMGBI. In addition, ''Tb—S1R/
PSMA-P produced a remarkable release of DAMPs compared
to Lu—SIR/PSMA-P at the same dose. These results
suggest that '*Tb—S1R/PSMA-P can induce stronger ICD
than ""Lu—S1R/PSMA-P. The DAMPs released during ICD
can be captured by antigen-presenting cells, such as DCs,
promoting their maturation and antigen presentation to T
cells, thereby activating the immune response.””** To
determine the degree of DCs stimulated by ICD effect,
BMDCs were cocultured with RM1-PSMA" cells treated with
radioligands for 24 h and analyzed by flow cytometry (Figure
4b). Treatment of RM1-PSMA" cells with ‘' Tb—S1R/PSMA-
P at 0.1 MBq/mL increased the proportion of mature BMDCs
(CD11¢*CD80"CD86%, mDCs) from 8.2 + 0.1% to 10.3 +
0.8% (Figure 4c). In the supernatant of BMDCs, '**Tb—S1R/
PSMA-P group at 0.1 MBq/mL revealed 1.4- and 1.2-fold
higher levels of IL-6 and TNF-a compared to the PBS group,
respectively (Figure 4d). In contrast, treatment with '""Lu—
SIR/PSMA-P (0.1 MBq/mL) failed to induce significant
BMDCs maturation compared to the PBS group. Therefore,
161TH_S1R/PSMA-P stimulated a higher proportion of
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Figure 6. Antitumor memory (a—e) and immune regulation (f—k) of ***Tb—S1R/PSMA-P combined with aPD1 in RM1-PSMA*/RM1 tumor-
bearing mice. (a) Experimental schedule for figures b—d (n = 3). Tumor growth (b) and survival curves (c) of mice rechallenged at day 90 after
161Thb—S1R/PSMA-P treatment. Representative flow cytometry graphs and percentages of effector memory T cells in CD8" T (d) and in CD4" T
(e) in peripheral blood following rechallenge. (f) Experimental workflow of immunotherapy and analysis of immune responses for g—k (n = 4).
CD3*CD8" T cells in CD45* cells (g) and CD3"CD4" T cells in CD45" cells (h) within tumors. (i) Representative fluorescence microscopy
images of CD8" T cells and CD4" T cells staining tumor slices. Scale bar: 100 ym. Serum concentrations of TNF-a (j) and IFN-y (k) measured by
ELISA. Statistical significance was analyzed by one-way ANOVA, *p < 0.05, ¥*p < 0.01, and ***p < 0.001.

BMDCs maturation and secretion of immunostimulatory
factors than "Lu—S1R/PSMA-P. Besides ICD-mediated
DCs activation, the cGAS-STING pathway may also
contribute to the enhanced immunostimulatory effects of
161Th—S1R/PSMA-P. Currenti et al. reported that 161ThH
induced more extensive DNA damage responses than
7Lu,* which may facilitate cytosolic DNA accumulation
and subsequent cGAS-STING activation,” potentially con-
tributing to the enhanced immune activation induced by
16'Th—S1R/PSMA-P. These mechanisms may collectively
contribute to the superior ability of '*'Tb—S1R/PSMA-P to
sensitize ICB therapy.

Next, the therapeutic effects of 1617 _S1R/PSMA-P and
7Lu—S1R/PSMA-P in combination with immune checkpoint
inhibitors were investigated. Two doses of '”’Lu—S1R/PSMA-
P combined with aPD1 were selected (Figure Sa). The
combination therapy did not induce any body weight loss
(Figure Sb) and effectively controlled tumor volume during
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the initial stage (days 0 to 18) (Figure 5c). However, tumors
subsequently entered a phase of accelerated proliferation
(Figure 5d). Ultimately, '""Lu-based combination failed to
significantly extend overall survival (Figure Se). These findings
align with a previous study, which reported a similarly limited
therapeutic outcome when comblnmg 7Lu-D3—6 and aPD1
in the 4T1 tumor model.*® Subsequently, the therapeutic
effects of ''Tb—S1R/PSMA-P in combination with aPD1
were explored in RM1-PSMA*/RMI1 tumor-bearing mice
(Figure 5f). Given that '*Tb—S1R/PSMA-P at 7.4 MBq has
been shown to achieve a 60% tumor-free rate, 3.7 MBq was
selected for the purpose of evaluating the potential of '*'Tb—
SIR/PSMA-P to sensitize aPD1. In a manner analogous to the
combination of ""Lu—S1R/PSMA-P with aPDI, the combi-
nation of ''Tb—S1R/PSMA-P and aPD1 demonstrated no
occurrence of body weight loss (Figure Sg). However, the
combination of "*'Tb—S1R/PSMA-P and aPD1 demonstrated
significantly enhanced tumor suppression (Figure Sh). It is
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noteworthy that this combination successfully achieved a 50%
tumor-free rate within a 90 day observation period, and
significantly extended survival (Figure Sij). In summary, in
contrast to 'Lu—SIR/PSMA-P, '“'Tb—SIR/PSMA-P can
effectively sensitize “cold” prostate cancer to aPD1 therapy.

In order to further evaluate the immune memory generated
by the combination therapy, the cured mice were rechallenged
with a mixture of RM1-PSMA* and RM1 on day 90 after the
initial TRT. As illustrated in Figure 6a, the growth of tumors in
the cured mice was effectively inhibited, and their survival was
significantly prolonged in comparison to that of the naive
control group (24 d vs 42 d), suggesting '*'Tb—S1R/PSMA-P
in combination with aPD1 induced enhanced and protective
immune memory (Figure 6b, c). Eleven days postrechallenge,
the effector memory T cells were analyzed in the peripheral
blood. CD8" effector memory T cells and CD4" effector
memory T cells are critical for mediating rapid recall responses
upon antigen re-exposure.“’48 Flow cytometric analysis
revealed that the frequencies of both CD8" effector memory
T cells (CD8*CD44*CD62L") and CD4" effector memory T
cells (CD4"CD44*CD62L") increased from 14.1 + 3.1% to
25.0 + 2.8% and 9.0 &+ 2.3% to 15.9 + 1.2%, respectively
(Figure 6d,e), indicating a robust immune memory response
against tumor recurrence.

Subsequent investigation was directed toward the immuno-
logical responses of mice following combination therapy
(Figure 6f). ""Tb—S1R/PSMA-P (3.7 MBq) was administered
intravenously, and aPD1 (10 ug/dose) was given intra-
venously on days 1, 3, and S. The immune response analysis of
tumor was conducted on day 7. The results demonstrated that
the combination of '*'Tb—S1R/PSMA-P and aPD1 led to a
substantial augmentation in the proportion of CD8" T cells
(CD45*CD3*CD8") and CD4* T cells (CD45*CD3*CD4")
within the tumor (Figure 6gh), a phenomenon that was
corroborated by the fluorescence microscopy images of tumor
slices (Figure 6i). Combo therapy also led to an increase in
serum TNF-a and IFN-y secretion (Figure 6jk), indicating
that this strategy not only elicits a local antitumor immune
response but also triggers a systemic antitumor immune
response.

Furthermore, the safety of combo therapy was investigated
in healthy mice. Throughout the whole observation period, no
body weight loss was observed (Figure SSa). The combo
therapy exhibited minimal impact on blood routine analysis
and liver and kidney function tests (Figure SSb,c). Histological
analysis revealed that no detectable damage to major organs
was caused by combo therapy (Figure SSd). These results
highlight the excellent efficacy and safety of ''Tb—SIR/
PSMA-P and aPD1 combo therapy.

4. CONCLUSION

We have demonstrated that extracellular-intracellular dual-
targeted radionuclide therapy with ''Tb effectively inhibits
murine prostate tumor and instigates potent anticancer
immunity. In comparison with its '/Lu counterpart, ' Tb—
SIR/PSMA-P induces besides enhanced radiotoxicity signifi-
cantly more ICD and DCs maturation. Interestingly, a single
dose of '"Tb—S1R/PSMA-P at 7.4 MBq cures 60% of RM1-
PSMA*/RM1 tumor-bearing mice, greatly outperforming
"Lu—S1R/PSMA-P as well as '“'Tb-PSMA-617. We further
showed that '“'Tb—SIR/PSMA-P at a dose of 3.7 MBq
effectively sensitizes RM1-PSMA'/RM1 tumor to aPDI
immune checkpoint blockade therapy, which affords powerful
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and durable antitumor immunity. '*'Tb—S1R/PSMA-P with
favorable features like high tumor selectivity, uptake and
retention, and elevated tumor radiotoxicity and immune
activation has emerged as a next-generation radiopharmaceu-
tics for advanced prostate cancer.
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