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The activation of antitumor immunity through strategically designed nanomedicine presents a promising
approach to overcome the limitations of conventional cancer therapies. In this work, bioinformatic
analysis found an abnormal poly(ADP-ribose) polymerase-1 (PARP-1) expression in breast cancer, linked
to the cyclic GMP-AMP synthase (cGAS)-stimulator of the interferon gene (STING) pathway and immune
suppression. PARP-1 inhibitor screening revealed olaparib (Ola) as a promising candidate, enhancing
DNA damage and potentiating the immunotherapeutic response. Consequently, a self-promoted tumor-
targeting nanomedicine (designated as PN-Ola) was proposed to activate STING-driven antitumor
immunity through photodynamic DNA damage and PARP inhibition. PN-Ola was composed of
a programmed death-ligand 1 (PD-L1) targeting amphiphilic peptide-photosensitizer conjugate (Cie-
K(PpIX)-WHRSYYTWNLNT), which effectively encapsulates Ola. Notably, PN-Ola demonstrated selective
accumulation in tumor cells that overexpress PD-L1, while concurrently enhancing PD-L1 expression,
thereby establishing a self-promoting mechanism for improved drug accumulation within tumor cells.
Meanwhile, the photodynamic therapy (PDT) effects of PN-Ola would result in oxidative DNA damage
and subsequent accumulation of DNA fragments. Additionally, the PARP inhibition provided by PN-Ola
disrupted the DNA repair pathways in tumor cells, leading to a boosted release of DNA fragments that
further stimulated STING-driven antitumor immunity. The synergistic mechanism of PN-Ola effectively
activates the immunotherapeutic response by enhancing T cell activation and infiltration, leading to the
eradication of metastatic tumors without inducing side effects. This study presents a promising strategy
to overcome targeting ligand heterogeneity while activating systemic antitumor immunity for the
effective eradication of metastatic tumors.
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Upon activation, STING triggers the release of type I interferons
and pro-inflammatory cytokines, facilitating dendritic cell
maturation and the subsequent activation of cytotoxic T
lymphocytes (CTLs), essential for a robust antitumor immune
response.*® Among the various strategies to induce the release
of tumor-derived DNA fragments, photodynamic therapy (PDT)
has emerged as a particularly attractive option due to its non-
invasive nature and precise, on-demand controllability.*” PDT

Introduction

The activation of antitumor immunity has garnered significant
interest in the realm of cancer immunotherapy, as it seeks to
harness the immune cells to recognize and eradicate malignant
cells. A critical mediator in this process is the stimulator of the
interferon gene (STING) pathway, a critical sensor of tumor-
derived DNA that triggers a cascade of immune responses.'”
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generates reactive oxygen species (ROS), leading to DNA damage
and immunogenic cell death (ICD) in tumor cells.*** However,
the effectiveness of PDT is often undermined by the activation
of DNA repair pathways within tumor cells, which can mitigate
the immunomodulatory effects and limit therapeutic efficacy."*
To overcome this challenge, the use of poly ADP-ribose poly-
merase (PARP) inhibitors, known for their role in blocking DNA
repair, presents a compelling complementary strategy. By
inhibiting PARP, the repair of PDT-induced DNA damage is
prevented, leading to increased cellular stress and the amplifi-
cation of immunogenic signals required for sustained STING
pathway activation.”*™* This synergistic approach not only
heightens the susceptibility of tumor cells to PDT but also
enhances the overall antitumor immune response, offering
a promising avenue for improving the efficacy of photo-
immunotherapy.

Despite the potential of combining PDT with PARP inhibition,
substantial challenges remain in fully exploiting their immuno-
therapeutic synergy. Chief among these is the challenge of
achieving site-specific co-delivery of both the photosensitizer and
PARP inhibitor to enhance synergistic immunomodulation while
reducing off-target toxicity." Recent advancements in drug co-
delivery systems offer a promising solution, particularly for tar-
geting tumor cells that overexpress programmed death-ligand 1
(PD-L1), a crucial immune checkpoint protein that enables
tumors to evade immune detection.'®"” However, the heteroge-
neous expression of PD-L1 within and across tumor types pres-
ents an essential obstacle, often leading to suboptimal drug
delivery and reduced therapeutic efficacy.'® To address this, there
has been growing interest in developing self-promoting drug
delivery systems that modulate their targeting receptors,
expanding the targeting efficiency and improving overall drug
accumulation in tumors.'**® Despite these advancements, there
are very few reported strategies that actively modulate PD-L1
expression to enhance STING-driven anti-tumor immunity.
Such approaches may provide a dual benefit of improving drug
delivery efficiency while simultaneously amplifying immune-
mediated tumor eradication.

In this study, bioinformatic analysis revealed the abnormal
expression of PARP-1 in breast cancer, which was closely linked
to the cyclic GMP-AMP synthase (cGAS)-STING signaling pathway
and immune suppression. Screening of PARP-1 inhibitors iden-
tified olaparib (Ola) as a promising therapeutic candidate,
demonstrating its capacity to significantly amplify DNA damage,
thereby potentiating the immunotherapeutic response in breast
cancer. Based on these mechanistic insights, a self-promoted
tumor-targeting nanomedicine (designated as PN-Ola) was
fabricated to activate STING-driven antitumor immunity through
photodynamic DNA damage and PARP inhibition. Among them,
PN-Ola was synthesized by encapsulating PARP inhibitor Ola into
a PD-L1 targeting amphiphilic peptide-photosensitizer conjugate
of C;6-K(PpIX)-WHRSYYTWNLNT (Scheme 1A). Benefiting from
the targeting peptide sequence, PN-Ola exhibited selective
accumulation in tumor cells overexpressing PD-L1. Interestingly,
PN-Ola not only targeted these cells but also enhanced PD-L1
expression, creating a self-promoted tumor targeting mecha-
nism for improved drug accumulation. Upon light irradiation,
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Scheme 1 Schematic representation of PN-Ola to activate STING-
driven anti-tumor immunity by photodynamic DNA damage and PARP
inhibition. (A) Chemical structure of the chimeric peptide and sche-
matic illustration of PN-Ola preparation. (B) PN-Ola demonstrated
selective accumulation in tumor cells that overexpress PD-L1, while
concurrently enhancing PD-L1 expression, thereby establishing a self-
promoting mechanism for improved drug accumulation within tumor
cells. Subsequently, the PDT effects of PN-Ola would result in oxida-
tive DNA damage and subsequent accumulation of DNA fragments.
Additionally, the PARP inhibition provided by PN-Ola disrupted the
DNA repair pathways in tumor cells, leading to a boosted release of
DNA fragments that further stimulated STING-driven antitumor
immunity. The synergistic effects of PN-Ola could activate the
immunotherapeutic response by enhancing T cell activation and
infiltration, leading to the eradication of lung metastatic tumors.

PN-Ola produced substantial ROS within tumor cells, resulting in
oxidative DNA damage and subsequent accumulation of DNA
fragments. Additionally, the PARP inhibition provided by PN-Ola
disrupted the DNA repair pathways in tumor cells, leading to the
release of DNA fragments that further stimulated STING-
mediated antitumor immunity. In vitro and in vivo assays
established that PN-Ola significantly enhanced tumor-targeting
drug delivery efficiency while simultaneously activating immu-
notherapeutic responses, thereby effectively eradicating meta-
static tumors through its intricate immune activation
mechanism (Scheme 1B).

Results and discussion

The close association between PARP-1 overexpression and the
¢GAS-STING pathway in breast cancer immunity

To elucidate the molecular discrepancies between breast cancer
and normal tissues, differentially expressed genes were
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systematically analyzed using data from The Cancer Genome
Atlas (TCGA). This analysis revealed that PARP-1 was signifi-
cantly overexpressed compared to normal tissues, suggesting its
pivotal role in oncogenesis (Fig. 1A). To further explore their
functional interactions, protein interaction networks were
constructed using the STRING database. The results evidenced
that proteins closely associated with PD-L1 and PARP-1
predominantly converge on the cGAS-STING signaling axis,
a pathway critical for DNA damage sensing and immune acti-
vation (Fig. 1B). Enrichment analysis through the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database provided
additional insight, highlighting that PARP-1 is intricately linked
to PD-L1 regulation and engages with pathways involving cyto-
plasmic DNA sensing, JAK-STAT signaling, and T-cell-mediated
immunity (Fig. 1C). These findings collectively confirmed the
interconnected roles of PD-L1 and PARP-1 in modulating the
tumor microenvironment and immune response, laying
a foundation for further investigation into their therapeutic
potential in breast cancer. Given the critical role of immune cell
infiltration in determining the efficacy of immunotherapeutic
strategies, the relationship between PARP-1 expression and
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Fig. 1 Bioinformatic analysis of PARP-1 in breast cancer and the
fabrication of PN-Ola. (A) Differential expression of PARP-1 between
breast cancer (BRCA) tissue and normal tissue was analyzed using the
GEPIA database. (B) Protein—protein interaction (PPI) network asso-
ciated with PARP-1. (C) Top 17 pathways identified through KEGG
pathway enrichment analysis. (D) Correlation between PARP-1
expression and the infiltration of immune cells. (E) Western blot of -
H>AX expression and (F) the quantitative analyses in 4T1 cells after
treatment with Ola, Ruc and Nir. (G) Particle size and transmission
electron microscopy (TEM) image of PN-Ola (scale bar: 1000 nm). (H)
Changes in hydrodynamic size and polydispersity index (PDI) of PN-
Ola over 72 hours (n = 3). () UV-vis spectra of PplX, Ola, PN, and PN-
Ola. (J) Measurement of *O, production by Ola, PN, and PN-Ola, with
or without light irradiation. *P < 0.05 was tested via a Student's t-test.
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immune cell dynamics was further investigated. Interestingly,
the analysis displayed a positive correlation between elevated
PARP-1 expression and increased infiltration of CD4" and CD8"
T cells, as well as dendritic cells (DCs) (Fig. 1D). However,
pharmacological inhibition of PARP-1 is a recognized thera-
peutic strategy, it might ostensibly hinder immune cell infil-
tration and compromise antitumor immunity. A plausible
explanation lies in the dual role of PARP-1 in DNA damage
repair and immune regulation. On one hand, PARP-1 inhibition
enhances tumor immunogenicity by preventing DNA repair,
leading to cytoplasmic DNA accumulation and subsequent
activation of the cGAS-STING pathway. On the other hand,
elevated PARP-1 expression facilitated immune cell recruitment
via the regulation of immunomodulatory pathways. These
findings verified that pharmacological modulation of PARP-1
might provide a dual benefit — impairing tumor growth while
enhancing antitumor immune responses — making it a prom-
ising therapeutic target for breast cancer immunotherapy.

The cGAS-STING pathway is central to anticancer immunity,
serving as a critical bridge between innate and adaptive
immune responses through the production of type I interferons
(IFNs).”*** Given the dual roles of PARP-1 in DNA repair and
immune modulation and through systematic screening of
clinically available options, three FDA-approved PARP inhibi-
tors of Olaparib, Niraparib and Rucaparib were selected based
on their established clinical profiles and therapeutic utility. It
was systematically evaluated to identify the optimal candidate
for chemotherapeutic combinations. Mechanistically, PARP
inhibitors impede PARPase activity, thereby preventing the
repair of DNA single-strand breaks, which subsequently accu-
mulate and escalate into DNA double-strand breaks (DSBs).>* As
a hallmark of DSBs, phosphorylated histone H2AX (y-H,AX)
acts as a molecular sensor signaling their initiation and serves
as a reliable indicator of DNA damage within cells.”* Among the
tested inhibitors, Olaparib treatment induced the most
pronounced accumulation of DSBs in 4T1 cells, as evidenced by
significantly elevated y-H,AX expression (Fig. 1E). Quantitative
analysis verified that y-H,AX protein levels in the Olaparib-
treated group were 1.73 times higher than those in the
untreated control group (Fig. 1F). Based on these results, Ola-
parib demonstrated superior efficacy in disrupting DNA repair
and enhancing DNA damage, thereby emerging as the most
promising PARP-1 inhibitor for subsequent investigations
aimed at integrating DNA repair disruption with immuno-
modulatory therapies. This selection paves the way for further
studies on its potential to amplify antitumor immunity through
c¢GAS-STING pathway activation.

Synthesis and characterization of self-promoted tumor-
targeting nanomedicine

Non-specific drug distribution significantly diminishes thera-
peutic efficacy and raises concerns regarding systemic toxicity.
Additionally, the co-delivery of synergistic drug combinations to
the same tumor cells enhances therapeutic outcomes by
ensuring synchronized action. To address these challenges,
a PD-Li-targeting peptide (WHRSYYTWNLNT) was employed,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which specifically binds PD-L1. This peptide serves a dual
function: facilitating targeted drug delivery and acting as a PD-
L1 blockade to counteract tumor immune evasion.* To enable
amphiphilic modifications, hydrophobic palmitic acid and
protoporphyrin IX (PpIX) were conjugated to the peptide via
a lysine linker, forming a self-assembling photosensitizer-
peptide conjugate (C;6-K(PpIX)-WHRSYYTWNLNT, PN). PpIX
functioned as a photosensitizer, generating reactive oxygen
species (ROS) under light irradiation to damage DNA, activating
the STING pathway and inducing immunogenic cell death (ICD)
to enhance tumor immunogenicity,. WHRSYTYTWNLNT
specifically bound PD-L1, enabling targeted delivery to PD-L1
overexpression tumor cells. PN was synthesized via solid-
phase peptide synthesis, and its molecular weight was deter-
mined to be 1276.1 [M + 2H]*" using ESI-MS (Fig. S1, ESIY).
Characterization confirmed that PN formed stable nano
micelles with a particle size of 102.3 nm and a polydispersity
index (PDI) of 0.198, maintaining stability for up to 72 hours
(Fig. S2A and B, ESIT). Upon loading PN with the PARP inhibitor
Ola, the resulting PN-Ola nanocomposite exhibited an
increased particle size of 113.5 nm and a PDI of 0.195. TEM
imaging confirmed its rod-shaped nanostructure, and PN-Ola
demonstrated remarkable stability in water over 72 hours,
with a PDI below 0.3 (Fig. 1G and H). UV-vis absorption spectra
verified characteristic peaks of PpIX at 400 nm and 530 nm,
confirming successful drug loading (Fig. 1I). Following that, the
zeta potential of PN-Ola was evaluated to be about 21.40 mV
(Fig. S3, ESIt). Quantitative analysis by HPLC and UV-vis spec-
trophotometry determined the concentrations of PN and Ola in
PN-Ola to be 1278.0 mg L™" and 52.7 mg L', respectively
(Fig. S4A and B, ESIt). Furthermore, the stability and drug
release profile of PN-Ola under physiological conditions were
evaluated. PN-Ola maintained its size and PDI in 10% serum
and PBS for over 60 hours, demonstrating excellent in vivo
stability and biocompatibility (Fig. S5A and B, ESIT). Moreover,
over 90% of Ola was released from PN-Ola in PBS, confirming its
efficient drug release capabilities (Fig. S5C, ESIt). The produc-
tion of singlet oxygen ('0,) by PN-Ola was assessed using
a SOSG fluorescent probe. Following light exposure, the PN-Ola
group exhibited a remarkable 'O, generation capacity, 15-fold
greater than the control group (Fig. 1J). These results high-
lighted the superior photodynamic and drug delivery properties
of PN-Ola, establishing a robust foundation for its application
in breast cancer therapy.

Self-promoted tumor targeting behavior of PN-Ola in vitro

The internalization behavior of PN-Ola was assessed in breast
cancer cells, with normal cells serving as controls. Cellular
uptake was examined in three cell lines: 3T3, L929, and 4T1.
Confocal microscopy revealed that PN-Ola (red fluorescence)
was internalized by all three cell types after 8 hours of incuba-
tion, with the highest intensity observed in 4T1 cells (Fig. 24A).
This finding indicated a preferential uptake of PN-Ola by 4T1
cells, a trend confirmed by fluorescence quantification over
different incubation times (2, 4, and 8 hours). Specifically, at 8
hours, the uptake of PN-Ola in 4T1 cells was significantly greater

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Self-promoted tumor targeting behavior of PN-Ola in vitro. (A)
CLSM images showed the cellular uptake of PN-Ola in 3T3, L929, and
4T1 cells at various time points. Scale bar: 10 um. (B) Flow cytometry
analysis of cellular uptake in 3T3, COS7, and 4T1 cells. (C) Time-
dependent CLSM images of PN uptake in 4T1 cells, with pre-treatment
of anti-PD-L1 antibody for 24 hours as a control. Scale bar: 10 um. (D)
Flow cytometry analysis of PN uptake in 4T1 cells and anti-PD-L1
antibody pre-treated 4T1 cells. (E) CLSM images of PN uptake in 4T1
cells with or without Ola pretreatment, along with PD-L1 expression
visualization. Scale bar: 10 pm. (F) Western blot analysis of PD-L1
expression. (G) Quantitative analysis of PD-L1 expression after treat-
ment with Ola, PN, and PN-Ola. (H) CLSM images of 4T1 cellular
uptake after treatment with PN or PN-Ola at different time points.
Scale bar: 10 um. (I) Flow cytometry analysis of 4T1 cellular uptake after
treatment with PN or PN-Ola at various time points. *P < 0.05, **P <
0.01 and ***P < 0.001 were determined using a Student's t-test.

than in 3T3 and L929 cells, with 4T1 uptake being 4.4-fold and
3.9-fold higher than in 3T3 and L929, respectively (Fig. 2B). The
enhanced uptake in 4T1 cells was hypothesized to result from
the high expression of PD-L1, enabling PN-Ola to selectively
target and bind PD-L1. When employing PN-Ola nanomedicine,
this Ola-mediated PD-L1 regulation could potentially influence
cellular internalization characteristics. Therefore, PN was
utilized to confirm the PD-L1 specificity of PN-Ola, cells were
pretreated with an anti-PD-L1 antibody to block PD-L1 on the
cell surface. This pretreatment markedly reduced PN uptake,
supporting that PN enters cells via PD-L1 receptor-mediated
endocytosis (Fig. 2C). Quantitative analysis showed that
untreated 4T1 cells internalized 22% more PN compared to cells
pretreated with the anti-PD-L1 antibody after 8 hours of incu-
bation (Fig. 2D). These results demonstrated the efficacy of
surface engineering with a PD-L1-targeting peptide sequence in
promoting the selective targeting and internalization of PN-Ola

Chem. Sci., 2025, 16, 9756-9765 | 9759
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into breast cancer cells. This targeted delivery strategy not only
enhanced drug accumulation in cancer cells but also mini-
mized off-target effects, highlighting its potential for precise
breast cancer therapy.

Developing self-promoting tumor-targeting strategies to
enhance drug delivery effectiveness could complement the use
of tailored nanodrugs for targeted tumor therapy. PARP inhib-
itors, such as Ola, are known to induce DNA damage and acti-
vate the STING-TBK1-IRF3 pathway in tumors, which
subsequently upregulates PD-L1 expression.”**” As shown in
Fig. 2E, baseline PD-L1 expression was observed in untreated
cells, while pretreatment with Ola significantly elevated PD-L1
levels in both the blank and PN-treated cells. Immunoblotting
results further confirmed that Ola-treated cells exhibited an
elevated PD-L1 protein level, with PN-Ola-treated cells display-
ing the highest expression (Fig. 2F). Quantitative analysis
showed a 2.14-fold increase in PD-L1 protein in the Ola group
compared to the blank group, and a remarkable 3.66-fold
increase in the PN-Ola group (Fig. 2G). These findings indicated
that PN-Ola not only facilitates active targeting of PD-L1 but also
enhances PD-L1 expression via Ola-induced pathways,
promoting a positive feedback loop that sustains nanomedicine
uptake by tumor cells. To validate this self-promoted mecha-
nism, cellular uptake of PN and PN-Ola was compared at various
time points. PN-Ola uptake was consistently and significantly
higher than that of PN alone, with increases of 17.5%, 14.0%,
15.0%, and 43.5% observed over PN at different incubation
times (Fig. 2H and I). These findings collectively demonstrated
that PN-Ola effectively targets PD-L1, promoting its endocytosis
by tumor cells. Additionally, the Ola component induces upre-
gulation of PD-L1 expression, establishing a positive feedback
loop that enhances the active targeting capability of PN-Ola.
This self-promoting mechanism significantly improved the
internalization and bioavailability of PN-Ola within tumors,
providing a promising strategy to enhance drug delivery effi-
ciency while addressing the heterogeneous distribution and
personalized variations of PD-L1.

Anti-proliferation ability of PN-Ola

The oxidative damage to proteins, lipids, and DNA significantly
contributes to the antiproliferative effects of PDT, where the
cytotoxicity of a photosensitizer is primarily determined by its
ROS production capacity.”® To evaluate the ROS generation
ability of PN-Ola, cells were treated with the DCFH-DA fluores-
cent probe. As shown in Fig. 3A, distinct green fluorescence was
observed in the PN (+) and PN-Ola (+) groups, indicating robust
ROS production. Quantitative analysis further confirmed that
significant ROS generation occurred only in the light-exposed
PN and PN-Ola groups, whereas negligible ROS was detected
in the other groups (Fig. S6, ESIt). Subsequently, the anti-
proliferation ability of PN-Ola was assessed by using a live/
dead cell staining assay. As illustrated in Fig. 3B, live cells are
marked by green fluorescence and dead cells by red fluores-
cence, with an evident increase in cell death following laser
irradiation. Red fluorescence was considerably greater in the PN
(+) and PN-Ola (+) groups relative to the non-laser treatment
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Fig. 3 Anti-proliferation ability of PN-Ola. (A) CLSM images of 4T1
cells treated with Ola, PN, and PN-Ola with or without light irradiation,
using DCFH-DA as the indicator. Scale bar: 10 pm. (B) CLSM images
and (C) mean fluorescence intensity (MFI) analysis of 4T1 cells after
live/dead cell staining following treatment with Ola, PN, and PN-Ola in
the presence or absence of light irradiation. Scale bar: 100 um. (D)
Viability of 4T1 cells after treatment with Ola, PN, and PN-Ola, with or
without light irradiation. (E) Apoptosis analysis of 4T1 cells by flow
cytometry after treatment with Ola, PN, and PN-Ola under dark or light
irradiation (8 min). Light irradiation is denoted by "+". ***P < 0.001 was
determined by a Student's t-test.

group. Quantitative analysis showed a pronounced tumor-
killing effect in the PN-Ola (+) group, surpassing that of the
PN (+) group (Fig. 3C). This enhanced cytotoxicity was likely
attributed to the synergistic effects of PN and Ola in inducing
DNA damage in tumor cells. Remarkably, the survival rate of
cells treated with PN-Ola (+) was reduced to just 27% at
a concentration of 3.33 mg L™ (Fig. 3D). PN-Ola dark treatment
had no PDT effect, which might not be reflected by cytotoxicity
at low doses in vitro. To further elucidate the cell death mech-
anism, the Annexin V-FITC/PI assay was performed to evaluate
apoptosis rates across different treatment groups. Following
laser irradiation, both early and late apoptosis rates were
significantly increased in treated cells compared with the blank
group (Fig. 3E). Specifically, the PN-Ola (+) group exhibited
a late apoptosis rate of 42.00%, an early apoptosis rate of
51.05%, and a cell survival rate of only 6.72%. These results
collectively demonstrated that PN-Ola, upon laser activation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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induced potent tumor cell-killing effects by enhancing ROS
generation and synergizing with Ola-induced DNA damage,
significantly outperforming the other treatments.

Activation of the STING pathway in vitro

PARP in tumor cells plays a critical role in repairing ROS-
induced DNA damage, potentially limiting the therapeutic effi-
cacy of PDT.*>** As a PARP inhibitor, Ola suppresses the repair
of single-strand DNA breaks, leading to the formation of more
severe DSBs. To evaluate DSB formation, immunofluorescence
staining for y-H,AX, a marker of DNA damage, was performed.
As shown in Fig. 4A, moderate y-H,AX production was observed
in the Ola-containing and PN (+) groups, while the PN-Ola (+)
group exhibited the highest y-H,AX levels. Quantitative fluo-
rescence analysis further confirmed a notable 18.8% increase in
v-H,AX generation in the PN-Ola (+) group compared to the PN
(+) group, indicating a significantly elevated occurrence of DSBs
(Fig. S7, ESIt). Additionally, the blank and PN groups produced
minimal y-H,AX, demonstrating that DSB formation primarily
results from the combined effects of PDT and Ola (Fig. 4B).
Protein expression analysis corroborated these findings, with
PN-Ola (+) showing a 4.6-fold increase in vy-H,AX levels
compared to the blank group (Fig. 4C). These results suggested
that the integration of PDT and Ola in the PN-Ola exerts
a remarkable synergistic effect, promoting apoptosis and
inducing substantial DSBs in tumor cells.
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Fig. 4 Activation of the STING pathway in vitro. (A) Immunofluores-
cence staining of y-H,AX in 4T1 cells after various treatments with or
without light irradiation. Scale bar: 10 um. (B) Western blot analysis of
v-H2AX expression, (C) and corresponding quantitative analysis
following treatment with Ola, PN, and PN-Ola, in the presence or
absence of light irradiation. (D) Expression of STING, p-STING, p-TBK1,
and p-IRF3 in DC cells co-cultured with 4T1 tumor cells treated with
different agents, as determined by Western blot. (E) Quantitative
analysis of p-STING/STING, (F) p-TBK1, and (G) p-IRF3 expressions. (H)
IFN-B expression in DC cells collected from the DC/4T1 co-culture
medium, measured by ELISA. Light irradiation is denoted by "+". *P <
0.05, **P < 0.01 and ***P < 0.001 were determined using a Student's t-
test.
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Beyond inducing DNA damage, antigen-presenting cells
(APCs), such as DCs, play an essential role in orchestrating the
immune response. DCs recognize tumor-derived double-
stranded DNA (dsDNA) fragments or cyclic GMP-AMP
(cGAMP), thereby initiating the STING-driven type I interferon
(IFN) signaling pathway. This pathway involves the recruitment
of tank-binding kinase 1 (TBK1) by STING, leading to TBK1-
mediated phosphorylation and activation of interferon regula-
tory factor 3 (IRF3), which subsequently drives the expression of
IFNs and chemokines. To assess the activation of DCs and the
STING pathway, co-cultures of DCs with 4T1 tumor cells pre-
treated with various formulations were analyzed for key protein
expressions in the STING signaling cascade. Western blot
results indicated that the PN-Ola (+) group displayed a slight
decrease in total STING levels but a substantial increase in
phosphorylated STING (p-STING) levels (Fig. 4D). Furthermore,
the expression of downstream phosphorylated proteins (p-TBK1
and p-IRF3) was markedly upregulated. Quantitative analysis
demonstrated that the PN-Ola (+) group exhibited the highest p-
STING/STING ratio, with a 2.4-fold increase in p-TBK1 levels
relative to the blank group and a 13.9% elevation in p-IRF3
levels compared to the PN (+) group (Fig. 4E-G). To further
evaluate the functional impact of STING activation, the
production of interferon-beta (IFN-B) was measured in the
supernatants of co-cultured tumor cells and DCs. The PN-Ola (+)
group displayed a 26.0% increase in IFN-P secretion compared
to the blank group (Fig. 4H). These findings robustly estab-
lished that PN-Ola (+) effectively activated the STING signaling
pathway, verifying its potential to enhance DC-mediated
immune responses and drive the expression of pro-
inflammatory cytokines.

Anti-tumor capability of PN-Ola in vivo

Before assessing the anti-tumor potential, the biodistribution
and tumor-targeting behavior of PN-Ola were evaluated using
a fluorescence imaging system. As illustrated in Fig. 5A, fluo-
rescence signals at the tumor site progressively increased over
time, peaking at 24 hours post-administration. Similarly, fluo-
rescence signals were observed in excised tumors after 24 hours.
This result suggests that PN-Ola effectively enhances drug
accumulation at tumor sites, which could be attributed to the
PD-L1-targeting peptides and the self-promoted tumor-
targeting capability of PN-Ola. Subsequently, the anti-tumor
efficacy of PN-Ola was investigated in 4T1 tumor-bearing
mice. On the 7th day post-tumor inoculation, the mice were
randomly assigned to different treatment groups. Tumor
volumes and body weights were monitored throughout the
treatment course, with therapeutic outcomes evaluated on the
30th day. The PN-Ola (+) group exhibited significantly sup-
pressed tumor growth, with a 57.2% reduction in tumor volume
compared to the PN (+) group (Fig. 5B). Representative tumor
images from each group confirmed this trend, with complete
tumor regression observed in individual PN-Ola (+) mice
(Fig. 5C). Consistent with these observations, tumor weights in
the PN-Ola (+) group were halved relative to the PN (+) group
(Fig. 5D). These findings highlighted the superior tumor-
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Fig. 5 Anti-tumor capability of PN-Ola in vivo. (A) Real-time fluores-
cence imaging of mice after intravenous injection of PN-Ola at 0.5, 2,
4, 6, 8, 12, and 24 hours, along with tissue imaging at 24 hours post-
injection. (B) Relative tumor volume changes in mice after treatment
with Ola, PN, and PN-Ola, with or without light irradiation. (C) Tumor
tissue images from sacrificed mice, and (D) corresponding tumor
weights after various treatments. (E) Changes in the body weight of
mice following different treatments. (F) Spleen images from sacrificed
mice, and (G) corresponding spleen weights after treatment with Ola,
PN, and PN-Ola in the presence or absence of light irradiation. (H) Ki67,
TUNEL, and H&E staining of tumor tissues following various treat-
ments. Scale bar: 100 pm. Light irradiation is denoted by “+". *P < 0.05
and ***P < 0.001 were determined using a Student's t-test.

Ki67

targeting and therapeutic efficacy of PN-Ola, demonstrating its
potential as an effective strategy for cancer treatment by
leveraging the dual benefits of targeted delivery and synergistic
therapeutic mechanisms.

Throughout the treatment period, no significant changes in
body weight were observed in any of the groups, indicating that
PN-Ola exhibits good biocompatibility and negligible systemic
toxicity in vivo (Fig. 5E). Tumor progression is often associated
with splenomegaly due to its impact on immune regulation and
systemic inflammation.** Therefore, spleens from mice treated
with different formulations were assessed. Notably, the PN-Ola
(+) group displayed spleen sizes comparable to those of healthy
mice, whereas the other treatment groups showed varying
degrees of splenomegaly (Fig. 5F). Additionally, the spleen
weight in the PN-Ola (+) group was significantly reduced,
showing a 64.5% decrease compared to the PN (+) group and
closely aligning with that of healthy controls (Fig. 5G). Histo-
logical analyses further corroborated the robust therapeutic
efficacy of PN-Ola (+). Ki67 staining also verified the lowest
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proliferation index in the PN-Ola (+) group, signifying minimal
tumor cell proliferation and a markedly slower tumor growth
rate compared to the other groups. Moreover, TUNEL staining
demonstrated the highest levels of tumor cell apoptosis in the
PN-Ola (+) group (Fig. 5H). Collectively, these findings under-
scored the potent tumor-suppressive effects of PN-Ola (+),
further emphasizing the synergistic therapeutic advantages of
integrating PDT with PARP inhibition.

Immune activation of PN-Ola for metastatic tumor
eradication

Breast cancer, a malignancy with a strong propensity for lung
metastasis, is further marked by its high motility and inva-
siveness.*> Given the STING activation ability of PN-Ola, its
effect on inhibiting metastatic tumors and the underlying
mechanisms were explored. As shown in Fig. 6A, images of lung
tissue and H&E staining revealed that 4T1 tumors rapidly
metastasized to the lungs in the blank and other treatment
groups, forming numerous visible metastatic nodules. In
contrast, metastatic nodules were nearly absent in the PN-Ola

Fig. 6 Immune activation of PN-Ola for metastatic tumor eradication
in vivo. (A) Images of lung metastatic nodes and H&E staining of lung
tissues in mice after treatment with Ola, PN, and PN-Ola. Scale bar:
600 pm. (B) H&E staining of spleen tissues and CD3*CD8™" cell infil-
tration after treatment with Ola, PN, and PN-Ola with or without light
irradiation. Scale bar: 50 um. (C) CD3*CD8" cell infiltration in tumors
after treatment with Ola, PN, and PN-Ola with or without light irradi-
ation. Scale bar: 50 um. Light irradiation is denoted by "+".

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(+) group. Corresponding H&E staining results demonstrated
a dramatic reduction in lung metastases, emphasizing the
potent anti-metastatic efficacy of PN-Ola (+). Further analysis
indicated that PN-Ola (+) treatment induced the highest levels
of CD8" T cells in lung tissue (Fig. S8, ESIt). As we know, the
spleen is primarily composed of red and white pulp, with the
latter serving as a hub for specific immune responses.** H&E
staining confirmed a clear boundary between the red and white
pulp in the PN-Ola (+) group, coupled with a substantial
increase in white pulp comparable to healthy mice (Fig. 6B). In
contrast, the other groups exhibited a blurred boundary and
diminished white pulp, indicating impaired immune function.
This effect correlated with an increase in CD8" T cells, as evi-
denced by the strong co-localization of red and green fluores-
cence in spleen tissue from the PN-Ola (+) group, surpassing
levels observed in the other treatments and even approaching
those in healthy mice. These findings collectively evidenced the
ability of PN-Ola (+) to inhibit lung metastasis while boosting
systemic immune responses, particularly through the recruit-
ment and activation of CD8" T cells.

Additionally, tumor tissues treated with PN-Ola (+) exhibited
significantly increased CD8' T cell infiltration compared to all
other groups, confirming its potent immune activation capacity
(Fig. 6C). To further explore the underlying mechanism, PD-L1
expression levels were quantified. In groups treated with Ola-
containing formulations, a consistent upregulation of PD-L1
was observed. Notably, PN-Ola and PN-Ola (+) exhibited the
highest PD-L1 expression, likely due to the active targeting
capabilities of PN-Ola, which facilitated enhanced drug accu-
mulation and immune modulation at the tumor site (Fig. S9,
ESIt). This upregulation of PD-L1 created a favorable microen-
vironment for the self-promoted tumor-targeting activity of PN-
Ola, further supporting enhanced T-cell infiltration within the
tumor beds. Collectively, these findings highlighted that PN-Ola
(+) not only activated systemic anti-tumor immunity to elimi-
nate metastatic tumors but also accelerated T-cell infiltration,
demonstrating significant potential to enhance the overall
immunotherapeutic response.

Immunotherapeutic response of PN-Ola

A 4T1 mouse hormonal tumor model was established to eval-
uate the immunotherapeutic response of PN-Ola, and the
treatment schedule is outlined in Fig. 7A. Cytotoxic CD8" T cells,
which play a crucial role in tumor elimination, require CD4" T
cells for immune response maintenance and to prevent deple-
tion during anti-tumor therapies.** To better understand the in
vivo immune response, the differentiation of T-cell subpopula-
tions in the spleens and tumors of mice was assessed to reflect
the activation of the systemic immune system. Flow cytometry
results demonstrated a notable expansion of CD4" T cells in the
spleen in the PN-Ola, PN (+), and PN-Ola (+) groups, with the PN-
Ola (+) group showing the highest increase, exhibiting a 22.3%
enhancement over the PN (+) group (Fig. 7B). Similarly, the PN-
Ola (+) group had a significantly larger number of CD8" T cells
compared to the other groups, with increases of 2.9 and 1.8
times over the blank and PN (+) groups, respectively (Fig. 7C). In
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Fig. 7 Immunotherapeutic response of PN-Ola. (A) Therapeutic
schedule of PN-Ola in 4T1 tumor-bearing mice. (B) CD3*CD4" T cell
population and (C) CD3*CD8* T cell population in the spleen after
treatment with Ola, PN, and PN-Ola with or without light irradiation.
(D) CD3*CD4™" T cell population and (E) CD3*CD8* T cell population in
tumors after treatment with Ola, PN, and PN-Ola with or without light
irradiation. (F) CD80*CD86™ cells and (G) CD11c*CD103" dendritic
cells in tumors after treatment with Ola, PN, and PN-Ola with or
without light irradiation. (H) Treg cell population in tumors after
treatment with Ola, PN, and PN-Ola with or without light irradiation.
Light irradiation is denoted by "+". *P < 0.05, **P < 0.01 and ***P <
0.001 were tested using a Student's t-test.

addition to systemic immune activation, lymphocyte infiltration
within the tumor microenvironment was further evaluated. The
PN-Ola (+) group exhibited the highest infiltration of both CD4"
and CD8" T cells into the tumor site. The proportion of these T
cells increased by 10.8% and 6.6% compared to the PN (+) group
(Fig. 7D and E). These results confirmed the robust immune
activation ability of PN-Ola (+). These findings highlighted the
robust immune activation capability of PN-Ola (+), supporting
its potential as an effective immunotherapeutic approach.
Mature DCs, after antigen capture and activation, reside in
lymph nodes to stimulate and activate T cells, playing a pivotal
role in anti-tumor immunity.*” In the tumor microenvironment,
PN-Ola (+) significantly enhanced the expression of co-
stimulatory markers CD80" and CD86" on DCs, indicating
improved antigen presentation and co-stimulation ability
(Fig. 7F). Furthermore, CD103" DCs, a subset of APCs critical for
T cell trafficking and immunity initiation, increased by 1.31
times at the tumor site following PN-Ola (+) treatment
compared to the PN (+) group (Fig. 7G). Regulatory T cells
(Tregs), which are known to suppress immune responses, were
significantly reduced in both the PN (+) and PN-Ola (+) groups.
Notably, the proportion of Tregs in the PN-Ola (+) group was
23.1% lower than that in the PN (+) group, suggesting that the
tumor immune suppression was alleviated (Fig. 7H). Collec-
tively, these findings demonstrated that PN-Ola treatment
induces a potent anti-tumor immune response by stimulating
dendritic cells and lymphocyte activation, enhancing T-cell
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Fig. 8 Biosafety analysis of PN-Ola. (A) H&E staining of heart, liver, and
kidney tissues after treatment with Ola, PN, and PN-Ola with or
without light irradiation. Scale bar: 300 um. Biochemical analysis of (B)
AST, (C) ALT, (D) UA, and (E) BUN levels in mice after treatment with
Ola, PN, and PN-Ola with or without light irradiation. Light irradiation is
denoted by “+".

infiltration, and reducing Treg-mediated suppression. This
robust intratumoral and systemic immune activation supported
the therapeutic potential of PN-Ola in promoting immuno-
therapeutic response.

Biosafety analysis of PN-Ola

To evaluate the systemic toxicity of the treatment, the major
organs from all groups of mice were harvested after the treat-
ment. Histopathological analysis using H&E staining found no
significant changes in the organ structure of any treatment
group, indicating the absence of notable organ damage
following PN-Ola treatment (Fig. 8A). In addition to histopath-
ological assessment, serum levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), uric acid (UA), and blood
urea nitrogen (BUN) were measured. Hematological analyses
showed that the levels of these parameters were within the
normal range for all treated groups, with no abnormal indica-
tors detected (Fig. 8B-E). These findings suggested that PN-Ola
exhibited excellent biocompatibility and biosafety in vivo, with
minimal side effects and toxicity. Overall, these results support
the favorable safety profile of PN-Ola, further highlighting its
significant advantage in activating anti-tumor immunity while
avoiding side effects.

Conclusions

In this study, bioinformatic analysis confirmed the abnormal
expression of PARP-1 in breast cancer, closely associated with
the cGAS-STING signaling pathway and immunosuppressive
behavior. Additionally, Ola was identified as the most effective
PARP-1 inhibitor to amplify DNA damage, thereby enhancing
the immunotherapeutic response in breast cancer. Based on
these mechanistic insights, a self-promoted tumor-targeting
nanomedicine of PN-Ola was fabricated to activate STING-
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driven antitumor immunity through photodynamic DNA
damage and PARP inhibition. PN-Ola selectively accumulates in
tumor cells overexpressing PD-L1, while also upregulating PD-
L1 expression, thereby creating a feedback loop that self-
promotes drug delivery efficiency. The PDT effects of PN-Ola
generate substantial ROS within tumor cells, inducing oxida-
tive DNA damage and the subsequent accumulation of DNA
fragments to activate STING-mediated antitumor immunity.
The synergistic mechanism of PN-Ola effectively boosts the
immunotherapeutic response by enhancing T cell activation
and infiltration, resulting in the eradication of metastatic
tumors without inducing side effects. This study presents
a promising strategy to overcome targeting ligand heteroge-
neity, while simultaneously activating systemic antitumor
immunity for the effective elimination of metastatic tumors.
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