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Introduction: Triple-negative breast cancer (TNBC) with bone metastasis is
challenging to treat due to an immunosuppressive microenvironment and the
limited, transient immune activation from conventional external beam radiotherapy.
Inducing immunogenic cell death (ICD) offers a strategy to remodel this
environment, but its systemic effects remain to be validated. Here, we investigate
iodine-125 (125I) brachytherapy as a method to induce sustained ICD and activate
systemic antitumor immunity in TNBC bone metastasis using transcriptomic
analysis, a dual-tumor model, and CALR-targeted molecular imaging.
Methods: A dual-tumor model of 4T1 mouse breast cancer with tibial bone
metastasis and distal subcutaneous implantation was established. The therapeutic
ef�cacy of ��� I seeds at different doses (0.3-0.8 mCi), alone or in combination with
anti…PD-L1 antibody, was systematically assessed. ICD biomarkers (CALR, HMGB1)
and immune cell in�ltration were analyzed using Western blot, qRT-PCR,
immunohistochemistry, and �ow cytometry. Transcriptome sequencing was
performed to explore changes in ICD and related immune pathways. In vivo
dynamic imaging of ICD was achieved using a CALR-targeting bimodal
nanoprobe. Comparative analyses were conducted between 125I brachytherapy
and EBRT to assess differences in tumor control and immune activation. Treatment
sequencing studies were performed to evaluate the optimal combination strategy.
Results: This study con�rmed that 125I seeds effectively induce sustained
immunogenic cell death, signi�cantly upregulating damage-associated molecular
patterns (DAMPs) such as CALR and HMGB1. In the 4T1 bone metastasis model, local
implantation of 125I (0.3-0.8 mCi) inhibited tumor growth in a dose-dependent
manner, with the 0.8 mCi group showing the best therapeutic effect and no
signi�cant toxicity. Mechanistically, 125I promoted CD8a� T cell in�ltration, activated
ICD-related pathways, and triggered systemic antitumor immunity, as demonstrated
by inhibition of distant tumor growth in the bilateral tumor system. Compared with
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761538/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1761538&domain=pdf&date_stamp=2026-03-31
mailto:yuetianzhixiu@sina.com
mailto:13909245902@163.com
https://doi.org/10.3389/fimmu.2026.1761538
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1761538
https://www.frontiersin.org/journals/immunology


Li et al. 10.3389/fimmu.2026.1761538

Frontiers in Immunology
EBRT, 125I brachytherapy achieved superior local control and more robust immune
activation. Using a CALR-targeting nanoprobe, dynamic in vivo imaging of ICD was
successfully achieved. Treatment sequencing studies revealed that initiating with 125I
brachytherapy followed by combination therapy with PD-L1 antibody and Abraxane
resulted in the most favorable outcome, con�rming this •125I-�rstŽapproach as an
effective immune priming strategy.
Discussion: This study demonstrates that 125I brachytherapy overcomes the
limitations of conventional radiotherapy by inducing sustained immunogenic cell
death, remodeling the tumor immune microenvironment, and activating systemic
antitumor immunity. 125I seeds not only inhibit the growth of TNBC bone metastases
and distal tumors but also signi�cantly enhance the in�ltration of CD8a�T cells into
tumor sites. Notably, the sequential regimen of 125I brachytherapy followed by PD-L1
antibody and Abraxane shows signi�cant synergistic effects. These �ndings establish
125I brachytherapy as a superior immune-priming modality and provide a mechanistic
rationale for integrating low-dose-rate brachytherapy with immunotherapy to
overcome resistance in bone-metastatic TNBC, offering strong potential for clinical
translation., iodine-125 seeds, triple-negative breast cancer.
KEYWORDS

bone metastasis, brachytherapy, calreticulin, external beam radiotherapy,
immunogenic cell death, iodine-125 seeds, triple-negative breast cancer
1 Introduction

Bone is a predominant site of metastasis in triple negative breast
cancer (TNBC),occurring in 30–50%of patients and drastically
shortening median overall survival (1, 2).While bone targeted agents
alleviate skeletal complications, they do not control tumor growth,
underscoring the need for effective systemic therapies (3).Immune
checkpoint inhibitors (ICIs) bene�t some patients with metastatic
TNBC (4),yet their ef�cacy in bone metastases remains strikingly
low, with response rates below 10%,far lower than in visceral sites
(5).This resistance speci�c to bone metastasis identi�es it as an
independent adverse prognostic factor (6, 7),pointing to unique
immunobiological barriers within the bone microenvironment.

Bone lesions exhibit an immune cold phenotype, characterized
by minimal CD8+T cell in�ltration and an abundance of
immunosuppressive cells (8, 9).Tumor induced osteolysis releases
TGF beta, which both promotes tumor progression and broadly
suppresses T cell function (10).Furthermore, the hypoxic, acidic,
and calcium rich bone milieu impairs antigen presentation and T
cell activity (11, 12),creating an immune excluded state. Together,
these convergent mechanisms signi�cantly blunt the activity of PD-
1/PD-L1 blockade in patients with bone metastatic TNBC ( (13).

Radiotherapy is a cornerstone of palliative care for bone metastases
and can, in principle, reverse immunosuppression by inducing
immunogenic cell death (ICD) (9, 14).However, converting radiation
induced ICD into productive immunity requires a sustained danger
signal, a requirement that is fundamentally mismatched to the
biological and physical characteristics of conventional external beam
radiotherapy (EBRT).The brief, high dose pulses of EBRT generate
only transient DAMP release, a signal that is rapidly extinguished in the
hypoxic bone niche where ROS generation and ICD are dampened (15,
16).Concurrent upregulation of HIF-1a and TGF-b further recruits
02
immunosuppressive cells (17, 18).Consequently, even dose escalated or
altered fractionation schedules fail to achieve durable immune
activation (19, 20),which fundamentally restricts the potential of
EBRT to act as an effective immune primer within the
immunosuppressive bone metastatic microenvironment.

In this context, low-dose-rate brachytherapy(LDR) using iodine-
125(125I) seeds emerges as a strategically distinct approach. By
delivering continuous, low level irradiation over several weeks,125I
seeds transform the temporal paradigm of radiotherapy. This
protracted exposure aligns with the biological timeline required for
effective immune synapse formation and clonal expansion.
Mechanistically, it promotes sustained tumor reoxygenation,
prolonged endoplasmic reticulum stress, and the gradual, cumulative
release of damage associated molecular patterns, thereby converting the
tumor into a persistent in situ vaccine factory (21–23).Retrospective
clinical observations support this potential, indicating that 125I
implantation may offer superior local control and a higher
propensity to elicit abscopal effects compared with EBRT (24, 25).

This question underscores three critical knowledge gaps that
hinder the rational integration of radiotherapy and immunotherapy
for bone metastatic TNBC. First, direct comparisons of the potency
and persistence of ICD induced by LDR versus EBRT are scarce.
Second, tools to visualize ICD dynamics in vivo are lacking, which
impedes treatment optimization. Third, the optimal strategy for
sequencing LDR brachytherapy with ICIs remains unde�ned.

To address these gaps, we conducted a comprehensive study to
decode the immunogenic properties of 125I brachytherapy. Our aims
were to:(i) directly compare the temporal dynamics of ICD induced by
125I and EBRT;(ii) develop a calreticulin targeted molecular probe for
real time visualization of ICD;(iii) quantify systemic immunity and
abscopal effects using bilateral tumor models and (iv) establish an
optimized 125I �rst sequencing strategy with anti PD-L1 therapy. This
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work elucidates how sustained LDR irradiation overcomes bone
speci�c immunosuppression and provides a translatable paradigm
for combination radio immunotherapy.
2 Materials and methods

2.1 Cell lines and reagents

Murine breast cancer 4T1 cells and human umbilical vein
endothelial cells (HUVECs) were obtained from ATCC. 4T1 cells
were cultured in RPMI-1640 supplemented with 10% FBS and 1%
penicillin–streptomycin, while HUVECs were maintained in EGM-
2 medium containing 5% FBS and 1% penicillin–streptomycin. All
cells were incubated at 37 °C in a humidi�ed 5% CO2 atmosphere
and passaged at 80–90% con�uence.

Radioactive 125I seeds were purchased from North China
Pharmaceutical Group Corporation.

2.2 Cell proliferation assay

4T1 and HUVEC cells in the logarithmic phase were seeded into
96-well plates at a density of 1×104 cells per well in 100 µL of
complete medium and incubated overnight. The medium was then
replaced with serum-free RPMI-1640 containing varying
concentrations of 125I seeds, followed by incubation for 24 or
48 h. Subsequently,10 µL of CCK-8 reagent(Vazyme, Nanjing,
China) was added to each well and incubated for 2 h at 37 °C.
Absorbance was measured at 450 nm using a microplate reader
(BioTek, USA).The inhibition rate was calculated as follows:
Inhibition rate (%)=[1� (Atreatment/Acontrol)]×100%.

2.3 TUNEL assay for apoptosis detection

Apoptosis was evaluated using a TUNEL Apoptosis Detection Kit
(#C1089, Beyotime, Shanghai, China) according to the manufacturer’s
instructions. 4T1 cells were seeded in 6-well plates at 1×106 cells per
well and incubated overnight. Cells were then exposed to indicated
doses of 125I for 12 h. After treatment, cells were �xed with 4%
paraformaldehyde for 30 min at room temperature and incubated with
TUNEL working solution at 37 °C for 1 h in the dark.

Fluorescence images were captured using an Olympus
�uorescence microscope(Japan).TUNEL-positive apoptotic cells
were visualized as red �uorescence under Cy3 excitation/emission
(Ex=550 nm, Em=570 nm).

2.4 Establishment of a Murine TNBC bone
metastatic model

Female BALB/c mice (3-4 weeks old) were purchased from
Xingkang Laboratory Animal Center (Jinan, China) and housed
under speci�c pathogen-free (SPF) conditions at 25 – 2°C and 40–
50% relative humidity, with free access to food and water. Prior to
tumor implantation, the mice were acclimated for one week in a
barrier facility. All experimental procedures were approved by the
Ethics Committee of the 960th Hospital of the Joint Logistics
Support Force and were conducted in strict accordance with
relevant regulations (Ethics Review No. 184, 2025).
Frontiers in Immunology 03
After the acclimation period, 4T1 cells (1×106) suspended in
sterile RPMI-1640 medium were injected into the tibial marrow
cavity to establish a TNBC bone metastasis model. When tumors
reached approximately 100mm3, mice were randomly assigned to
�ve groups (n=9 per group): control, ��5I-0.3mCi, ��5I-0.6mCi, ��5I-
0.8mCi, and external beam radiotherapy (EBRT, three fractions of 8
Gy). At 7, 14, and 21 days post-treatment, three mice from each
group were euthanized for analysis. Body weight and tumor volume
were recorded daily. Tumor volume (TV) was calculated using the
formula: TV=(Length × Width�)/2.

2.5 Hematoxylin and eosin staining

Upon completion of the experiment, tumors and major organs
were harvested and �xed in 4% paraformaldehyde for 24 h. Fixed
tissues were processed, paraf�n-embedded, and sectioned at 5-8 µm
thickness. Sections were baked at 60 °C for 2 h, deparaf�nized in
xylene, and rehydrated through graded ethanol.

The rehydrated sections were stained with hematoxylin
(#G1004, Servicebio, China) and eosin (#G1001, Servicebio,
China), rinsed with distilled water, and mounted with neutral
resin. Histopathological features were observed under a light
microscope (Olympus, Japan).

2.6 Immunohistochemistry

Paraf�n-embedded tumor sections were deparaf�nized,
rehydrated through graded ethanol, and subjected to antigen
retrieval in sodium citrate buffer (pH 6.0) at 90 °C for 10 min. After
cooling to room temperature, sections were washed with phosphate-
buffered saline (PBS), permeabilized with 0.5% Triton X-100 for
20 min, and treated with 3% H2O2 in methanol for 10 min to block
endogenous peroxidase activity. Non-speci�c binding was blocked
with 5% bovine serum albumin (BSA) for 1 h at room temperature.

Sections were incubated overnight at 4 °C with primary antibodies
against HMGB1 (1:500, #10829-1-AP, Proteintech), CALR (1:1000,
#10292-1-AP, Proteintech), CD4(1:200,#25229,Cell Signaling
Technology)and CD8 (1:200, #85336S, Cell Signaling Technology),
CD86 (1:200,#91882, Cell Signaling Technology), 8-OHdG (1:200,
#ab48508, Abcam), 4-HNE (1:200, #ab46545, Abcam). After PBS
washing, slides were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature. Signals were visualized using a
diaminobenzidine (DAB) substrate kit, and the reaction was terminated
by rinsing with distilled water. Sections were counterstained with
hematoxylin, dehydrated, cleared, and mounted with neutral resin.
Images were acquired under a bright-�eld microscope (Olympus, Japan).

2.7 RNA extraction and quantitative PCR
analysis

Total RNA was extracted from cells and tumor tissues using a
commercial RNA extraction kit. Complementary DNA (cDNA) was
synthesized from 1 µg of total RNA using a reverse transcription kit
(#9108, Takara, Japan) according to the manufacturer’s instructions.
Quantitative real-time PCR (qPCR) was performed to assess HMGB1
and CALR expression. Gene-speci�c primers (sequences listed in
Supplementary Table 1) were designed based on NCBI reference
frontiersin.org
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sequences and synthesized by I-Tongyong Bio (Anhui, China). Relative
gene expression was calculated using the 2^–DDCT method and
normalized to GAPDH.

2.8 Western blot analysis

Cells or tumor tissues were lysed on ice using RIPA buffer
(P0013B, Beyotime). Lysates were mixed with 5×loading buffer to
prepare 1×samples, heated at 100 °C for 10 min, and loaded onto
SDS-PAGE gels for electrophoretic separation. Proteins were
transferred to PVDF membranes (Millipore), blocked with 5%
BSA for 1 h at room temperature, and incubated overnight at 4°C
with primary antibodies against HMGB1 (1:1000, #6893, CST),
CALR (1:1000, #12238, CST), Flotillin-2 (1:1000, #3436, CST), and
b-actin (1:2000, #10624-2-AP, Proteintech). Membranes were then
incubated with HRP-conjugated secondary antibody (goat anti-
rabbit IgG, #A21020, Abbkine) for 1 h at room temperature. Protein
bands were visualized using an ECL substrate (#P1008M, Beyotime)
and imaged with a Tanon 5200 chemiluminescence system. Band
intensities were quanti�ed using Image Lab software (BIO-RAD).

2.9 Enzyme-linked immunosorbent assay
for HMGB1

The concentration of HMGB1 in 4T1 cell culture supernatants
and mouse serum was measured using a commercial ELISA kit
(#12907, Jiangsu Meian Biotechnology, China) according to the
manufacturer’s instructions. For in vitro experiments, 4T1 cells
were treated with different doses of ��5I, and supernatants were
collected at speci�ed time points, centrifuged at 12,000×g for
10 min at 4 °C, �ltered through a 0.22 µm membrane, and stored
at -80 °C until analysis. For in vivo experiments, blood samples were
obtained from the orbital sinus on days 7, 14, and 21 post-treatment.
After clotting at room temperature for 30 min, serum was separated
by centrifugation at 2,000×g for 10 min and stored at -80 °C.
Absorbance was measured at 450 nm using a microplate reader.

2.10 PET/CT image acquisition and analysis

PET/CT imaging was performed one week after establishment
of the 4T1 bone metastasis model (pre-treatment) and on days 7
and 14 post-treatment. Mice were intravenously injected with 18F-
FDG (0.1 mCi, ~3.7 MBq) and allowed to rest for 30-60 min to
enable tracer uptake. PET scans were acquired for 10-15 min to
evaluate 18F-FDG accumulation in tumors, and metabolic activity
was quanti�ed using the standardized uptake value (SUV). CT
scans were subsequently performed to localize tumors, assess size
and position, and evaluate bone metastasis. PET and CT images
were co-registered using fusion software for integrated analysis.

2.11 Dual-tumor mouse model

1×106 4T1 breast cancer cells suspended in sterile RPMI-1640
medium were injected into the tibial plateau to induce bone metastases.
When the bone tumors reached 100 mm3, mice were randomly assigned
to a control group or 125I treatment groups (0.3, 0.6, or 0.8 mCi; n=5) and
received local implantation of ��5I seeds for 14 days. Fourteen days after
Frontiers in Immunology 04
seed implantation, a secondary distal tumor was established by
subcutaneous injection of 5×105 4T1 cells into the dorsal �ank.

2.12 Synthesis and characterization of the
CALR-targeted probes

The CALR-targeted �uorescent probes FITC-KLGFFKR and
KLGFFKRC-Mal-Cy5.5 were synthesized commercially (Xi’an
Ruixi Biological Technology Co., Ltd., China) and rigorously
characterized to validate their biochemical speci�city.

2.13 Confocal microscopy for probe
localization

4T1 and HUVECs cells were seeded in confocal dishes and
exposed to 9.25×103 kBq/mL 125I for 4 h. Cells were then incubated
with KLGFFKR-FITC nanoprobes (5 mg/mL) for 2 h, washed, �xed
with 4% paraformaldehyde, and blocked with 5% BSA or goat serum.
Nuclei were counterstained with DAPI (1 mg/mL), and nanoprobe
localization was visualized using a confocal laser scanning microscope.

2.14 In vivo � uorescence imaging for
nanoprobe targeting

In the 4T1 bone metastasis model, mice were randomly assigned
to control or 125I treatment groups (0.8 mCi/mouse; n=3) at 7 or 14
days post-tumor inoculation. Mice received 100 mL of KLGFFKR-
Mal-Cy5.5 probes via tail vein injection. One hour after
administration, in vivo �uorescence imaging was performed using
the IVIS Lumina XR system.

2.15 Transcriptome sequencing and
pathway enrichment analysis

Tumor tissues were harvested from the model control and ��5I-
treated groups on days 7, 14, and 21 post-treatment for RNA
sequencing (RNA-seq). Raw read counts were normalized and
variance-stabilized using the rlog (regularized log) transformation
in the DESeq2 package. Gene Set Enrichment Analysis (GSEA) was
performed using the Hallmark gene sets (MSigDB v7.4) to identify
signi�cantly enriched pathways. The signal-to-noise ratio was used
for gene ranking, and signi�cance was assessed through 10,000
permutations to ensure statistical robustness.

2.16 Analysis of ICD� related gene
expression

The expression matrix was variance-stabilized using the rlog
(regularized log) transformation in DESeq2.Representative genes
associated with ICD were selected, and their expression levels were
compared between the model control and treatment groups at
different time points.

2.17 Mouse model and pharmacological
modulation of ROS signaling

Female BALB/c mice (6-8 weeks old) were used to establish a
4T1 bone metastasis model by intratibial injection of 4T1 murine
frontiersin.org
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triple-negative breast cancer cells, as described above. Tumor-
bearing mice were randomly assigned to four groups: model
(untreated control), 125I brachytherapy (0.8 mCi), 125I plus N-
acetylcysteine (NAC), and 125I plus MitoQ. For brachytherapy, a
single 0.8 mCi 125I seed was implanted locally into the tumor-
bearing tibia under sterile conditions once tumors were established.

To pharmacologically modulate ROS signaling, NAC, a pan-ROS
scavenger, or MitoQ, a mitochondria-targeted antioxidant, was
administered intraperitoneally beginning one day prior to 125I
Frontiers in Immunology 05
implantation and continued daily until the experimental endpoint.
NAC was given at 150 mg/kg/day, and MitoQ at 10 mg/kg/day; mice
in the model and 125I-only groups received equivalent volumes of
vehicle. Tumor size was measured daily using digital calipers, and
tumor volume was calculated as (Length×Width2)/2. Body weight
was monitored throughout the experiment to assess systemic toxicity.
Mice were sacri�ced on day 14 after 125I implantation for subsequent
analyses, including tumor weight measurement, immuno�uorescence
staining, immunohistochemistry, and in vivo molecular imaging.
FIGURE 1
125I confers speci�c cytotoxicity against TNBC cells while sparing vascular endothelium. (A, B) Viability of 4T1 cells after 24h and 48h treatment with 125I. (C,
D) Viability of HUVECs following 24h and 48h exposure to 125I. (E) Representative TUNEL staining of 4T1 cells following 12 h exposure to ��5I. The bright-�eld
image (top, 10×) illustrates the overall cell morphology, whereas the �uorescence image (bottom, 20×) shows TUNEL-positive apoptotic cells (red). Scale
bars: upper panels, 100 mm; lower panels, 50 mm. Quantitative data are presented as mean – SEM from three independent experiments (n=3). Statistical
signi�cance was determined by one-way ANOVA with FDR-adjusted multiple comparisons. ns, P>0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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