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mCRPC, which started a new era for mCRPC and renewed 
the interest for TRT [6–10]. A number of new radioligands 
and strategies have recently been explored to enhance the 
tumor targeting ability of TRT [11–14]. We have developed 
a sigma-1 receptor and PSMA dual-targeted radioligand, 
177Lu-S1R/PSMA-P, which exhibits superior accumulation 
and retention in PSMA-positive prostate tumors to single-
targeted counterpart [15]. It should be noted, however, 
that despite its clinical efficacy, TRT induces only partial 
responses and fail to achieve complete remission in tumor 
models and in patients [16–18]. 

While PSMA is highly expressed in many prostate cancer 
cells and its expression correlates with disease progression, 
there is substantial variability in PSMA expression among 
different tumor cells, metastases, and patients [19, 20]. 
This heterogeneity in PSMA expression has a direct impact 
on the efficacy of TRT [21–23]. The presence of radiore-
sistance is another challenge for TRT of prostate cancer 
[24]. DNA damage repair (DDR) mechanisms are key fac-
tors underlying radioresistance in tumor cells [24–26]. The 
radiation dose delivered by TRT decreases over time as the 
radionuclide decays, and when their DNA repair mecha-
nisms are sufficient to counteract radiation-induced damage, 

Introduction

Prostate cancer (PC) poses considerable threaten to men’s 
health [1, 2]. It is reported that quite a number of prostate 
cancer patients will experience recurrence and eventually 
develop into metastatic castration-resistant prostate cancer 
(mCRPC), for which conventional therapies like chemo-
therapy and radiotherapy are all ineffective [3–5]. In 2022, 
targeted radionuclide therapy (TRT), 177Lu-PSMA-617, was 
approved by the FDA for the treatment of PSMA-positive 
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tumor cells will survive. The inhibition of DNA damage 
repair could enhance the radiation effect to a certain extent 
[27–30]. The infiltration of immunosuppressive cells in the 
tumor microenvironment (TME) is another significant con-
tributor to radioresistance, and the suppressive TME also 
reduces anticancer immune response by TRT [31–33]. 

In this paper, we report on DNA damage repair inhibitors 
(DDRi), in particular ATM inhibitor (ATMi), to effectively 
boost TRT and immunotherapy of malignant murine RM-
1-hPSMA prostate cancer model with αCTLA-4 antibody. 
We systemically studied the effects of two inhibitors, i.e. 
PARP inhibitor (PARPi) and ATMi, which inhibit single-
strand DNA break and double-strand DNA break repair, 
respectively [34], on sensitizing TRT and altering immuno-
suppressive TME. We further investigated TRT in combina-
tion with DDRi to augment the immune checkpoint inhibitor 
(ICI) therapy for RM-1-hPSMA tumor. mCRPC exhibited 
poor response to ICI due to its highly immune-suppressive 
TME [35, 36]. Interestingly, our results showed that ATMi 
significantly amplified TRT-induced DNA damage and 
immunogenic cell death in tumor cells, which reshaped the 
tumor microenvironment and markedly improved tumor 
inhibition and survival rate. TRT in combination with ATMi 
and αCTLA-4 antibody resulted in 71% mice complete 
regression, which signifies a potent and long-lasting anti-
cancer immunity. TRT-ATMi-ICI combo therapy appears as 
a potential strategy to cure prostate cancer.

Experimental section

Preparation of 177Lu-S1R-PSMA-P

177Lu-S1R-PSMA-P, was prepared as our previous report with 
slight modifications [15]. Briefly, 200 µL of 0.4 M sodium 
ascorbate solution was added to S1R-PSMA-P (0.2 mg/vial), 
achieving a final concentration of 1 mg/mL. The molar ratio 
of 177LuCl3 to DOTA was adjusted to 1:6 based on the specific 
activity of 177LuCl3. The reaction mixture was placed in a shak-
ing incubator set at 90 °C (400 rpm) and reacted for 10 min.

Effects of combo therapy on the apoptosis, cell 
cycle, and DNA damage repair

Apoptosis detection: RM-1-hPSMA cells (8 × 10⁴/well) were 
seeded in 12-well plates and incubated with culture media 
containing 177Lu-S1R/PSMA-P (5 or 50 µCi/mL), PARPi (2 
or 4 µM) or ATMi (10 or 20 nM) for 48 h (n = 3, untreated 
media served as control). After incubation, Annexin V-PE/7-
AAD assay kit was added, and apoptosis was determined 
using a flow cytometer and analyzed with FlowJo V10 
software. Positive regions for Annexin V-PE and 7-AAD 

staining were determined using single-staining positive con-
trols in the kit to distinguish early and late apoptosis.

Cell cycle arrest: RM-1-hPSMA cells (8 × 104/well) 
were seeded in 12-well plates, and the drug concentrations 
and incubation protocols were identical to as above. After 
incubation, cells were stained with propidium iodide (PI) 
following the manufacturer’s instruction. Cell cycle phases 
were measured using a flow cytometer, and analyzed with 
ModFit 5.0 software.

DNA damage and repair (γ-H2AX expression): RM-
1-hPSMA cells (8 × 104/well) were seeded in 12-well plates, 
and the drug concentrations and incubation protocols were 
identical as above. Cells were harvested by trypsinization, 
fixed, permeabilized, and blocked. Then cells were stained 
with Anti-Human/Mouse Phospho-H2AX (S139) rabbit 
monoclonal antibody, washed, and then stained with Alexa 
Fluor 647-conjugated goat anti-rabbit IgG secondary antibody. 
Finally, cells were resuspended in PBS for flow cytometry 
measurements and data analysis using FlowJo V10 software.

RNA-seq analyses of RM-1-hPSMA cells

RM-1-hPSMA cells (8 × 104/well) were seeded in 12-well 
plates and cultured. Cells were added with media contain-
ing 177Lu-S1R/PSMA-P (50 µCi/mL), PARPi (2 µM) or 
ATMi (10 nM). After incubation for 48 h, cells were washed 
and lysed in 1 mL TRIzol reagent. Samples were frozen 
at −80 °C until further processing. RNA-seq library con-
struction, sequencing and alignment were performed by 
Beijing Novogene. Differentially expressed genes (DEGs), 
volcano plot generation, Gene ontology (GO) enrichment 
analyses, and heatmap visualization were conducted using 
the Novomagic platform. Specifically, DGEs identifica-
tion was conducted using edgeR (version 3.22.5) with the 
cutoff criteria set as|log2(Fold Change)| > 1 and P-value 
< 0.05. DGEs were visualized through volcano plots. For 
GO enrichment analyses, DGEs were first functionally cat-
egorized, and enrichment was performed using the cluster-
Profiler package. GO terms significantly enriched compared 
to the whole-genome background were identified to infer 
the major biological functions associated with the DGEs. 
Heatmaps were generated using the pheatmap package in R, 
where the log2(FPKM + 1) values of DGEs were standard-
ized and subjected to hierarchical clustering for visualiza-
tion. The raw sequencing data have been deposited in the 
NCBI SRA under the accession number [PRJNA1247585].

Induction of ICD in RM-1-hPSMA cells by combo 
therapy

To assess the ICD induction in RM-1-hPSMA cells induced 
by 177Lu-S1R/PSMA-P (50 µCi/mL) combined with PARPi 
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(2 µM) or ATMi (10 nM), cells (3 × 104/well) were seeded 
into 12-well plates and incubated with culture medium con-
taining TRT, PARPi or ATMi (n = 3, with untreated medium 
as the control group). After incubation for 48 h, the culture 
media were collected for ATP and HMGB1 analyses, and 
the cells were harvested to assess CRT expression.

The cells were incubated with an α-calreticulin primary 
antibody for 60 min on ice. After washing, the cells were 
stained with Alexa Fluor 647-goat anti-rabbit IgG (H + L) 
secondary antibody, resuspended in PBS, and analyzed 
by flow cytometry. ATP levels were measured using an 
enhanced ATP detection kit by measuring chemilumines-
cence using a microplate reader according to the manual. 
ATP concentrations of the samples were calculated based 
on a standard curve. For detecting HMGB1 levels in culture 
media, Mouse HMGB1 ELISA kit was used according to 
the manufacturer’s instructions. Absorbance was measured 
at 450 nm (OD450) using a microplate reader, and HMGB1 
concentrations were calculated based on a standard curve of 
solutions with known concentrations.

Impact of released DAMPs of RM-1-hPSMA cells on 
antigen-presenting cells

To evaluate the impact of DAMPs released after ICD induc-
tion in RM-1-hPSMA cells on antigen presentation capac-
ity, BMDCs (1 × 106cells/mL) were seeded onto 12-well 
plates and incubated overnight. The conditioned media col-
lected from the above experiments were then added to these 
BMDCs to co-incubate for 6 h. BMDCs were collected by 
centrifuge. After washing, cells were stained with a fluores-
cence antibody cocktail (containing FITC-αCD11c, APC-
αCD80, PE-αCD86, PE/Cyanine7-αMHC-I, and PerCP/
Cyanine5.5-αMHC-II). After incubation, cells were washed, 
resuspended in PBS, and measured by flow cytometry.

In vivo antitumor efficacy of combo therapy

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 Experi-
mental Animals. For human-derived mCRPC (LNCaP) xeno-
graft mice, tumor cells were subcutaneously injected into the 
right upper back of male NCG mice. Once the tumor volume 
reached approximately 200 mm3, 200 µL of 177Lu-S1R/PSMA-
P (100 µCi) was administered (i.v.) and this day was regarded 
as day 0. For combination groups, 24 h after TRT administra-
tion, PAPRi (40 mg/kg) or ATMi (10 mg/kg) was administered 
(p.o.). DDRi was given daily from day 1 for 9 successive days. 
Each treatment group consisted of four mice (n = 4).

For immune-competent RM-1-hPSMA murine prostate 
cancer model, tumor cells were subcutaneously injected into 

the right upper back of male C57BL/6J mice. 177Lu-S1R/
PSMA-P (100 µCi) was administered (i.v.) at tumor vol-
ume of 100–200 mm3 (denoted as day 0). For combination 
groups, 24 h after TRT administration, PAPRi (40 mg/kg) or 
ATMi (10 mg/kg) was administered (p.o.). αCTLA-4 (20 µg) 
was injected (i.v.) 48 h after TRT. DDRi was administered 
on days 1, 2, 4, 5, 7, 8, 10 and 11 (8 doses in total), while 
αCTLA-4 was administered on days 2, 5, 10 and 13 (4 doses 
in total). Each treatment group consisted of seven mice (n = 
7). Tumor volume and body weight of mice were measured 
every 3 days. Mice were considered dead when tumor vol-
ume exceeded 2000 mm3 or body weight loss exceeded 15%.

Immune analyses of TME and systemic immune 
response in combo therapy

For immune analyses, RM-1-hPSMA mice treated with combo 
therapy as above were sacrificed on day 14. Tumors were har-
vested, minced, and passed through a filter, followed by red 
blood cell lysis and washing to obtain a single-cell suspension. 
Cells were treated with Zombie NIR™ Fixable Viability Kit 
to distinguish live and dead cells. After washing, cells were 
blocked (αCD16/32) and stained with fluorescent antibod-
ies. For intracellular protein staining, surface antigen staining 
was performed, followed by fixation, permeabilization using 
the FoxP3/Transcription Factor Staining Buffer Kit, and sub-
sequent staining of intracellular proteins. Flow cytometry was 
performed, and data were analyzed using FlowJo V10 soft-
ware (n = 4). The following cell populations were analyzed: 
CD4+ T (CD45+CD3+CD4+), CD8+ T (CD45+CD3+CD8+), 
Th1 cells (CD45+CD3+CD4+IFN-γ+TNF-α+), cytotoxic 
T lymphocytes (CD45+CD3+CD8+GZMB+Perforin+ and 
CD45+CD3+CD8+IFN-γ+TNF-α+), CD4+ regulatory T cells 
(Tregs, CD45+CD3+CD4+CD25+FoxP3+), natural killer (NK, 
CD45+NKG2D+NK1.1+CD107a+) cells, tumor-associated 
macrophages (TAMs, CD45+CD11b+F4/80+CD86+CD206+), 
and myeloid-derived suppressor cells (MDSCs, 
CD45+CD11b+Gr-1+).

For systemic immune analyses, peripheral blood, spleen 
and peritumoral lymph node were collected from mice on 
day 14 post-treatment, and the subsequent steps followed 
the same procedure as for TME analyses.

Statistical analyses

All data are presented as mean ± standard deviation. Data 
processing and significance analyses were performed using 
GraphPad Prism 9. Statistical significance was assessed 
using one-way analyses of variance (ANOVA). Kaplan-
Meier survival curves were plotted and compared using the 
log-rank test. Significance levels are indicated as follows: * 
p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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TME [37]. We further investigated the effects of αCTLA-4 
antibody, which might counteract Treg-mediated suppres-
sion of antigen presentation and promote the activation and 
proliferation of Th1 cells [38–40]. Thrillingly, although the 
tumor-suppressive effects differed greatly for TRT-PARPi 
and TRT-ATMi combo, excellent treatment outcomes were 
accomplished for both when adding αCTLA-4, achieving 
complete tumor remission in 57% and 71% of mice, respec-
tively (Fig.  2g). Throughout the treatment, body weight 
remained stable across all experimental groups (Fig.  2h), 
providing evidence of good safety.

ATMi effectively reverses radioresistance

DDRi, in particular ATMi, enables effective radio-sensi-
tization of prostate tumor cells in vitro and tumors in vivo. 
Hereafter, we investigated the mechanisms by which DDRi 
sensitizes RM-1-hPSMA cells to TRT. Of note, both PARPi 
and ATMi markedly enhanced TRT-induced DNA fragmen-
tation, as shown by the increased intensity of TUNEL fluo-
rescent signals bound to fragmented DNA (Fig.  3a, Fig. 
S3a). Histone H2AX is phosphorylated to γ-H2AX upon 
the occurrence of DSB, rapidly localizing to damage sites. 
Consequently, γ-H2AX serves as a marker for DSB and acts 
as a platform to recruit DNA repair proteins, activating DSB 
repair pathways [41]. CLSM and flow cytometry results 
confirmed that TRT-DDRi treatment significantly induced 
DSB, as evidenced by a marked increase in γ-H2AX expres-
sion (Fig. 3b–d). However, compared to TRT-PARPi combo, 
γ-H2AX upregulation was less pronounced in the TRT-
ATMi combo. This is because ATM, as an upstream kinase 
of H2AX phosphorylation, is inhibited by ATMi, thereby 
reducing γ-H2AX levels. This inhibition impairs γ-H2AX-
mediated DSB repair and exacerbates tumor cell death [35]. 
The apoptosis assays showed that the proportion of apoptotic 
cells increased from 16.9 to 34.9% and 67.9% by combining 
with PARPi and ATMi, respectively (Fig. 3e, f, Fig. S3b, c). 
TRT combined with PARPi was shown to induce substantial 
G2/M phase arrest (79.6%) while combination with ATMi 
resulted in only a modest increase in the G2/M phase popula-
tion (54.4%) (Fig. 3g, h, Fig. S3d, e). As a result, tumor cells 
treated with TRT-ATMi were forced to rely on non-homol-
ogous end joining (NHEJ) for DSB repair, which leads to 
misrepair and extensive apoptosis. Hence, DDRi in particular 
ATMi significantly amplifies TRT-induced DNA damage and 
reverses radioresistance by inhibiting DSB repair.

RNA-seq analyses of RM-1-hPSMA cells treated with 
TRT-DDRi

The effects of DDRi on TRT were investigated by RNA 
sequencing (RNA-Seq). The volcano plot of differentially 

Results

DDRi enhances the antitumor efficacy of TRT in 
human LNCaP cells and xenografts in mice

We firstly evaluated the effects of PARPi and ATMi on sensi-
tizing TRT with 177Lu-S1R/PSMA-P in human LNCaP cells 
and xenografts in mice. The cell viability assays revealed that 
a low concentration of PARPi (2 µM) and ATMi (10 nM) 
significantly enhanced the cytotoxic effect of TRT to LNCaP 
cells (Fig. 1a, b). LNCaP tumor-bearing mice was established 
by subcutaneously injected tumor cells (Fig.S1). The in vivo 
treatment started at tumor volume of 150–250 mm3 by intra-
venously injecting 100 µCi 177Lu-S1R/PSMA-P and daily 
oral administration of PARPi (40 mg/kg) or ATMi (10 mg/
kg) on the second day and for 9 successive days (Fig. 1c). 
The results showed that both PARPi and ATMi had limited 
effects on tumor growth, and a single dose of 177Lu-S1R/
PSMA-P caused substantial tumor suppression (Fig. 1d, e). 
Notably, TRT combined with either PARPi or ATMi led to 
a continuous shrinkage of tumors, which was significantly 
more effective than TRT alone. It should further be noted 
that ATMi induced clearly more pronounced tumor shrinkage 
than PARPi (tumor volume on day 28: 23.12 ± 9.60 mm3ver-
sus 52.57 ± 17.05 mm3). The mouse body weight remained 
stable during treatments (Fig. 1f), indicating that TRT-DDRi 
combo therapy is well tolerated.

DDRi boosts the antitumor effect of TRT in murine 
RM-1-hPSMA cells and tumors in mice

We further investigated the sensitizing effects of PARPi or 
ATMi on 177Lu-S1R/PSMA-P in radiation-resistant murine 
RM-1-hPSMA prostate cancer cells and mouse models. 
RM-1-hPSMA exhibits high expression of human PSMA 
(hPSMA) (Fig. S2a, b). Figure 2a shows a strong radioresis-
tance of RM-1-hPSMA cells, with survival rate exceeding 
80% after 48 h of varying doses of TRT treatment. While 
PARPi and ATMi alone had minimal impact on cell viability 
(Fig. S2c, d), both PARPi and ATMi significantly enhanced 
the inhibitory effect of TRT (Fig. 2b, c). The in vivo efficacy 
studies were conducted in subcutaneous RM-1-hPSMA 
tumor models by oral administration of DDRi starting from 
one day later than TRT and giving two doses in three days 
and for a total of four cycles. TRT monotherapy at 100 µCi 
only mildly delayed tumor progression (Fig. 2e). Interest-
ingly, combination with DDRi, in particular ATMi, signifi-
cantly boosted tumor inhibition (Fig. 2e, f). In accordance, 
mice median survival time (MST) increased from 23 days 
for TRT monotherapy to 34 and 48 days for combo with 
PARPi and ATMi, respectively (Fig.  2g). TRT could be 
compromised by the high infiltration of Tregs within the 
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Fig. 1  PARPi and ATMi enhance TRT of human LNCaP prostate cells 
and tumor models. Viability of LNCaP cells following 177Lu-S1R/
PSMA-P treatment combined with (a) PARPi (2 µM) or (b) ATMi (10 
nM) for 48 h. (c) The in vivo treatment scheme with TRT (100 µCi) 

in combination with either PARPi (40 mg/kg) or ATMi (10 mg/kg) 
toward LNCaP-bearing mice for Fig. 1d-f (n = 4). (d) Tumor growth 
curves, (e) individual tumor growth curves and (f) relative body 
weights of mice. * p < 0.05, ** p < 0.01, *** p < 0.001
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indicating inhibited DDR, exacerbated radiation stress, and 
enhanced immune responses (Fig.  4b, S4a). Gene ontol-
ogy (GO) enrichment analyses displayed that TRT pre-
dominantly affected G protein-coupled receptor signaling 

expressed genes (DEGs) revealed that TRT caused 342 
upregulated and 173 downregulated genes suggesting resis-
tance to apoptosis and immune escape (Fig. 4a). In compari-
son, TRT combined with PARPi and ATMi induced DEGs 

Fig. 2  PARPi and ATMi enhance TRT of murine RM-1-hPSMA pros-
tate tumor model. (a) Cell viability of RM-1-hPSMA and LNCaP cells 
after 48 h of TRT treatment at increasing doses (n = 6). Cell viability of 
RM-1-hPSMA cells following 48 h treatment with increasing doses of 
TRT combined with (b) PARPi (2 µM) or (c) ATMi (10 nM). (d) The 
in vivo treatment scheme with TRT (100 µCi), in combination with 

either PARPi (40 mg/kg) or ATMi (10 mg/kg), and with or without C4 
(αCTLA-4, 20 µg) for Fig. 2e, g, h (n = 7). (e) Tumor growth curves. 
(f) Individual tumor growth curves. (g) Kaplan-Meier survival curves 
and median survival time (MST). (h) Relative body weights of RM-
1-hPSMA-bearing mice with different treaments. * p < 0.05, ** p < 
0.01, *** p < 0.001
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inflammation regulation, indicating enhanced DDR, TME 
remodeling, and immune cell migration (Fig.  4c). ATMi 
combination therapy further enriched acute-phase and 
defense response pathways, suggesting severe radiation-
induced damage triggering robust stress responses (Fig. 

pathways and inflammation-related pathways but failed to 
activate key antitumor immune mechanisms, potentially 
leading to immune escape and radioresistance (Fig. S4b). In 
contrast, TRT combined with PARPi significantly enriched 
pathways related to immune responses, cell adhesion, and 

Fig. 3  Effects of PARPi (2 µM) or ATMi (10 nM) on TRT (177Lu-S1R/
PSMA-P, 50 µCi/mL, 48 h) of RM-1-hPSMA cells. Confocal micros-
copy images showing (a) TUNEL staining and (b) γ-H2AX expression 
in RM-1-hPSMA cells (scale bar: 10 μm). Flow cytometry analyses 
of (c) γ-H2AX⁺ cells and (d) γ-H2AX expression intensity (n = 3). 

Apoptosis in RM-1-hPSMA cells, shown as (e) representative flow 
cytometry plots and (f) quantification (n = 3). Cell cycle analyses of 
RM-1-hPSMA cells treated with TRT combined with PARPi or ATMi 
at 24 h, represented by (g) flow cytometry plots and (h) quantification 
(n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 4  RNA-seq analyses of RM-1-hPSMA cells following TRT 
(177Lu-S1R/PSMA-P, 50 µCi/mL), with either PARPi (2 µM) or ATMi 
(10 nM) treatment. (a) Volcano plot showing differentially expressed 
genes (DEGs) in RM-1-hPSMA cells treated with TRT versus PBS 
control. (b) Volcano plot and (c) GO enrichment analyses of DEGs 
in RM-1-hPSMA cells treated with TRT + PARPi versus TRT alone. 
Adjusted p-values (padj) were calculated using the Benjamini-Hoch-

berg method to control the false discovery rate. (d) Heatmap analyses 
of DEGs in RM-1-hPSMA cells subjected to various treatments. Gene 
expression values were calculated as log2(FPKM + 1) and normalized 
using Z-score transformation (zero-mean normalization). Color inten-
sity represents standardized expression levels across samples (red indi-
cates upregulation, blue indicates downregulation)
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toward NHEJ. The significant downregulation of cell cycle 
checkpoint genes (Chek1, Chek2, Cdk1) suggested check-
point dysfunction, enhancing TRT-induced radiotoxicity 
by impairing DSB repair. Importantly, TRT combined with 
PARPi or ATMi significantly activated the type I interferon 
signaling pathway, likely promoting infiltration of anti-
tumor effector cells (T cells and NK cells) into the TME. 
PARPi combination also upregulated immune suppressive 
genes, potentially leading to T cell exhaustion and immune 

S4c). Heatmap analyses highlighted DEGs in pathways 
identified through GO enrichment (Fig.  4d). Compared 
to TRT alone, PARPi combination markedly upregulated 
DDR-related genes, reflecting active repair of SSB and 
DSB. Upregulation of pro-apoptotic factors (Pmaip1, Bax, 
Bcl2l11) indicated intensified DNA damage. In contrast, 
ATMi significantly downregulated DSB repair-related 
genes, confirming inhibition of homologous recombination 
(HR) repair, while upregulation of Lig4 indicated a shift 

Fig. 5  Effects of TRT (177Lu-S1R/PSMA-P, 50 µCi/mL) combined 
with PARPi (2 µM) or ATMi (10 nM) on the (a) CRT expression, (b) 
ATP secretion, (c) HMGB1 release, and (d) MHC-I expression within 
RM-1-hPSMA cells (n = 3). (e) Proportion of cDCs (CD11c+MHC-
II+) and (f) MHC-I expression of BMDCs after treatment with tumor 

cells damaged by TRT combined with PARPi or ATMi (n = 3). (g) 
Representative flow cytometry plots and (h) quantitative analyses of 
the proportion of cDCs with high costimulatory molecule expressing 
(CD80highCD86high) in total cDCs (n = 3). * p < 0.05, ** p < 0.01, *** 
p < 0.001
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TRT-DDRi-αCTLA-4 reverses suppressive tumor 
microenvironment and induces durable systemic 
immune responses

The flow cytometry and immunofluorescence analyses 
showed that unlike PARPi, ATMi induced a notable increase 
in CD8+ T cell infiltration in the TME, and addition of 
αCTLA-4 boosted CD8+ T cell infiltration for both TRT-
PARPi and TRT-ATMi combinations (Fig. 6a, b, Fig. S5). 
The proportion of cytotoxic CD8+ T cells, characterized by 
elevated secretion of IFN-γ, TNF-α, granzyme B, and per-
forin, also increased significantly (Fig. 6c–i). These findings 
indicate that TRT-DDRi-αCTLA-4 not only expands CD8+ 
T cells but also enhances their cytotoxic function. DDRi-
αCTLA-4 also significantly reversed TRT-induced CD8+ T 
cell exhaustion (Fig. 6j) and markedly upregulated MHC-I 
expression on tumor cells (Fig. S6a). CD4+ T cells, key reg-
ulators of CD8+ T cell-mediated antitumor responses [43], 
exhibited significantly increased infiltration only under 
TRT-DDRi-αCTLA-4 combo therapy (Fig. 6k, l). Notably, 
the proportion of Th1 cells increased significantly, accompa-
nied by elevated secretion of IFN-γ and TNF-α (Fig. 6m, n). 
These changes promoted cytotoxic CD8+ T cell activation 
and proliferation, while also reversing CD4+ T cell exhaus-
tion (Fig. 6o). TRT combined with DDRi, especially ATMi, 
significantly reduced the accumulation of tumor infiltrat-
ing immunosuppressive cells, such as Tregs, MDSCs, and 
CD206+ TAMs, which are major contributors to radiore-
sistance (Fig.  6p, S6b–d). Of note, TRT-AMTi-αCTLA-4 
resulted in not only further reduction of immunosuppres-
sive cells but also significantly increased both the number 
and cytotoxicity (CD107a+) of activated NK cells (NK1.1+) 
(Fig. S6e, f), enhancing the innate immune response against 
tumor cells with low MHC-I expression.

On day 14, systemic immune responses were analyzed. 
TRT-DDRi-αCTLA-4 combo therapy markedly increased 
the proportions of CD4+ and CD8+ T cells in the spleen, 
peripheral blood, and peritumoral lymph nodes (Fig. 7a, b, 
S7a–d), indicating a magnified effect of activation of sys-
temic immunity by αCTLA-4. Serum levels of IFN-γ and 
TNF-α were significantly elevated across all combination 
treatment groups (Fig.  7c, d), further indicating systemic 
immune activation. As the largest secondary lymphoid 
organ, the spleen supports systemic immune responses. 
Phenotypic analyses of spleen immune cells showed 
marked increases in early activation markers (CD25+) and 
intermediate activation markers (CD69+) on CD8+ T cells 
exclusively in the αCTLA-4 combination group (Fig. 7e, f). 
Cytotoxic CD8+ T cells exhibited enhanced functionality, 
consistent with observations in the TME (Fig. 7g–j) and cor-
related strongly with αCTLA-4-induced CD4+ T cell differ-
entiation into Th1 cells (Fig. 7k, l). The proportion of Tregs 

escape. In contrast, ATMi combination strongly activated 
the STING pathway and suppressed immune suppressive 
genes, further enhancing antitumor immune responses. The 
above results demonstrate that DDRi significantly amplifies 
TRT-induced DNA damage and antitumor immunity, and 
ATMi is superior to PARPi by effectively inhibiting DSB 
repair and reducing immune escape, hence overcoming 
radioresistance.

ATMi induces immunogenic cell death and remodels 
TME

We further investigated how DDRi affects TME. Fig-
ure 5a–c reveals that TRT combined with PARPi or ATMi 
markedly elevated the levels of calreticulin (CRT), adenos-
ine triphosphate (ATP), and high-mobility group box 1 
(HMGB1), suggesting that RM-1-hPSMA cells are subject 
to immunogenic cell death (ICD). Moreover, ATMi further 
increased TRT-upregulated major histocompatibility com-
plex class I (MHC-I) (Fig. 5d), which might enhance CD8+ 
T cell recognition and cytotoxicity [42]. Classical dendritic 
cells (cDCs) play a pivotal role in bridging innate and adap-
tive immunity. While conditioned media from TRT-treated 
RM-1-hPSMA cells were capable of promoting the differ-
entiation of bone marrow-derived dendritic cells (BMDCs) 
into cDCs and upregulating the expression of costimulatory 
molecules, TRT-ATMi treatment not only further increased 
the proportion of cDCs (9.99%) and cDCs with high costim-
ulatory molecule expressing (21.3%) but also significantly 
enhanced MHC-I expression on cDCs (Fig.  5e–h). These 
findings suggest that TRT combined with DDRi, particu-
larly ATMi, may remodel the immunosuppressive TME 
and enhance adaptive immune responses by promoting 
DC-mediated antigen presentation, robustly activating anti-
tumor immune responses.

Fig. 6  Immunological analyses of the TME in murine RM-1-hPSMA 
prostate tumor models treated with TRT (177Lu-S1R/PSMA-P, 100 
µCi) combined with PARPi (40 mg/kg) or ATMi (10 mg/kg), and fur-
ther with C4 (αCTLA-4, 20 µg) on day 14 (n = 4). (a) Representative 
flow cytometry plots and (b) quantification of CD8+ T cell percentages 
in CD45+ cells. (c) Representative flow cytometry plots and (d) quan-
tification of IFN-γ+ cells among CD8+ T cells. (e) Representative flow 
cytometry plots and (f) quantification of GZMB+ cells among CD8+ T 
cells. (g) Representative flow cytometry plots and (h) quantification of 
perforin+ cells among CD8+ T cells. (i) Proportions of TNF-α+ cells 
among CD8+ T cells. (j) Proportions of exhausted CD8+ T cells (PD-
1+) among CD8+ T cells. (k) Representative flow cytometry plots and 
(l) quantification of CD4+ T cell percentages in CD45+ cells.Propor-
tions of (m) IFN-γ+ cells, (n) TNF-α+ cells, (o) exhausted CD4+ T cells 
(PD-1+), and (p) Tregs (CD25+FoxP3+ cells) among CD4+ T cells. * 
p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 7  Analyses of systemic immune response in murine RM-1-hPSMA 
prostate tumor models treated with TRT (177Lu-S1R/PSMA-P, 100 
µCi) combined with PARPi (40 mg/kg), or ATMi (10 mg/kg), and fur-
ther with C4 (αCTLA-4, 20 µg) on day 14. (a) Proportions of CD4+ T 
cells and (b) CD8+ T cells in CD45 + T cells in the spleen (n = 6). (c) 
Serum levels of IFN-γ and (d) TNF-α (n = 4). (e) Proportions of early 
activation (CD25+) and (f) mid-stage activation (CD69+) in CD8+ 

T cells (n = 6). Proportions of (g) GZMB+, (h) perforin+, (i) IFN-γ+, 
and (j) TNF-α+ cells among CD8+ T cells (n = 6). (k) Proportions of 
IFN-γ+ and (l) TNF-α+ cells among CD4+ T cells in the spleen (n = 6). 
Proportions of (m) CD4+ and (n) CD8+ central memory T (Tcm) cells 
(CD62L+CD44+) in the spleen on day 21 (n = 4). Proportions of (o) 
CD4+ and (p) CD8+ Tcm cells in peripheral blood on day 21 (n = 4). * 
p < 0.05, ** p < 0.01, *** p < 0.001

 

1 3

2249



Apoptosis (2025) 30:2238–2253

mechanisms, including enhanced DDR and immunosup-
pressive TME. Our study demonstrates that DDRi, particu-
larly ATMi, potentiates the efficacy of TRT by blocking the 
repair of TRT-induced DNA damage and promoting tumor 
cell death (Scheme 1). Beyond direct cytotoxic effects, com-
bining TRT with DDRi effectively activates CD8+ T cells, 
promoting their proliferation and function, while signifi-
cantly reducing the proportion of immunosuppressive cells 
such as Tregs, thereby remodeling the TME and enhancing 
systemic immune responses. The addition of αCTLA-4 not 
only amplifies these effects but also stimulates CD4+ T cell 
differentiation into Th1 cells and induces adaptive immune 
memory effect, strengthening immune surveillance. Our 
results further show that selection of DDRi critically influ-
ences the efficacy of TRT, in which ATMi outperforms 
PARPi. It has been reported that PARPi can enhance the 
antitumor effect of 177Lu-DOTA-TOC in a small-cell lung 
cancer (SCLC) model with low SSTR2 expression [44]. 
In addition, several clinical trials are currently evaluating 
the safety and efficacy of combining TRT with PARPi, and 
preliminary results suggest promising therapeutic potential 
[45, 46]. It is interesting to note that while there are several 

was significantly reduced in the αCTLA-4 combination 
group (Fig. S7e, f), while TRT combined with either PARPi 
or ATMi decreased MDSCs and macrophages (predomi-
nantly CD206+) by approximately 20% (Fig. S7g–i), all 
pointing to reduced immunosuppressive effects. Addition-
ally, Activated NK cells were significantly enhanced, sug-
gesting activation of innate immune responses (Fig. S7j–l). 
Furthermore, αCTLA-4 enhanced systemic immunity by 
inhibiting Tregs and promoting Th1 cells activity. On day 
21, the analyses of central memory T cells (Tcm) in the 
spleen and peripheral blood revealed significant increases 
in CD4+ Tcm and CD8+ Tcm proportions in the TRT-DDRi-
αCTLA-4 group (Fig. 7m–p). This suggests that αCTLA-4 
plays a critical role in promoting adaptive immune memory, 
a key factor contributing to complete tumor remission.

Discussion

TRT targeting PSMA has emerged as a promising therapeu-
tic strategy for patients with mCRPC. However, the clini-
cal efficacy of TRT is limited by intrinsic tumor resistance 

Scheme 1  Schematic illustration of DNA damage repair inhibitor, 
ATM inhibitor (ATMi), for targeted radionuclide therapy and immu-
notherapy of malignant murine RM-1-hPSMA prostate cancer model 
with αCTLA-4 antibody. ATMi amplifies TRT-induced DNA damage 

and immunogenic cell death in tumor cells, and reshapes the suppres-
sive tumor microenvironment, which combined with αCTLA-4 anti-
body induces potent and long-lasting anticancer immunity
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reports on influence of PARPi (inhibitor for single-strand 
DNA break), little work is done with inhibitors for double-
strand DNA break repair. The finding that AMTi effectively 
reverses radioresistance and boosts anticancer immune 
response may greatly broaden the TRT for different tumors.

Conclusion

We have demonstrated that DNA damage repair inhibitors, 
in particular ATM inhibitor (ATMi), effectively boost TRT 
and immunotherapy of malignant murine prostate cancer, 
by reversing radioresistance, inducing immunogenic cell 
death, and reshaping the suppressive tumor microenviron-
ment. It is remarkable that TRT-ATMi-αCTLA-4 induces 
robust and long-lasting adaptive anti-tumor immunity, 
resulting in 71% mice complete tumor regression. ATMi-
αCTLA-4 provides a novel strategy to address the radiore-
sistance and immune suppression issues that account for the 
modest response rates in the clinical settings. TRT-ATMi-
αCTLA-4 with a high tumor-specificity has a great potential 
for immunotherapy of mCRPC patients.
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