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utilizing high-energy radiation to directly kill tumor cells. Recent research has

nity. However, this immune activation alone often fails to generate sustained
systemic antitumor responses. In this study, we aimed to investigate the anti-

tumor effects of combining cholesterolized toll-like receptor 7 (TLR7) agonist
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microenvironment. In vitro, primary mouse bone marrow-derived dendritic cells

dized mitochondrial DNA (ox-mtDNA) released from irradiated tumor cells as

involvement of interleukin-18 (IL-18) and the inflaimmasome pathway in the
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antitumor efficacy of the combined treatment was evaluated using II-I3~/~ and
cysteinyl aspartate specific proteinase 1 knockout (Caspl~~) mouse models.
Results: The combination of 1V209-Cho-Lip and RT significantly inhibited
tumor growth and induced antitumor immunity in tumor models. This combi-
nation therapy enhanced maturation, antigen presentation and IL-18 secretion
of dendritic cells (DCs) in vitro. Ox-mtDNA released from irradiated tumor
cells synergized with 1V209-Cho-Lip to activate the inflammasome pathway in
DCs. The antitumor effect of the combined therapy was significantly reduced in
I-18~/~ and Caspl~~ mice.

Conclusions: This study suggests that the combination of 1V209-Cho-Lip with
RT might be a promising antitumor strategy and further studies are warranted to
explore the clinical relevance of this combination therapy.
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1 | BACKGROUND

Radiotherapy (RT) is an effective treatment for a range of
tumors, including breast, prostate, and head and neck can-
cers [1]. However, cancer recurrence and metastasis can
still occur following RT in clinical practice. The primary
mechanism of RT involves inducing DNA double-strand
breaks, which results in the release of tumor-associated
antigens and various damage-associated molecular pat-
terns (DAMPs), potentially triggering antitumor immune
responses [2-4]. The abscopal effect, marked by tumor
regression outside the irradiated area, suggests the activa-
tion of systemic antitumor immunity [5]. Unfortunately,
this effect is notably rare in clinical settings, indicating that
RT alone often fails to generate clinically significant sys-
temic antitumor immunity in most patients. To address
this, combining RT with immunostimulatory agents has
been proposed as a strategy to enhance the immuno-
genic response, increase tumor sensitivity, and potentially
reduce the required radiation dose for therapeutic efficacy.
Encouragingly, numerous preclinical and clinical studies
have explored these combinations, revealing promising
results [6-10].

Toll-like receptors (TLRs) are highly conserved pat-
tern recognition receptors that detect pathogen-associated
molecular patterns on invading pathogens, as well as
DAMPs released from damaged or dying cells [11]. These
receptors are predominantly expressed on immune cells,
including dendritic cells (DCs), macrophages, natural
killer cells, and effector B/T cells, as well as nonim-
mune cells such as epithelial cells [12-14]. The majority
of TLRs can activate innate defense systems and reg-

dized mitochondrial DNA, radiotherapy, TLR7 agonist

ulate downstream adaptive immune responses through
the nuclear factor kB (NF-xB) and mitogen-activated pro-
tein kinases signaling pathways [15]. Consequently, TLR
agonists hold potential as adjuvants to enhance immune
priming induced by radiation. A recent phase I/II clin-
ical trial evaluated the combination of a TLR9 agonist
with low-dose radiation in patients with untreated indo-
lent lymphoma. The results showed that all 29 patients
experienced tumor regression at the treated sites, and 24
of these patients also had tumor reduction at non-treated
sites, indicating the development of a systemic immune
response [16].

TLR7 is located in the endosomal membrane, where it
detects viral single-stranded RNA rich in guanosine and/or
uridine. This detection triggers strong Thl-biased immune
responses that promote the activation and expansion of
CD8* T cells [17, 18]. However, the clinical application
of TLR7 agonists is constrained by the risk of uncontrol-
lable systemic inflammatory responses [6, 19]. To date, only
imiquimod has received approval from the Food and Drug
Administration for the treatment of basal cell carcinoma
and other dermatologic malignancies [20]. Recently, our
laboratory synthesized cholesterolized TLR7 agonist lipo-
somes (1V209-Cho-Lip), which exhibited improved lymph
node (LN) transport and fewer adverse effects compared
to the TLR7 agonist 1V209 alone [21]. Furthermore, 1V209-
Cho-Lip effectively induced DCs activation and elicited
CD8™ T cell responses. However, its efficacy was limited
when used alone in the 4T1 subcutaneous tumor model.

Given the inherent immunostimulatory properties of
1V209-Cho-Lip and the in situ vaccine effect of RT, combin-
ing these two approaches may offer a promising strategy
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for treating malignant tumors. Therefore, this study aims
to investigate the antitumor efficacy and mechanisms of
1V209-Cho-Lip combined with RT using 4T1 and B16-F10
tumor models.

2 | MATERIALS AND METHODS

2.1 | Celllines and reagents

Tumor cell lines B16-F10 and 4T1 were obtained from
American Type Culture Collection (ATCC, Manassas,
VA, USA). B16-F10 and B16-OVA cells (OVA-transfected
B16-F10 cells) were cultured in DMEM medium (Gibco,
Carlsbad, CA, USA), and 4T1 was cultured in RPMI 1640
(Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, Carlsbad, CA, USA), penicillin
(100 U/mL), and streptomycin (100 pg/mL) (Pen Strep;
Gibco, Carlsbad, CA, USA). G418 (0.4 mg/mL) was added
to the B16-OVA culture. All cell lines were maintained at
37°C in a humidified incubator with 5% CO,. 1V209-Cho-
Lip was synthesized and prepared as described previously
[21]. In brief, cholesterol (1 eq), EDCI (2 eq), and DMAP
(0.1 eq) were dissolved in DCM (10 mL), followed by Boc-
GABA (1.2 eq). After 24 h at room temperature, the reaction
mixture was extracted, washed, dried, concentrated, and
purified by silica gel chromatography to yield product 1.
Product 1 was then treated with 10% TFA in DCM, stirred
for 1 h, extracted, dried, and concentrated to obtain prod-
uct 2. Finally, 1V209 (1 eq), HATU (1.2 eq), and TEA (2
eq) were dissolved in DMF, and product 2 (1.2 eq) was
added dropwise. After 48 h, DMF was removed, and the
residue was purified to yield 1V209-Cho. 1V209-Cho-Lip
was prepared by thin film hydration. SPC, cholesterol, and
1V209-Cho (65:32:3 molar ratio) were dissolved in chloro-
form/methanol (10:1), evaporated to form a lipid film at
37°C, and hydrated in PBS for 1 h. The solution was son-
icated in water for 30 min, then probe-sonicated at 30W
for 120 s.

2.2 | Mice

The BALB/C mice (female, 6-8 weeks) and C57BL/6 mice
(female, 6-8 weeks, 18-20 g) were purchased from Vital
River (Beijing, China). Cysteinyl aspartate specific pro-
teinase 1 knockout (Caspl”~) and NLR family pyrin
domain containing 3 knockout (Nlrp3~~) mice were
obtained from Jackson Laboratory (Bar Harbor, Maine,
USA). Interleukin-18 knockout (II-13~/~) mice were from
Tokyo University of Science (Tokyo, Japan). All mice were
housed in specific-pathogen-free facilities under consis-
tent room temperature and humidity. The animal study

was approved by the Institutional Animal Care and Use
Committee of Sichuan University (20250108003). Mice
were euthanized by cervical dislocation when body weight
loss exceeded 20%, tumor burden surpassed 10% of body
weight, or a significant decline in mobility was observed.

2.3 | Tumor challenge and treatments

For mice bearing a single tumor, 1 X 10° 4T1 or 5 X 10° B16-
F10 cells were suspended in 100 L of serum-free medium
and subcutaneously (s.c.) injected into the right proximal
hind legs of mice. For mice bearing bilateral tumors, mice
were injected s.c. with 1 x 10° 4T1 or 5 x 10° B16-F10 cells in
the right proximal hind legs (primary tumor); 2 days later,
5x 10* 4T1 or 2 X 10° B16-F10 cells were implanted in the
left hind legs (secondary tumor).When tumors reached a
volume of approximately 50 mm? (10 days after injection),
the mice were randomly divided into 5 groups, with 6-8
mice in each group. Mice from RT alone and combina-
tion therapy (RT + 1V209-Cho-Lip) groups received local
radiation using an X-ray generator (XCELL320, KUBTEC,
Milford, CT, USA) at a dose rate of 2 Gy/min. Before irra-
diation, each mouse was anesthetized and shielded by a
lead box with only the tumor exposed. Following radiation,
animals from the 1V209-Cho-Lip and combined therapy
groups received four intratumoral (i.t.) injections of 1V209-
Cho-Lip (3 mg/kg) on days 11, 14, 17, and 20. Tumor
volume and body weight were monitored every three days.
Tumor volume was calculated as length x width? x 1/2.
Mice were sacrificed on day 24 or 31 post-tumor inocula-
tion, and the tumors were harvested, weighed, and pho-
tographed. For the 4T1 tumor, the presence of metastases
in the lungs was assessed, and the lungs were harvested
and photographed. The number of metastatic nodules in
the lungs was counted. The survival time of mice was
recorded from the date of tumor inoculation to the date
of death or sacrifice when the tumor volume reached
2,000 mm?.

2.4 | Flow cytometry (FCM) analysis

The immune microenvironment of the tumor, metastatic
lung tissue, and tumor-draining LNs was analyzed by
FCM. Tumor-draining inguinal LNs were collected and
triturated to obtain single-cell suspensions. Tumor and
metastatic lung tissues were finely chopped and digested
into single-cell suspensions using 1 mg/mL collagenase
Type I (Gibco, Carlsbad, CA, USA), 0.5 mg/mL Type
IV (Gibco, Carlsbad, CA, USA), and 10 pg/mL DNase
I (Sigma-Aldrich, St Louis, MO, USA) in RPMI 1640
medium (Gibco, Carlsbad, CA, USA) for 1 h at 37°C. Then,
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the suspensions were filtered through a 70 um nylon mesh
filter and stained with antibodies. All fluorescently labeled
antibodies were purchased from BioLegend (San Diego,
CA, USA), or BD Biosciences (San Jose, CA, USA), with
detailed antibody information provided in Supplementary
Table S1. The LIVE/DEAD™ Fixable Near-IR Dead Cell
Stain Kit (L34975, Thermo Fisher Scientific, Carlsbad, CA,
USA) was employed to exclude dead cells. For cell surface
staining, cells were incubated with antibodies for 30 min
in PBS at 4°C in the dark and subsequently washed twice
with PBS. For intracellular staining, cells were fixed and
permeabilized using BD Cytofix/Cytoperm™ solution (BD
Biosciences, San Jose, CA, USA) according to the manu-
facturer’s protocol. Subsequently, the cells were stained
with intracellular antibodies overnight at 4°C. All samples
were analyzed on a NovoCyte Flow Cytometer (ACEA Bio-
sciences, San Diego, CA, USA) and using NovoExpress®)
software (1.3.0, ACEA Biosciences, San Diego, CA,
USA).

2.5 | Bone marrow derived dendritic cells
(BMDCs) generation

BMDCs were prepared as described in our previous study
[22]. Briefly, bone marrow cells were isolated from the
femurs and tibiae of C57BL/6 mice and filtered through
a 70 um nylon mesh filter. Then the cells were cul-
tured in complete RPMI-1640 medium supplemented
with 20 ng/mL granulocyte-macrophage colony stimulat-
ing factor (PeproTech, Rocky Hill, NJ, USA), 10 ng/mL
IL-4 (Sigma-Aldrich, St Louis, MO, USA), 50 umol/L -
mercaptoethanol (Sigma-Aldrich, St Louis, MO, USA), and
1 mmol/L sodium pyruvate (Gibco, Carlsbad, CA, USA)
for 7 days. Fresh medium containing all growth factors
was replenished on days 3 and 6. Finally, the BMDCs were
harvested for subsequent experiments.

2.6 | Preparation of irradiated tumor
conditioned medium (R-TCM)

Tumor cells that were plated into 10 cm cell culture dishes
were irradiated with a single dose of 16 Gy by an X-
ray generator (XCELL320, KUBTEC, Milford, CT, USA,
2 Gy/min). The medium was then replaced with 10 mL
of serum-free medium. After 48 h, the medium was col-
lected and centrifuged at 4000 X g for 30 min to remove
tumor cells and debris. Then, the supernatant was fil-
tered through a 0.22 um Millipore microporous membrane
(Merck Millipore, Burlington, MA, USA) and stored at
-20°C until further use.

2.7 | Detection of cytokines

The concentrations of tumor necrosis factor (TNF)-c, IL-6,
IL-12, IL-18 and interferon (IFN)-y in the culture super-
natants were determined using a BD™ Cytometric Bead
Array (CBA) (558266; BD Biosciences, San Jose, CA, USA),
following the manufacturer’s guidelines. Briefly, the sam-
ples and standards were initially mixed with capture beads
and incubated for 1 h at room temperature. Subsequently,
the PE detection reagent was added to each assay tube, and
the mixture was incubated for an additional 1 h at ambient
temperature. After washing with wash buffer, the samples
were analyzed by FCM and the data were processed using
FCAP Array V3.0 (BD Biosciences, San Jose, CA, USA).

2.8 |
assay

T cell proliferation and activation

To investigate the antigen cross-presentation, the CD8*
T cell proliferation and activation assay were performed.
BMDCs derived from wild-type (WT) mice were cultured
for 7 days and then stimulated with 1V209-Cho-Lip (10
ug/mL), R-TCM (10%) or both for 24 h. Then, the cells
were collected and resuspended in RPMI 1640 for further
experiments.

Simultaneously, splenic lymphocytes were isolated from
mice on day 14 pre-inoculated with B16-OVA, and
then labelled with carboxyfluorescein succinimidyl ester
(CFSE) (C34554, Invitrogen, Carlsbad, CA, USA) by incu-
bation with 2.5 umol/L CFSE for 15 min in the dark at
37°C. Subsequently, serum-containing medium was added
and incubated for 5 min. After washing, the labelled lym-
phocytes were cocultured with treated BMDCs at a 5:1
ratio, and then OVA peptide (10 pg/mL) was added to
cells following by 48 h of incubation at 37°C. Images
of lymphocytes were captured using an inverted light
microscope, and the cells were collected for flow cyto-
metric analysis to measure CFSE fluorescence intensity
in T cells. To detect the activation of OVA-specific cyto-
toxic T cells, the cells were collected and labeled with
T-select MHC Tetramer/H-2Kb-OVA (SIINFEKL) (TS-
5001-1C, MBL, Tokyo, Japan) for flow cytometric analysis.
Additionally, the culture supernatants were collected to
quantify cytokine concentrations.

2.9 | RNA sequencing and bioinformatics
analysis

BMDCs were treated with R-TCM (10%) and 1V209-Cho-
Lip (10 pug/mL) for 48 h, and then lysed with TRIzol
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(Invitrogen, Carlsbad, CA, USA). The filtered reads were
mapped to the reference genome using HISAT2 (v 2.1.0).
We used HTSeq (v 0.9.1) statistics to compare the Read
Count values on each gene, and then used FPKM to
standardize the expression. Differential gene expression
analysis was conducted using DESeq (v1.38.3) with the
following screening criteria: llog2 (fold change)l > 1 and
significant P value < 0.05. Then R package clusterPro-
filer was used to perform gene ontology (GO) functional
enrichment analysis of differential genes.

2.10 | Detection of cell apoptosis,
mitochondrial membrane potential (MMP)
and reactive oxygen species (ROS)

Tumor cells were seeded in 12-well plates and exposed to
8 Gy, 16 Gy, or 32 Gy radiation using an X-ray generator
(XCELL320, KUBTEC, Milford, CT, USA, 2 Gy/min),
with a non-irradiated group serving as the control. After
incubation for 48 h, apoptotic cells were detected by
the FITC AnnexinV-Apoptosis Detection Kit from BD
Pharmingen (San Jose, CA, USA). And the cells were
stained with 2.5 umol/L JC-1 (5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanine iodide) (Thermo
Fisher Scientific, Carlsbad, CA, USA) for 15 min at
room temperature or 10 pmol/L H2DCFDA (2’,7-dichlo-
rofluorescein diacetate) (Invitrogen, Carlsbad, CA, USA)
for 30 min at 37°C in the dark. Subsequently, the samples
were washed three times with PBS and analyzed by FCM.

2.11 | Detection of intracellular 8-OHdG
(8-hydroxy-2’-deoxyguanosine) content

Tumor cells were incubated for 30 h following exposure
to 16 Gy X-ray radiation. Then, the cells were harvested
and incubated with a goat anti-8-OHdG antibody (10802,
Abcam, Cambridge, MA, USA) at 4°C overnight follow-
ing fixation and permeabilization. The next day, cells were
stained with a FITC-conjugated donkey anti-goat IgG anti-
body (1:1000; #ab6881; Abcam, Cambridge, MA, USA) for
1h at 4°C, and analyzed via FCM.

2.12 | Immunohistochemistry and
hematoxylin-eosin (H&E) staining

Tissues obtained from mice were fixed in 4% paraformalde-
hyde and embedded in paraffin. The sections were
deparaffinized in xylene and rehydrated through graded
ethanol concentrations. Endogenous peroxidase activity
was then blocked, and antigen retrieval was performed.

After blocking nonspecific binding sites with goat serum,
the sections were incubated with primary antibodies.
The slides were subsequently treated with horseradish
peroxidase (HRP)-conjugated secondary antibodies and
a streptavidin-biotin complex. HRP activity was visual-
ized using a diaminobenzidine peroxide solution, and
cell nuclei were counterstained with hematoxylin. All the
reagents used were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). For H&E staining, the
tissue sections were rehydrated and stained using an H&E
Staining Kit (Solarbio, Beijing, China). The data were visu-
alized with the Pannoramic MIDI II system (3DHISTECH
Ltd., Budapest, Hungary) and analyzed with Case Viewer
software (3DHISTECH Ltd., Budapest, Hungary).

2.13 | Immunofluorescence staining

The cells were seeded on poly-L-ornithine -coated cover-
slips (Sigma-Aldrich, St Louis, MO, USA) in 24-well plates.
After treatment, the cells were fixed in 4% paraformalde-
hyde and permeabilized with 0.2% Triton X-100 in PBS
for 10 min at room temperature. The cells were then
blocked with 2% goat serum for 30 min at room temper-
ature and incubated with primary antibodies overnight at
4°C. The next day, cells underwent incubation with sec-
ondary antibodies for 1 h in darkness at room temperature,
followed by three washes with PBS. Finally, the coverslips
were mounted with Prolong Gold antifade reagent con-
taining DAPI (Life Technologies, Carlsbad, CA, USA), and
the cells were observed using Olympus FV1000 confocal
microscopy (Olympus, Tokyo, Japan). A detailed list of the
antibodies used is provided in Supplementary Table S1.

2.14 | Mitochondrial DNA isolation and
transfection

Purified mtDNA was isolated from irradiated tumor cells
using the mtDNA Isolation Kit (#ab65321; Abcam, Cam-
bridge, MA, USA), following the manufacturer’s protocol.
This was followed by phenol-chloroform extraction and
isopropanol precipitation to eliminate cellular proteins.
After incubation with LPS (500 ng/mL) for 3 h, BMDCs
were transfected with the isolated mtDNA using Lipo-
fectamine™ 3000 (Invitrogen, Carlsbad, CA, USA), as
described previously [23].

2.15 | Immunoblotting

BMDCs were stimulated with the indicated treatment
at various time points. Supernatants were subsequently
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FIGURE 1 Combining 1V209-Cho-Lip with RT effectively inhibited primary tumor growth and prolonged survival in 4T1 and B16-F10

tumor models. (A) Schematic diagram of treatment protocol in the 4T1 subcutaneous tumor model. Mice were administered a single 8 Gy
local radiation dose on day 10, followed by four i.t. injections of 1V209-Cho-Lip (3 mg/kg) on days 11, 14, 17, and 20. (B) Representative images
of resected tumors from different groups in the 4T1 tumor model (n = 6 per group). Bar = 10 mm. (C) Tumor growth curve of 4T1 tumors
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collected and concentrated using the trichloroacetic
acid/acetone precipitation method [24]. Cells were lysed
in RIPA lysis buffer (Beyotime, Shanghai, China) con-
taining a proteinase inhibitor cocktail (Sigma-Aldrich, St
Louis, MO, USA) and a phosphatase inhibitor cocktail
(KeyGen, Jiangsu, China). Protein concentrations were
measured using the BCA (Bicinchoninic Acid Assay)
Protein Assay (Pierce, Thermo Fisher Scientific, Carlsbad,
CA, USA). Equal amounts of proteins were separated
by SDS-PAGE gels and transferred onto Millipore PVDF
(poly vinylidene fluoride) membranes (Merck Millipore).
Membranes were blocked with 5% milk dissolved in TBS-T
for 1 h at room temperature, followed by an overnight
incubation at 4°C with antibodies against p-IxBa (Ser32),
total IxBa, p-p65 (Ser536), total p65, GAPDH, and caspase-1
(detailed information is provided in Supplementary Table
S1). Subsequent incubation with the appropriate sec-
ondary HRP-conjugated antibodies, bands were detected
using Immobilon™ Western Chemiluminescent HRP
Substrate (Millipore) and ChemiDoc MP imaging system
(Bio-Rad Laboratories). Band intensity was analyzed by
Image J 2.1.0 (Java. NIH, USA).

2.16 | Quantitative real-time polymerase
chain reaction (QRT-PCR)

Total cellular RNA was extracted using an isolation kit
(Foregene, Chengdu, China) and reversely transcribed
into cDNA with a reverse transcription kit (Takara Bio,
Tokyo, Japan) according to the manufacturer’s instruc-
tions. Then, qRT-PCR was performed with SYBR Green
Real-Time PCR master mixes (Qiagen, Germany) with
Bio-Rad CFX96 using a two-step PCR protocol. The
relative gene expression was calculated by the 27AACt
method using Gapdh as a house-keeping gene. The
primers used are shown below: the forward primer 5’-
AGGAGCTATCACTTGACCACATCT-3 and the reverse
primer 5’-GCGAGATTTGAAGCTGGATGC-3’ for II-13; the
forward primer 5-AGAAAGCCGCCTCAAACCTT-3’ and
the reverse primer 5- GCGGTTGTACAGTGAAGTCG-

3 for II-18 and the forward primer 5-
ACCCAGAAGACTGTGGATGG-3* and the reverse
primer 5°- ACATTGGGGGTAGGAACAC-3’ for Gapdh.

2.17 | Statistical analysis

The data were analyzed using GraphPad Prism 9 soft-
ware (GraphPad Prism, San Diego, CA, USA), and are
presented as means + standard error of mean (SEM).
Comparisons between two groups were conducted via a
two-tailed unpaired Student’s t-test, while multiple groups
were analyzed utilizing one-way or two-way analysis of
variance (ANOVA). Survival data were assessed by the log-
rank (Mantel-Cox) test. For all tests, statistical significance
was defined as P < 0.05.

3 | RESULTS

3.1 | 1V209-Cho-Lip synergized with local
RT to inhibit primary tumor growth and
prolong survival

To evaluate the antitumor therapeutic effect of 1V209-
Cho-Lip combined with RT, two subcutaneous tumor
models, 4T1 (murine mammary carcinoma) and B16-F10
(melanoma), were employed. Tumor-bearing mice were
administered a single 8 Gy dose of local radiation on day
10, when the tumors were approximately 50 mm?, followed
by four i.t. injections of either PBS or 1V209-Cho-Lip (3
mg/kg) on days 11, 14, 17, and 20 (Figure 1A). As previ-
ously reported [21], 1V209-Cho-Lip monotherapy showed
no therapeutic effect in the subcutaneous 4T1 model
compared to PBS treatment (Figure 1B-D). However,
the combination of 1V209-Cho-Lip with RT significantly
inhibited the growth of 4T1 tumors compared to either
1V209-Cho-Lip alone or RT monotherapy (Figure 1B-
D). Similarly, the combination of 1V209-Cho-Lip and
RT demonstrated the highest antitumor efficacy in the
B16-F10 mouse model compared to the other treatment

(n = 6 per group), showing significant inhibition of tumor growth in the RT + 1V209-Cho-Lip group compared to monotherapy or control
groups. (D) Average weight of resected tumors in the 4T1 tumor model (n = 6 per group). (E) Schematic diagram of treatment protocol in the
B16-F10 subcutaneous tumor model. Mice were administered a single 8 Gy local radiation dose on day 10, followed by four i.t. injections of

1V209-Cho-Lip (3 mg/kg) on days 11, 14, 17, and 20. (F) Representative images of resected tumors from different groups in the B16-F10 tumor

model (n = 5 per group). Bar = 10 mm. (G) Tumor growth curve of B16-F10 tumors (n = 5 per group), indicating the highest antitumor

efficacy in the combination therapy group. (H-I) Survival curves of mice bearing B16-F10 (H) and 4T1 (I) tumors treated with RT +
1V209-Cho-Lip (n = 10-12 per group). The combination therapy significantly improved survival compared to other groups. (J)

Immunohistochemical staining of Ki67 and CD31 in paraffin-embedded 4T1 tumor sections demonstrated that RT + 1V209-Cho-Lip reduced
proliferation (Ki67) and microvessel density (CD31). Bar = 100 um. Data are presented as means + SEM. Statistical analyses were performed
using one-way ANOVA (D) and two-way ANOVA (C and G). Survival data were analyzed with the log-rank (Mantel-Cox) test (H and I). *P <
0.05; **P < 0.01; ***P < 0.001. Abbreviations: Gy, gray; i.t., intratumoral; RT, radiotherapy.
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1V209-Cho-Lip combined with RT induced effective antitumor immunity in both tumor tissues and tumor-draining LNs.

(A-B) FCM analysis revealed that the combination therapy significantly increased the proportions of active CD8* T cells (CD3*CD8*CD69*
and CD3*"CD8*IFN-y*) within the tumor compared to other treatment groups (n = 5 per group). (C-D) CD4* memory T cells
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groups (Figure 1E-G). Consistently, the combination
therapy was associated with improved mouse survival
compared with monotherapy. Median survival time was
significantly extended in B16-F10 mice treated with RT
+ 1V209-Cho-Lip, with values of 23.0 days for PBS, 23.5
days for 1V209-Cho-Lip, 32.5 days for RT, and 40.0 days
for RT + 1V209-Cho-Lip (Figure 1H). Furthermore, RT
+ 1V209-Cho-Lip significantly enhanced long-term sur-
vival (LTS, defined as survival more than 55 days after
treatment) in mice bearing 4T1 tumors. Approximately
33% (4/12) of mice in the combination group achieved
LTS, compared to none in the other groups (Figure 1I). We
subsequently conducted immunohistochemical analyses
of 4T1 tumor tissues. As illustrated in Figure 1J, the RT +
1V209-Cho-Lip treatment significantly reduced both the
number of Ki67-positive cells and the microvessel density
(measured by CD31 staining) compared to the other
groups. However, mice treated with RT + 1V209-Cho-Lip
did not inhibit secondary tumor growth in 4T1 or B16-F10
tumor models (Supplementary Figure SIA-D). Studies
have demonstrated the superiority of fractionated RT in
inducing antitumor immunity compared with a single
large dose of radiation [25]. Therefore, we administered a
fractionated regimen of 2 Gy X 4 fractions in mice bearing
4T1 tumors. However, no significant difference in tumor
growth inhibition was observed between the combination
therapy and fractionated RT alone (Supplementary Figure
S1E-G). This outcome may partly be attributed to immune
exhaustion or tolerance induced by the fractionated RT.

3.2 | 1V209-Cho-Lip in combination with
RT induced effective antitumor immunity
in both tumor tissues and tumor-draining
LNs

We investigated whether RT combined with 1V209-Cho-
Lip could stimulate antitumor immunity in primary
tumors and tumor-draining inguinal LNs. We found
that activated CD8* T cells (CD3*CD8*CD69™), effec-
tor CD8* T cells (CD3tCD8* IFN-y*), memory CD4%
T cells (CD3tCD4*tCD44%) and memory CD8* T cells
(CD3*CD8*CD44%) were significantly increased in the
combination therapy group compared to the RT or

1V209-Cho-Lip monotherapy groups (Figure 2A-D and
Supplementary Figure S2). DCs are specialized antigen-
presenting cells predominantly located in LNs. There-
fore, we assessed whether the combined treatment could
enhance DCs maturation in the inguinal LNs. As shown
in Figure 2E-F, the RT + 1V209-Cho-Lip treatment
effectively activated DCs, as evidenced by the upregu-
lation of maturation markers CD80 and CD86. Further-
more, this combination therapy significantly increased
the percentages of both CD8* effector memory T cells
(CD8*CD44*tCD62L™) and CD4* central memory T cells
(CD4*CD447CD62L") in the draining inguinal LNs,
outperforming the monotherapy groups (Figure 2G).
Although there was an increasing trend in CD8* cen-
tral memory T cells (CD8TCD447CD62L*) and CD4%
effector memory T cells (CD4tCD441CD62L7), no sta-
tistically significant difference was observed between the
combination therapy and monotherapy (Figure 2G). Addi-
tionally, we found that 1V209-Cho-Lip monotherapy group
and the combination therapy group exhibited reduced
spontaneous metastatic nodules and lower percentages
of polymorphonuclear myeloid derived suppressor cells
(PMN-MDSCs) (Ly6G*Ly6C™™) in the lungs of 4T1 tumor
model when compared to other groups (Supplementary
Figure S3).

3.3 | The combination of 1V209-Cho-Lip
and R-TCM enhanced DCs maturation and
antigen presentation in vitro

We further investigated the effects of RT combined with
1V209-Cho-Lip in DCs in vitro. To simulate the tumor RT
microenvironment in vitro, we employed a conditioned
medium comprising 10% R-TCM along with 1V209-Cho-
Lip (10 pg/mL) to stimulate primary mouse BMDCs. Our
findings revealed a significant increase in the mean flu-
orescence intensity (MFI) of costimulatory molecules,
including CD80 and CD86, on the surface of DCs in
the combination group compared to the other groups
(Figure 3A-B). Additionally, levels of cytokines such as
TNF-a, IL-15, and IL-12 were also markedly elevated
following combination stimulation. However, the secre-
tion of IL-6 in the combination therapy group did not

(CD3*CD4*CD44") and CD8* memory T cells (CD3*CD8*CD44%) were significantly elevated in the tumor microenvironment following
combination therapy (n = 5 per group). (E) Representative histograms of FCM showed enhanced expression of CD80 and CD86 on DCs in
tumor-draining LNs after combination treatment. (F) Quantification of MFI value of CD11c*CD80" and CD11c*CD86™ cells in
tumor-draining LNs (n = 5 per group). (G) Illustrative FCM plots and quantification of effector memory T cells (CD8*CD44*CD62L") and
central memory T cells (CD4*CD44*CD62L") in tumor-draining LNs (n = 4-5 per group). Data are expressed as means + SEM and analyzed
using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. Abbreviations: FCM, flow cytometry; LN, lymph node; MFI,

mean fluorescence intensity; RT, radiotherapy.
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FIGURE 3 The combination of 1V209-Cho-Lip and R-TCM enhanced DCs maturation and antigen presentation in vitro. (A)
Representative histograms of FCM showed the expression of CD40, CD80, and CD86 on DCs following stimulation with 1V209-Cho-Lip (10
pg/mL) and R-TCM (10%). (B) Quantification of MFI value of CD11ct*CD40*, CD11c*CD80*, and CD11c*CD86" cells following stimulation
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differ from that in the radiotherapy group (Figure 3C).
To evaluate the antigen presentation capability of BMDCs
post-stimulation, they were cocultured with CFSE-labeled
splenic lymphocytes derived from B16-OVA-inoculated
mice (Figure 3D). FCM analysis revealed significantly
increased CFSE fluorescence dilution which indicated
1V209-Cho-Lip combined with R-TCM could significantly
contribute to the antigen presentation and the prolifera-
tion of CD8* T cells (Figure 3E and Supplementary Figure
S4A-B). To further explore whether 1V209-Cho-Lip + R-
TCM could induce antigen-specific cell-mediated adaptive
immunity, T cells were collected and labeled with STIN-
FEKL and antibodies for FCM analysis. FCM analysis
indicated a higher percentage of OVA-specific CD8* T cells
(Figure 3F and Supplementary Figure S4C) and IFN-y pro-
duction in both CD4* and CD8* T cells in the combination
group compared to the other groups (Figure 3G and Sup-
plementary Figure S4D). Furthermore, cytokines secreted
by activated T cells, including IFN-y, TNF-a, and IL-6,
were significantly increased after combination stimulation
(Figure 3H). These results suggest that the combination
of 1V209-Cho-Lip and R-TCM effectively promotes DC
maturation and enhances their antigen presentation capa-
bilities, leading to the proliferation and activation of T
cells.

3.4 | The combination of 1V209-Cho-Lip
and R-TCM enhanced IL-1f secretion

To investigate the underlying mechanisms, we employed
high-throughput sequencing to identify transcriptome
changes in DCs following treatment with 1V209-Cho-Lip
(10 pg/mL) and R-TCM (10%). Analysis of the transcrip-
tome sequencing data revealed that IL-13 was significantly
up-regulated after treatment with 1V209-Cho-Lip com-
bined with R-TCM (Figure 4A-B). GO enrichment anal-
ysis further identified that biological processes related to
responses to external stimuli and immune system func-
tions were enriched post-treatment (Figure 4C). IL-13
is activated and released through the inflammasome by

caspase-l1-mediated cleavage of its precursor form [26].
To determine whether 1V209-Cho-Lip and R-TCM induce
IL-183 secretion via the inflammasome pathway, we stimu-
lated BMDCs from WT, Nlrp3~/~, and Caspl~/~ mice with
10 ug/mL of 1V209-Cho-Lip and R-TCM for 48 h. Super-
natants were collected to measure IL-18 levels, revealing
impaired production in Caspl~~ BMDCs and a partial
reduction in Nlrp3~~ BMDCs (Figure 4D), suggesting
IL-18 is secreted through the inflammasome pathway.
Additionally, immunohistochemical analyses of IL-15 in
tumor tissues showed that RT + 1V209-Cho-Lip treatment
significantly enhanced IL-1f secretion (Figure 4E).

3.5 | Oxidized mitochondrial DNA
(ox-mtDNA) from irradiated tumor cells
synergized with 1V209-Cho-Lip to activate
the inflammasome pathway in DCs

RT can induce immunogenic cell death and stimulate
tumor-specific immune responses by exposing and releas-
ing various DAMPs [27]. Our laboratory previously demon-
strated that cationic nanocarriers can trigger cell necrosis
and mtDNA leakage, resulting in innate immune response
in vivo [28]. We hypothesized that oxidized mtDNA from
irradiated tumor cells may act as a DAMP to enhance
antitumor immune responses. To test this hypothesis, we
assessed tumor cell death and ROS generation following
RT in vitro. Tumor cells were exposed to 8 Gy, 16 Gy,
or 32 Gy of radiation, and after 48 h of incubation, they
were analyzed using Annexin-V and PI staining. As shown
in Figure 5A and Supplementary Figure S5A, the total
proportion of early (Annexin V*/PI™) and late (Annexin
V*/PI*) apoptotic cells markedly increased from 2.49%
(Non-IR) to 13.28%, 18.13% and 18.92% in response to 8 Gy,
16 Gy and 32 Gy radiation, respectively. Similarly, radi-
ation treatment induced ROS generation and a decrease
in MMP with increasing radiation doses (Figure 5B-
C and Supplementary Figure S5B-C). Based on these
results, we selected 16 Gy for further investigations. ROS
are highly reactive oxygen-containing molecules that can

with 1V209-Cho-Lip (10 pg/mL) and R-TCM (10%) (n = 3 per group). (C) Supernatants were collected from DCs following stimulation with
1V209-Cho-Lip (10 pg/mL) and R-TCM (10%) to measure levels of IL-13, TNF-«a, IL-12, and IL-6 using CBA analysis (n = 3 per group). (D)
Schematic representation of the coculture system where BMDCs were stimulated and cocultured with CFSE-labeled T cells. (E)
Quantification of percentages of CFSE!®" CD8" T cells after cocultured with BMDCs (n = 3 per group). (F) Quantification of percentages of
the OVA-specific CD8" T cells after cocultured with BMDCs (n = 3 per group). (G) FCM analysis of IFN-y production in CD4* and CD8* T
cells after cocultured with BMDCs (n = 3 per group). (H) Levels of IFN-y, TNF-a, and IL-6 in the supernatants were quantified via CBA (n =3
per group). Data are expressed as means + SEM and analyzed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
Abbreviations: BMDC, bone marrow-derived dendritic cell; CBA, cytometric bead array; CFSE, carboxyfluorescein succinimidyl ester; DC,
dendritic cell; FCM, flow cytometry; IFN, interferon; IL, interleukin; MFI, mean fluorescence intensity; OVA, ovalbumin; R-TCM, irradiated

tumor conditioned medium; TNF, tumor necrosis factor.
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FIGURE 4 The combination of 1V209-Cho-Lip and R-TCM enhanced IL-13 secretion. (A) Heatmap displaying differential mRNA
expression between control and 1V209-Cho-Lip + R-TCM groups (n = 4 per group). (B) Volcano plot showing the top 10 up-regulated and
down-regulated mRNAs in the 1V209-Cho-Lip + R-TCM group. (C) The top 20 enriched genes in the GO biological process categories after
1V209-Cho-Lip + R-TCM treatment. (D) BMDCs from WT, Nlrp3~~, and CaspI~~ mice were stimulated with 1V209-Cho-Lip and R-TCM for
48 h; supernatants were collected to measure IL-183 levels via CBA (n = 3 per group). (E) IL-13 expression in tumor sections assessed by

immunohistochemical staining. The upper images showed the general view of the tumor sections. Bar = 100 um. The lower images showed
the magnified views at 25X magnification. Bar = 20 um. Data are presented as means + SEM, with statistical analyses conducted using
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induce DNA damage through the oxidation of nucleo-
side bases [29]. In contrast to nuclear DNA (nDNA),
which is protected by histones, mtDNA is more susceptible
to ROS-induced damage [30]. To further evaluate oxida-
tive damage, we measured 8-OHdG, a well-established
biomarker of ROS-induced DNA damage [31]. As shown in
Figure 5D, the 8-OHdG levels in tumor cells increased from
11.64% to 36.65% following radiation exposure. Moreover,
immunofluorescence staining demonstrated the colocal-
ization of mitochondria and 8-OHdG in irradiated tumor
cells (Figure 5E), indicating that mtDNA is the primary
target of ROS rather than nDNA. Collectively, these find-
ings suggest that radiation not only induces apoptosis in
tumor cells but also triggers oxidative damage to mtDNA.
To investigate whether irradiated tumor cells could pro-
mote DCs maturation, non-irradiated and irradiated tumor
cells were cocultured with BMDCs for 48 h. FCM anal-
ysis showed that the expression of maturation markers
CD40 and CD80 on DCs were elevated following irradiated
tumor cells stimulation (Supplementary Figure S5D).

To evaluate the direct stimulatory effect of ox-mtDNA
on DCs maturation, we isolated mtDNA from irradiated
tumor cells in vitro and transfected it into BMDCs using
Lipofectamine™ 3000 at a concentration of 5 ug/mL. After
48 h of incubation, we assessed DCs maturation through
FCM and measured cytokine levels in the supernatants. As
illustrated in Supplementary Figure S5E, the isolated ox-
mtDNA significantly enhanced DCs maturation, indicated
by increased expression of CD40, CD80, CD86,and MHC IT
compared to the blank-lipo group. Moreover, the secretion
of cytokines such as TNF-a, IL-6, and IL-15 was markedly
elevated in the ox-mtDNA group (Figure 5F and Supple-
mentary Figure S5F). Previous studies have reported that
ox-mtDNA activates the NLRP3 inflammasome [32, 33].
The activation of the NLRP3 inflammasome leads to its
interaction with apoptosis-associated speck-like protein,
which facilitates the autocatalytic activation of caspase-1.
This activation subsequently cleaves pro-IL-13, resulting in
the production of mature IL-13 [34]. Additionally, AIM2
contributes to inflammasome formation and activation
[35]. We observed that ox-mtDNA significantly increased
the mRNA levels of II-I8 and II-18 in DCs (Supplemen-
tary Figure S5G). To evaluate the impact of ox-mtDNA
on inflammasome activation, we cocultured BMDCs from
WT, Nlrp3~/~ and Caspl~/~ mice with 5 ug/mL ox-mtDNA,
after priming with LPS (500 ng/mL) for 3 h. Following 4
h incubation, we assessed mature IL-13 levels using CBA
and concentrated proteins from the culture supernatants

for immunoblotting. As illustrated in Figure 5G, IL-18
levels were significantly elevated in WT BMDCs after ox-
mtDNA stimulation, whereas production was impaired in
Caspl~/~ BMDCs. A partial reduction in IL-18 production
was observed in Nlrp3~/~ BMDCs, suggesting that ox-
mtDNA may activate inflammasomes other than NLRP3,
such as the AIM2 inflammasome. Immunoblot analysis of
caspase-1 p20 in the supernatants confirmed the secretion
levels of IL-13 (Figure 5H). Additionally, immunofluo-
rescence staining demonstrated that ox-mtDNA induced
caspase-1 activation in BMDCs derived from WT mice
(Figure 5I). Collectively, these findings suggest that ox-
mtDNA can activate inflammasome pathway in DCs. Next,
we investigated whether 1V209-Cho-Lip, a TLR7 agonist,
could activate the NF-xB pathway. BMDCs were stimu-
lated with 1V209-Cho-Lip (5 ug/mL or 10 ug/mL) for 2 h
and 6 h. As shown in Figure 5J, we observed an increase
in p65 phosphorylation without any change in total p65
protein levels. In contrast, phosphorylated IxBa levels
decreased after 2 h due to its degradation by the ubiquitin-
proteasome system [36]. In conclusion, 1V209-Cho-Lip
activates the NF-xB pathway, which is essential for the
expression of pro-IL-15 and NLRP3. Moreover, ox-mtDNA
from irradiated tumor cells synergizes with 1V209-Cho-Lip
to enhance IL-18 production and promote the maturation
of DCs, highlighting their combined potential in antitumor
immunity.

3.6 | The antitumor efficacy of RT +
1V209-Cho-Lip was compromised in I-18~/~
and Caspl~/~ mice

We next investigated the antitumor effect of RT combined
with 1V209-Cho-Lip in Il-18~/~ and CaspI~/~ mice, based
on our previous findings that 1V209-Cho-Lip serves as
the primary signal and ox-mtDNA from irradiated tumor
cells acts as the secondary signal to activate the inflam-
masome pathway in DCs. As anticipated, the combined
antitumor effect of 1V209-Cho-Lip and RT was signif-
icantly diminished in Il-13~/~ and Caspl™~ mice. In
contrast, tumors in both WT and knockout mice showed
similar growth patterns when left untreated (Figure 6A-
B). We subsequently examined the immune response in
both the tumors and tumor-draining LNs. Consistent
with the reduced tumor size, the proportions of acti-
vated CD4™ T cells (CD3*CD4*tCD69%) and CD8™ T cells
(CD3*CD8*CD69%) were lower in tumors from treated

one-way ANOVA. *P < 0.05; ***P < 0.001. Abbreviations: BMDC, bone marrow-derived dendritic cell; caspl, cysteinyl aspartate specific
proteinase 1; CBA, cytometric bead array; GO, gene ontology; IL, interleukin; mRNA, messenger RNA; Nlrp3, NLR family pyrin domain

containing 3; R-TCM, irradiated tumor conditioned medium; WT, wild type.

85U8017 SUOWWOD 8A 1D 8|cedl|dde aup Aq paueAob a8 SB[olie O ‘88N 4O Sa|nI 10j ARIg1TBUIIUO A8]IM UO (SUORIPUOD-PUR-SLUBI WD A 1M Afe.q)1BUI|UO//SA1Y) SUORIPUOD PR SWLB | 84} 885 *[520z/70/ET] Uo AreigiTauliuo A8lim * uli Bueixiyz Aq $200/ '29e0/200T OT/I0p/w0d A im Areiq iUl juo//Sdiy Wwol pepeojumod ‘0 ‘8YSEEZSe



CANCER
14 | COMMUNICATIONS

HAN ET AL.

ok o

(A) sk (B) (C) —1 Non-IR
Non-IR IR (16 Gy) 209 1 — IR
o 15 < 60 o
o ) Q E=E & —
0.88% 1:f1-8 %o é 15 © sk = iy
: o s 2 40
2 10 ¢ 10 &
2 o 2
k- IS} ° - $ 20
96.72% (0.92% g5 © 05 ] S
. 5 : 2
Annexin-V 0 > 00 LS; T 0
(\,\Q‘o‘\\ & ¢ ROS —————» & &
%o '\% 00 OQ
€ N N
(D) (E) Tomm20
— Non-IR
—=a IR @
< 50 Sk @
c i <
] % 40 "Ta 5
=>5<_ 30
] o 20
£ 8 10
o I
O Ol 0 o
T T (e
8-OHdG ——— N
&
(F) (G) (H)
5 1800+ ok — e WT Nirp3” Casp1”
€ f g’ 80007 =3 wT OxmiDNA
D 1600+ = = Nip3” L 0kD X -t -t R J
s D 60001 = Caspr” pea g 70kDa  —
— 1400 £ asp Lo 55kDa | s
C
S 1200+ S 4000+ 40kDa | -
© v =
s 1000+ ® i »
2 400+ o < 2000 - 35kDa |
S L S 1007
S 3001 8 ‘8o ns 25kDa [ L
o ; 5 — -
200 S 60] . o i
2 100 O 404 £, il : /4
2 ol < 204 ﬂ ™ 15kDa. [_—
4 T T
Mock Ox-mtDNA  10kDa e — ‘
(l) Caspase1
o
g
o
=L
3
m
<
Z
Q
5
x
o]
V) 2h 6h 2h 6 h
-1kB = ctrl
(psexr33) | I I I-"’ T — —-| 159 = 5 yg/mL 1v209-Cho-Lip
[P 3 10 pg/mL 1V209-Cho-Lip S
[KBul--___ll—__—lggmmms 2%
65 55 £g
p-p - — 36 o 55
(Sersse)l ~ | £2 i £2
g5 5 g0
- (S . = gl B
(nlul O0c:~ 0 annn

[N o) [ [ pr—p——

o

p-lkBa  IkBa

Ctrl 5
FIGURE 5

10 LPS

Ctrl 5

10 LPS

p-p6S

p65 IkBa

p-IkBa

p-p65  p65

Ox-mtDNA from irradiated tumor cells synergized with 1V209-Cho-Lip to activate the inflammasome pathway in DCs. (A)

Tumor cells were treated with 16 Gy radiation and then cultured in medium for 48 h. The percentages of apoptotic cells were detected by FCM

after Annexin V/PI staining. Representative scatterplots of apoptotic tumor cells were shown in the left panel and quantified in the right
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Caspl~/~ mice compared to those from treated WT mice
(Figure 6C-D). Additionally, the expression of the DCs
costimulatory molecules CD80 and CD86 in the tumor-
draining LNs of treated Caspl~~ mice was also lower than
that in treated WT mice (Figure 6E). Taken together, these
findings indicate that the inflammasome pathway is cru-
cial for the antitumor immune response elicited by the
combined therapy of RT and 1V209-Cho-Lip.

We further evaluated the safety of 1V209-Cho-Lip com-
bined with RT in 4T1 tumor model. No significant changes
in body weight were observed (Supplementary Figure
S6A). H&E staining showed no notable damage or abnor-
malities in the tissues of the major organs, suggesting
that the treatment was well-tolerated and did not nega-
tively impact organ function or structure (Supplementary
Figure S6B). Moreover, serum biochemical analysis of
mice from the combined therapy group revealed no sig-
nificant abnormalities (Supplementary Figure S7). These
findings underscore the favorable safety profile of the
combined therapy in this study. Mechanistically, 1V209-
Cho-Lip activates the NF-xB signaling pathway, promot-
ing the expression of pro-IL-15. Additionally, Ox-mtDNA
released from irradiated tumor cells synergistically acti-
vates the inflammasome pathway in DCs, leading to IL-15
production and subsequent DCs maturation. This, in turn,
stimulates T cell-mediated immune responses, amplifying
the antitumor effect of the combined therapy (Figure 6F).

4 | DISCUSSION

In this study, we demonstrated that 1V209-Cho-Lip com-
bined with RT inhibited tumor growth and enhanced anti-

tumor immunity through activation of the inflammasome-
IL-18 pathway. This conclusion is supported by the fol-
lowing findings: (1) the combination therapy inhibited
tumor progression and prolonged survival in both 4T1
and B16-F10 tumor models; (2) 1V209-Cho-Lip in combi-
nation with R-TCM could enhance maturation, antigen
presentation and IL-18 secretion of DCs, further activat-
ing T cells to exert antitumor effects; (3) radiation induced
apoptosis in tumor cells and triggered oxidative dam-
age to mtDNA, generating oxidized mtDNA as a DAMP;
(4) ox-mtDNA synergized with 1V209-Cho-Lip to activate
the inflammasome pathway in DCs; (5) the antitumor
efficacy of 1V209-Cho-Lip combined with RT was dimin-
ished in II-18~/~ and Caspl™/~ mice. In summary, our
results elucidate the mechanisms by which 1V209-Cho-
Lip and RT synergize to enhance antitumor immunity via
inflammasome-IL-15 activation in DCs, highlighting the
potential therapeutic efficacy of this combination strategy
for cancer treatment.

Previous studies have reported synergistic effects when
TLR7 agonists are combined with RT. A recent investi-
gation demonstrated that systemic administration of the
TLR7/8 agonist R848 significantly enhanced the antitu-
mor response induced by stereotactic body RT in murine
models of pancreatic cancer, primarily by modifying the
tumor immune microenvironment [37]. In mouse mod-
els of T and B cell lymphomas, the combination of R848
with RT resulted in long-lasting tumor clearance by pro-
moting the expansion of tumor antigen-specific CD8*
T cells [6]. However, the primary concern with TLR7
agonists is their potential to cause immune-related toxi-
cities, due to the broad expression of TLR7 on immune
cells and various normal tissues. For example, sustained

panel (n = 4 per group). (B) MMP in non-IR and IR tumor cells was assessed by FCM using JC-1 staining (n = 4 per group). (C) ROS

generation was significantly elevated in IR tumor cells compared to non-IR cells, as indicated by FCM histograms and quantification (n = 3
per group). (D) Representative histograms of FCM and quantification of 8-OHdG expression, a marker of oxidative mtDNA damage, in
non-IR and IR tumor cells (n = 3 per group). (E) Immunofluorescence staining was performed using anti-8-OHdG antibody (green), Tomm20
(red), and DAPI (blue, for cell nuclei) in non-IR and IR tumor cells, indicating that mtDNA is the primary target of radiation-induced ROS.
Bar = 5 um. (F) BMDCs were stimulated with ox-mtDNA isolated from irradiated tumor cells, and IL-1f secretion in the supernatants was
measured by CBA. LPS was used as positive control (n = 3-4 per group). (G) BMDCs from WT, Nlrp3~~, and Caspl~~ mice were stimulated
with 5 yg/mL ox-mtDNA for 4 h following priming with LPS (500 ng/mL). The supernatants were then collected and analyzed for IL-133 levels
using CBA (n = 3 per group). (H) BMDCs from WT, Nlrp3~~, and Caspl~~ mice were stimulated with 5 ug/mL ox-mtDNA for 4 h following
priming with LPS (500 ng/mL). The expression of caspase-1 p20 in the supernatants was detected by immunoblotting after concentration. (I)
Immunofluorescence staining was performed for caspase-1 (red), CD11c (green), and DAPI (blue, for cell nuclei) in DCs stimulated with 5
ug/mL ox-mtDNA for 24 h. Bar = 5 um. (J) BMDCs were stimulated with 1V209-Cho-Lip (5 pg/mL or 10 ng/mL) for 2 h and 6 h. The
expression levels of GAPDH, p65, p-p65, IxBa, and p-IxBa were assessed by immunoblotting, with LPS used as positive control. Data are
presented as means + SEM and were analyzed using two-tailed Student’s t-tests (A-D), one-way ANOVA (F and J), and two-way ANOVA (G).
**P < 0.01; ***P < 0.001; n.s., not significant. Abbreviations: 8-OHdG, 8-hydroxy-2’-deoxyguanosine; BMDC, bone marrow-derived dendritic
cell; caspl, cysteinyl aspartate specific proteinase 1; CBA, cytometric bead array; DC, dendritic cell; FCM, flow cytometry; Gy, gray; IL,
interleukin; IR, irradiated; IxBe, inhibitor kappa B alpha; LPS, lipopolysaccharides; MMP, mitochondrial membrane potential; Nlrp3, NLR
family pyrin domain containing 3; non-IR, non-irradiated; Ox-mtDNA, oxidized mitochondrial DNA; p-IxBa, phosphorylated IxBe; p-p65,
phosphorylated p65; ROS, reactive oxygen species; Tomm?20, translocase of outer mitochondrial membrane 20; WT, wild type.
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FIGURE 6 The antitumor efficacy of RT + 1V209-Cho-Lip was compromised in II-I3~~ and CaspI~~ mice. (A) Images of resected
tumors and tumor growth curve for WT and II-18~/~ mice bearing established B16-F10 tumors, with or without combination therapy (n = 4-5
per group). Bar = 10 mm. (B) Images of resected tumors and tumor growth curve for WT and Caspl~~ mice bearing established B16-F10
tumors, with or without combination therapy (n = 6 per group). Bar = 10 mm. (C-D) FCM plots and quantification showed significantly lower
percentages of activated CD4* T cells (CD3*CD4+CD69*, C) and CD8* T cells (CD3*CD8*CD69*, D) in tumors of CaspI ™~ mice compared
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stimulation of TLR7 has been shown to induce lymphope-
nia, splenomegaly, increased levels of pro-inflammatory
cytokines, and a reduction in lymphoid subsets [19]. To
address these concerns, our team previously developed
cholesterolized TLR7 agonist liposomes, 1V209-Cho-Lip,
which demonstrated minimal toxic effects and no severe
immune-related adverse events. Despite its favorable
safety profile, 1V209-Cho-Lip exhibited limited efficacy
when used alone in treating 4T1 subcutaneous tumors
[21]. In this study, we treated 4T1 and B16-F10 subcuta-
neous tumors with a combination of 1V209-Cho-Lip and
RT, yielding significant antitumor efficacy and demon-
strating a favorable safety profile. Additionally, while the
mechanisms underlying the synergy between RT and
TLR7 agonists remain poorly understood, our findings
provide new insights into the potential mechanisms driv-
ing the enhanced antitumor response observed with this
combination therapy.

Irradiation-driven immunogenic cell death can result
in the exposure or release of various DAMPs, includ-
ing the translocation of calreticulin (CRT) to the cell
surface and the extracellular release of high mobility
group box 1 (HMGBI) and adenosine triphosphate (ATP)
[38-40]. Additionally, X-rays can induce the generation of
endogenous ROS in mitochondria and alter mitochondrial
membrane permeability, further amplifying ROS levels [41,
42]. Elevated levels of ROS can lead to the oxidation of
DNA bases. Due to the absence of protective histones and
repair proteins, mtDNA is particularly vulnerable to ROS-
induced damage compared to nuclear DNA [30]. In this
study, we observed a significant increase in ROS generation
and a reduction in MMP following radiation treatment.
Furthermore, the levels of 8-OHdG, a marker of oxidative
DNA damage, in irradiated tumor cells were elevated, and
this modification was found to colocalize with mitochon-
dria, consistent with previous findings [43]. The isolated
ox-mtDNA from irradiated tumor cells was shown to stim-
ulate DCs maturation in vitro. Thus, we propose that ox-
mtDNA, acting as DAMPs, plays a pivotal role in activating
the antitumor immune response in the RT + 1V209-Cho-
Lip treatment group. However, our study does not rule out
the potential involvement of other DAMPs, such as ATP, in
effectively eliciting antitumor immunity. Indeed, previous
research has demonstrated that ATP released from dying
tumor cells activates P2X(7) purinergic receptors on DCs,
thereby triggering a CD8* T cell immune response [44].

Our study demonstrated that oxidized mtDNA activates
the inflammasome pathway in DCs, resulting in the pro-
duction of IL-15. Previous research has underscored the
essential role of mitochondria in NLRP3 inflammasome
activation [23, 32, 45]. Shimada et al. [32] reported that
ox-mtDNA released during programmed cell death trig-
gers NLRP3 inflammasome activation. In our experiments,
IL-13 production was reduced in Caspl~~ and Nlrp3~/~
BMDCs when cocultured with ox-mtDNA, underscoring
the involvement of the NLRP3 inflammasome and caspase-
1lin this process. Han et al. [46] demonstrated that radiation
induced the activation of both AIM2 and NLRP3 inflam-
masomes. Moreover, tumors transplanted into Caspl_/ -
or Aim2~/~NIrp3~/~ mice showed resistance to radiation
treatment, emphasizing the critical role of inflammasome
signaling in mediating the antitumor effects of RT. The
synergy between ox-mtDNA and 1V209-Cho-Lip in stimu-
lating the inflammasome pathway provides a mechanistic
link between radiation-induced cell death and the subse-
quent activation of the immune system, further amplifying
the therapeutic effects of the combination treatment.

However, the study has several limitations. First, our
study primarily relies on animal models, and while these
models are valuable for understanding mechanisms, they
may not fully represent human physiological responses.
Second, although the inflammasome-IL-13 pathway is
identified as a key mechanism, other potential mecha-
nisms contributing to the antitumor effects of the therapy
remain unexplored. The complex interactions between
the therapies and other immune cells or signaling path-
ways are yet to be fully understood. Third, the study does
not compare the combination therapy to other standard
or emerging treatments. Without such comparisons, it
is challenging to determine whether the combination of
1V209-Cho-Lip and RT provides a superior or comparable
therapeutic benefit to existing approaches.

5 | CONCLUSIONS

In conclusion, the combination of 1V209-Cho-Lip and RT
demonstrated significant antitumor efficacy by activating
the inflammasome-IL-18 pathway in DCs. These findings
highlight a promising strategy for developing combinato-
rial therapeutic approaches that leverage both direct tumor
cell targeting and immune system activation, thereby

to WT mice following combination therapy (n = 5 per group). (E) Representative FCM histograms and quantification of DCs maturation

markers in tumor-draining LNs (n = 6 per group). (F) Schematic illustration summarizing the mechanism of the antitumor immune response
induced bylV209-Cho-Lip in combination with RT. Data are presented as means + SEM, and analyzed with two-way ANOVA test. *P < 0.05;
**P < 0.01; n.s., not significant. Abbreviations: caspl, cysteinyl aspartate specific proteinase 1; DC, dendritic cell; FCM, flow cytometry; IL,

interleukin; LN, lymph node; RT, radiotherapy; WT, wild type.
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improving treatment outcomes in cancer patients. Further
studies are warranted to explore the clinical relevance of
this combination therapy.
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