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KEY WORDS Abstract Mitochondrial membrane remodeling can trigger the release of mitochondrial DNA
(mtDNA), leading to the activation of cellular oxidative stress and immune responses. While the role

Anti-tumor drug; . . .. .. .. . .
g of mitochondrial membrane remodeling in promoting inflammation in hepatocytes is well-established,

E{:ﬁﬂ:il its effects on tumors have remained unclear. In this study, we designed a novel Pt(IV) complex,
Chemo-immunotherapy; OAP2, which is composed of oxaliplatin (Oxa) and acetaminophen (APAP), to enhance its anti-tumor
Mitochondrial membrane effects and amplify the immune response. Our findings demonstrate that OAP2 induces nuclear DNA

modeling; damage, resulting in the production of nuclear DNA. Additionally, OAP2 downregulates the expression
STING; of mitochondrial Sam50, to promote mitochondrial membrane remodeling and trigger mtDNA secretion,
Pyroptosis; leading to double-stranded DNA accumulation and ultimately synergistically activating the intracellular
mtDNA cGAS-STING pathway. The mitochondrial membrane remodeling induced by OAP2 overcomes the lim-

itations of Oxa in activating the STING pathway and simultaneously promotes gasdermin-D-mediated
cell pyroptosis. OAP2 also promotes dendritic cell maturation and enhances the quantity and efficacy
of cytotoxic T cells, thereby inhibiting cancer cell proliferation and metastasis. Briefly, our study intro-
duces the first novel small-molecule inhibitor that regulates mitochondrial membrane remodeling for
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active immunotherapy in anti-tumor research, which may provide a creative idea for targeting organelle

in anti-tumor therapy.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mitochondria, known as the powerhouses of cells, play a crucial
role in cell growth and various cellular processes' . They not
only provide energy for cell growth but also contribute to cell
differentiation, biogenesis, intercellular communication, genera-
tion of reactive oxygen species (ROS), and intracellular oxidative
stress™”. The unique structure of mitochondria, consisting of the
inner mitochondrial membrane (IMM) and outer mitochondrial
membrane (OMM), enables them to have diverse biological ef-
fects. In particular, the highly folded IMM facilitates the scope of
enzymatic reactions and is enriched with complex enzymes
involved in the mitochondrial respiration chain such as nicotin-
amide adenine dinucleotide-coenzyme Q oxidoreductase and cy-
tochrome ¢ oxidase®. In addition, mitochondria harbor their
separate genomes known as mitochondrial DNA (mtDNA), which
encode proteins essential for mitochondrial respiratory chain
function and ATP production’. Dysregulation of mitochondrial
function and mtDNA mutations have been implicated in various
diseases, including cancer®. In tumor cells, there is a shift in
cellular metabolism from oxidative phosphorylation to aerobic
glycolysis, a phenomenon known as the Warburg effect’. This
metabolic alteration leads to mitochondrial dysfunction and con-
tributes to hypoxia induction and the activation of anti-apoptotic
pathways'*'!. These changes play critical roles in tumor pro-
gression, allowing cancer cells to evade the surveillance mecha-
nisms of the body. Given the pivotal role of mitochondria in tumor
development, targeting mitochondria to design anti-tumor drugs
has gained significant attention in recent years™'> ',
Mitochondrial membrane remodeling, regulated by the OMM and
IMM, is a crucial process involving mitochondrial fission and
fusion'>'®. It plays a pivotal role in maintaining cellular metabolism,
regulating oxidative stress, and facilitating cellular growth, which is
closely associated with various diseases. Mitochondrial membrane
remodeling contributes to cellular adaption to diverse microenvi-
ronments and is controlled by intracellular signaling pathways to
ensure the stability of the mitochondrial structure. Moreover, the
release of cytokines during mitochondrial membrane rearrangement
participates in key cellular processes such as differentiation and
immune responses. Recent research has revealed that acetaminophen
(APAP) can inhibit Sam50, a mitochondrial protein connecting the
IMM and OMM, leading to mitochondrial membrane remodeling
and mtDNA release. In hepatocytes, mtDNA released through
mitochondrial membrane remodeling activates the intracellular
STING pathway to promote inflammatory factor accumulation and
induce liver injury'’. However, the role of mitochondrial membrane
remodeling in tumor cells remains largely unexplored. Based on this
knowledge gap, we hypothesized that inducing mitochondrial
membrane remodeling in tumor cells could increase mtDNA release,
thereby improving the efficacy of anti-tumor immunotherapy.
Anti-tumor therapy has gradually evolved from “single medica-
tion and single mechanism” to “multi-mechanism combination
therapy” as research into the causes and progression of tumors has

progressed'®~ %2, Platinum (Pt) chemotherapy drugs, commonly used
as first-line anti-tumor treatments, exert their effects by inducing
DNA damage and triggering apoptosis in cells by forming Pt-DNA
complexes that target nuclear DNA*~%°, This process can increase
intracellular dsDNA content, activating the ¢cGAS-STING axis,
which is associated with the innate immune response”’. Activation of
this pathway results in the release of type I interferon (IFN) and other
immune cytokines, promoting dendritic cell maturation and
enhancing the quantity and function of cytotoxic T cells*® !
However, the efficacy of Pt chemotherapy drugs alone is limited due
to the cellular self-protection mechanism. Recent studies have
demonstrated that mtDNA can activate the host immune response of
tumor cells by coordinating intracellular signaling pathways,
including STING, and simultaneously triggering cellular inflamma-
tory responses, promoting the expression of the NOD-like receptor
protein (NLRP3) inflammasome*>*. Therefore, we hypothesize that
amplifying the chemo-immunotherapeutic capacity of Pt drugs
through mitochondrial membrane remodeling could eventually
improve their anti-tumor effect.

In previous studies, we have been focused on modifying the
structures of a series of Pt(IV) complexes to enhance their anti-
tumor effects and mitigate potential side effects’®. In this study,
we designed and synthesized a novel Pt(IV) compound, OAP2
(Fig. 1A), by incorporating acetaminophen (APAP) into the cen-
tral axis of oxaliplatin (Oxa). Our results proved that OAP2
exhibited significantly more potent cytotoxicity than Oxa,
approximately 10-fold higher. Mechanistically, OAP2 targeted
mitochondria, promoting mitochondrial membrane remodeling
and facilitating the release of mtDNA into the cytoplasm. It also
synergistically activated the cGAS-STING pathway by combining
the nuclear DNA (ncDNA) generated from DNA damage
(Fig. 1B). Moreover, OAP2-induced mitochondrial oxidative
stress led to gasdermin-D (GSDMD)-mediated pyroptosis,
enhancing the anti-tumor immune response. /n vivo experiments
using 4T1 tumor-bearing mice confirmed that OAP2 effectively
enhanced the anti-tumor effect of Oxa, improved the immune
response, increased infiltration of cytotoxic T cells, and success-
fully inhibited lung metastasis in breast cancer. Notably, when
combined with immune checkpoint inhibitors (ICIs) aPD-L1,
OAP2 showed simultaneous inhibition of primary and distant tu-
mors, increasing tumor sensitivity to ICIs. In general, our findings
provided novel insights into the activation of the STING pathway
through mitochondrial membrane remodeling and offered a new
strategy for designing anti-tumor drugs based on mitochondrial
function to reverse the immunosuppressive microenvironment.

2. Results and discussion
2.1.  Synthesis and characterization
To investigate whether the chemo-immunotherapeutic capacity of

Oxa can be amplified by mitochondrial membrane remodeling, we
designed and synthesized the compound OAP2. APAP an inhibitor
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Figure 1  The novel Pt(IV) compound structure and expected mechanisms. (A) Chemical structure of Oxa, APAP, and OAP2; (B) The

schematic illustration of OAP2 promoted mitochondrial membrane remodeling and facilitated the release of mtDNA into the cytoplasm.

of the mitochondrial protein Sam50, has been reported to induce
mitochondrial membrane remodeling'”. In this research, Oxa
served as the structural backbone of OAP2, and two APAP mol-
ecules were added to the functional axis. We expected OAP2
could achieve improvement in chemo-immunotherapy through
mitochondrial membrane remodeling.

The route of OAP2 synthesis is shown in Scheme 1. In brief,
0O-Oxa was prepared in H,O, as previously reported. APAP-DC
was synthesized via the esterification of APAP. Then, APAP-DC
and O-Oxa were coupled in the presence of N,N-dimethylforma-
mide (DMF), triethylamine (TEA) and O-(benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) at room
temperature. The crude product was purified using C18 column
chromatography. The structure of OAP2 was characterized via 'H,
3C and "**Pt-NMR, high-resolution mass spectrometry (HRMS),
and HPLC analyses which are presented in the Supporting In-
formation (Supporting Information Figs. S1—S5). These analytical
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Scheme 1
DAMP, THF, 1t, 6 h; (c) TBTU, TEA, DMF, 60 °C, 48 h.

data demonstrate that the two APAP molecules were successfully
attached to the Oxa structure.

The stability of OAP2 in PBS was verified by HPLC, and the
results are shown in Supporting Information Fig. S6, OAP2 could
not be reduced in PBS in 72 h. The reduction rate of OAP2
reached 50% using ascorbic acid (10 mmol/L) as the reducing
agent in 24 h (Supporting Information Fig. S7).

2.2.  Cytotoxicity of OAP2 in vitro

To demonstrate the cytotoxicity of OAP2 in vitro, we conducted
an MTT assay to evaluate its anti-tumor cell proliferation effi-
ciency against 4T1 (breast cancer), BI6F10 (melanoma), and
Renca (kidney cancer) tumor cells. As shown in Table 1, OAP2
showed stronger cytotoxicity than Oxa and APAP across all three
tumor cell lines. Especially, in 4T1 cells, the half-maximal
inhibitory concentration (ICsp) value of OAP2 was 1.06 pmol/L,
indicative of significantly higher activity than Oxa. The fold-
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Synthetic routine of platinum(IV) complex OAP2. Reagents and conditions: (a) HyO,, 75 °C, 5 h; (b) Dihydrofuran-2,5-dione,
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Table 1 ICs, values of different prototypical drugs and OAP2 to variable cell lines at 48 h.
Compound 1Cso (umol/L)
4T1 B16F10 Renca HUVEC L-929
OAP2 1.06 &+ 0.88 15.91 + 2.48 13.11 £ 2.15 > 100 78.05 £ 0.77
Oxa 13.38 + 0.66 25.89 + 0.96 >100 32.52 £ 2.01 44.57 £ 0.93
APAP > 100 > 100 > 100 > 100 73.34 + 0.88

YCs values are represented by mean + SD of three independent experiments.

increase factor (FI), defined as the ratio of the ICsq value of Oxa to
that of OAP2, was 12.64. We further evaluated the effects of
OAP?2 on the growth of L-929 and HUVECs. As shown in Table 1,
Fig. 2A and Supporting Information Fig. S8, the cell viability (%)
and vital cell staining using calcein-AM (c-AM), indicating that
OAP2 has minimal impact on normal cells at its effective
concentration.

Next, we proved that the cytotoxicity of OAP2 was credible.
As shown in Supporting Information Fig. S9, the cells treated with
OAP2 exhibited noticeable morphological deterioration, which
was time-dependent. Additionally, colony formation experiments
and wound healing assays were also performed to verify the
ability of OAP2 on cell proliferation and metastasis (Fig. 2B and
Supporting Information Figs. S10—S11). Compared with the
control cells, the OAP2-treated cells showed significantly inhibi-
ted colony formation ability, and the cell migration rate decreased
by approximately 20% at 48 h. The effects of the drug treatments
were further confirmed throught live/dead cell staining (Support-
ing Information Fig. S12), where an increase in propidium iodide
(PI, red fluorescence) staining indicated a higher number of dead
cells in the OAP2 group.

To assess cell apoptosis, a common form of programmed cell
death induced by chemotherapy, we employed Annexin-V/PI flow
cytometry in 4T1 cells treated with different agents. As shown in
Fig. 2D and Supporting Information Fig. S13, after 24 h of OAP2
incubation, the apoptosis rate in tumor cells exceeded 50%, which
was significantly higher than that observed with Oxa and APAP at
the same concentration. Moreover, we verified the expression of
apoptosis-related proteins through Western blot experiment
(Fig. 2C and Supporting Information Fig. S14). Consistent with
previous experimental results, the expression of the apoptosis-
promoting protein Bax was significantly upregulated in OAP2-
treated cells, whereas the expression of apoptosis-inhibiting pro-
tein Bcl-2 was decreased. Furthermore, the level of Caspase-3, a
key zymogen activated during apoptosis, also significantly
increased after OAP2 treatment (Fig. 2C and F).

Finally, we utilized JC-1, a mitochondrial membrane potential
probe, for flow cytometry and cell staining. In apoptotic cells,
mitochondrial membrane potential decreased, causing a shift from
red fluorescence to green fluorescence in the OAP2 group (Fig. 2E
and Supporting Information Figs. S15-S16). These results pro-
vide further evidence that OAP2, as an excellent Pt(IV) com-
pound, exhibits exceptional cytotoxicity and overcomes the
defects of Pt(II).

2.3.  RNA-seq analysis

To gain further insights into the cellular mechanisms affected by
OAP2, we performed RNA-seq analysis on 4T1 cells treated with
DMSO (control), Oxa, APAP, or OAP2 (2 umol/L) for 24 h. As
shown in Table S1, the average sequencing coverage of the DMSO
(control), Oxa, APAP, and OAP2 treatment groups was 96.60%,

96.02%, 96.31%, and 96.46%, respectively. The correlation index
between each sample was greater than 0.85 (Supporting Infor-
mation Fig. S17), indicating the reliability and reproducibility of
the data for further analysis. Gene Ontology (GO) enrichment
analysis showed that OAP2 mainly affected biological processes,
apoptotic processes, cytoplasmic and nuclear localization, as well
as DNA and ATP binding (Supporting Information Figs.
S18—S21). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis showed that OAP2 mainly influ-
enced the TNF signaling pathway, NF-kappa B signaling pathway,
mitogen activated protein kinase signaling (MAPK) pathway, and
tyrosine metabolism in cancer (Fig. 3A and B). These results shed
light on the specific molecular pathways and biological processes
modulated by OAP2 treatment.

Gene set enrichment analysis (GSEA) revealed that, compared
to the control and Oxa-treated groups, the OAP2-treated group
exhibited decreased activity in DNA replication and the cell cycle
(Fig. 3F—G, K—L). This reduction can be attributed to the release
of intracellular Pt(IV) and it binding to dsDNA. Furthermore,
GSEA also showed that the innate immune response, type-1 IFN
pathway, and tyrosine metabolism were enriched by OAP2-
mediated chemo-immunotherapy (Fig. 3C—E, H—J). Based on
the accumulating evidence, we hypothesized that OAP2 might
play a key role in tumor suppression through the activation of the
innate immune response.

2.4.  OAP2 induces mitochondrial membrane remodeling and
STING activation

An analysis of cellular RNA-seq data showed that OAP2 signifi-
cantly activated the innate immune response of tumor cells
compared to Oxa. However, the specific mechanism remained un-
clear. Mitochondria are bilayer membrane-structured organelles
with a separate mtDNA genome, essential for maintaining normal
cellular activities®”. Recent studies have demonstrated that mtDNA
serves as a key mediator of STING pathway activation®® 5.
Meanwhile, researchers found that APAP-induced mitochondrial
membrane remodeling, through the downregulation of Sam50 and
COX II expression in mitochondria, alters the mitochondrial bilayer
structure while promoting the release of mtDNA into the cyto-
plasm'’. Therefore, we hypothesized that OAP2 activates the
STING pathway by inducing mtDNA release via mitochondrial
membrane remodeling.

To support our hypothesis, we treated 4T1 cells with various
drugs for 24 h. The results of the Western blot experiment are
shown in Fig. 4A, Supporting Information Fig. S22A-B, and
S23. The protein concentrations of Sam50 and COX II were
significantly downregulated after APAP and OAP2 treatment,
whereas Oxa had no significant effect. The mitochondrial
apoptosis-associated protein Bax can translocate from the cyto-
plasm to the mitochondria after receiving a specific signal stim-
ulus, forming a Bax/Bak macropore and promoting mtDNA
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Figure2  The Pt(IV) complex OAP2 in vitro anti-tumor activity. (A) The cell viability on the L.-929 cell at different concentrations for 48 h; (B)

Cell colony formation assay in the 4T1 cell; (C) Western blot images of cell apoptosis pathway protein in 4T1 cell line; (D) Flow cytometry
analysis in the 4T1 cell stained with Annexin V-FITC and PI; (E) JC-1 flow cytometry analysis in the 4T1 cell; (F) Confocal images of the 4T1

intracellular active Caspase-3. Scale bars = 40 pm.

release®”. After drug treatment for 24 h, the protein expression
levels of Bax and Bak were significantly increased (Fig. 4B,
Supporting Information Fig. S24). Co-localization immunofluo-
rescence staining analysis of MitoTracker and Bax (Fig. 4C) also
demonstrated the enrichment of pore formation by Bax in the
mitochondria after drug treatment.

The deletion of Sam50 leads to mitochondrial membrane
remodeling and mtDNA release. Compared to the control group, the
mitochondrial exhibited a change in morphology from “filamentous”
to “punctate,” and the green fluorescence of DNA was observed to be
released from the mitochondria into the cytoplasm (Fig. 4D). These
observations provide evidence that drug administration resulted in
mitochondrial membrane remodeling. In addition, we examined the
protein content of the DNA damage marker y-H2AX via Western
blot experiment, and the results are shown in Supporting Information
Fig. S25. The expression of y-H2AX increased in 4T1 cells after Oxa
and OAP2 treatment. The increase in both mtDNA and ncDNA
induced activation of the STING pathway. We utilized Picogreen, a
specific dye that selectively binds to dsDNA, resulting in green

fluorescence (Supporting Information Fig. S26). We observed an
increase in the OAP2 group, indicating elevated levels of dsDNA.
Additionally, Western blot experiment (Fig. 4E—G, and Supporting
Information Fig. S27) showed that compared to the control and Oxa
groups, the expression of cGAS protein (a DNA sensor) was signif-
icantly increased in the OAP2 group. Moreover, phosphorylation
levels of TANK binding kinase 1 (TBKI1) protein and interferon
regulatory factors (IRFs) were significantly upregulated in the OAP2
group. Immunofluorescence imaging of the p-STING protein (Sup-
porting Information Fig. S28) further supported the activation of the
STING pathway in 4T1 cells following OAP2 treatment.
Subsequently, the levels of IFN-« and IFN-, released in the
supernatant after different drug treatments, were measured via
enzyme-linked immunosorbent (ELISA). After treatment with
different drugs for 24 h, there was a significant increase in the
contents of both IFN-« and IFN-S. In particular, compared to the
control group, the OAP2 group showed 2.1- and 3.1-fold in-
creases, respectively (Supporting Information Fig. S29). Collec-
tively, in this section, we demonstrated that OAP2 could activate
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Figure 3

RNA-seq analysis result of the Pt(IV) complex OAP2 in 4T1 cell. (A—B) KEGG enrichment analysis of differentially expressed

genes in OAP2 vs Con and OAP2 vs Oxa; (C—G) GSEA reveals various pathway enrichment of genes changed after OAP2-treated group vs

Control group; (H—L) GSEA reveals various pathway enrichment of genes changed after OAP2-treated group vs Oxa group.

the intracellular innate immune response through multiple mech-
anisms (Fig. 4H). These include inhibiting the mitochondrial
protein Sam50, which leads to mitochondrial membrane remod-
eling and the release of mtDNA. Additionally, OAP2 enhances the
DNA damage-inducing capacity of Pt drugs, resulting in syner-
gistic activation the cGAS-STING pathway and increasing release
of the cytokines IFN-a and IFN-g.

2.5.  OAP2 induces oxidative stress and pyroptosis in vitro
Glutathione (GSH), a scavenger of intracellular ROS, plays a crucial
role in maintaining cellular redox homeostasis’’. According to pre-
vious studies, it can serve as a reducing agent and simultaneously
convert Pt(IV) compounds to Pt(Il) to exert anti-tumor effects.
Therefore, OAP2 is reduced to Oxa and APAP by intracellular GSH
(Fig. 5A). APAP is activated by tyrosinase to form benzoquinone
metabolites (AOBQ)*"**>. The accumulation of large amounts of
cytotoxic metabolites in the cells can further deplete GSH and pro-
duce ROS, ultimately leading to oxidative stress and cell death. To
demonstrate the impact of OAP2 on GSH depletion and the induction
of oxidative stress, we measured the total GSH content in 4T1 cells
after drug administration in vitro. As shown in Fig. 5B, compared to
APAP treatment alone, the intracellular GSH content was lower in the
OAP?2 treatment group, which was only 54.45% of that in the control
group. A decrease in GSH content leads to an imbalance in cellular

redox homeostasis and promotes cellular oxidative stress and mito-
chondrial damage. Consistently, we observed a significant increase in
ROS production after OAP2 treatment, as tested using DCFH-DA
(Fig. 5C and Supporting Information Fig. S30). This increase in
ROS production was attenuated upon the addition of the ROS scav-
enger N-acetyl-L-cysteine (NAC). Mitochondria are the main or-
ganelles that produce ROS. Under conditions of oxidative stress,
mitochondria morphology and distribution became disordered
(Fig. 5E).

When observing the morphology of the cells after drug treat-
ment, we unexpectedly discovered the presence of pyroptotic
vesicles in dead cells after APAP and OAP2 treatment (Fig. 5D),
demonstrating that OAP2 could induce cell death by triggering
pyroptosis, in addition to cell apoptosis. According to previous
studies, ROS produced by disordered mitochondria are the pri-
mary activators of the NLRP3 inflammasome, and mitochondria
are vital for NLRP3 assembly. To determine whether activated
NLRP3 mediates OAP2-induced pyroptosis, we first measured the
NLRP3 protein content in 4T1 cells using Western blot experi-
ment. As shown in Fig. 5F and Supporting Information Fig. S31A,
compared to that in the control group, expression of the NLRP3
inflammasome was upregulated by approximately 1.2-fold in the
APAP group; however, it was upregulated by approximately 1.7-
fold in the OAP2 group. The NLRP3-mediated activation of
caspase-1 induces the cleavage of GSDMD, resulting in the
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Figure4  The Pt(IV) complex OAP2 induced mitochondrial membrane remodeling and activated the STING pathway in vitro. (A) The Western
blot image of Sam50 and COX II protein in 4T1 cell line (n = 3); (B) The Western blot image of Bax and Bak in 4T1 cell line (n = 3); (C)
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images of STING pathway related proteins in 4T1 cell line (n = 3); (H) Schematic illustration of OAP2-induced mitochondrial membrane

remodeling to activate STING.

formation of membrane pores and pyroptosis. As shown in Fig. 5G
and Fig. S31B-D, OAP2 increased the expression of cleaved
GSDMD and cleaved-caspase-1 in 4T1 cells. Finally, we also
detected the cytokines produced during the process of pyroptosis
(Fig. 5H, and Supporting Information Fig. S32), including inter-
leukin-16 (IL-18) and lactic dehydrogenase (LDH). Compared to
those in the control group, cytokine levels increased substantially
after OAP2 treatment. In summary, OAP2 depletes GSH and in-
creases ROS production, inducing oxidative stress and pyroptosis
(Fig. 5I). The activated inflammasome NLRP3 recruits pro-
caspase-1, promotes its transformation into active caspase-1,
cleaves GSDMD proteins, and induces pyroptosis while produc-
ing large amounts of cytokines, such as IL-18 and LDH.

2.6. Immune activation of OAP2 in vitro

Immunotherapy, particularly immune checkpoint inhibitors (ICIs)
targeting PD-1 and PD-L1, has emerged as a highly effective
adjuvant therapy for various types of tumors****, However, the

tumor immunosuppressive microenvironment always limits the
clinical application of ICIs*’. Both the intracellular innate immune
STING pathway and pyroptosis can reverse the “cold” immuno-
suppressive microenvironment, tagging cells with an “eat me”
signal and thus promoting DC maturation and T cell activation.
Next, we conducted a detailed analysis to investigate whether
OAP2 could reverse immunosuppression in the tumor microen-
vironment. Damage-associated molecular patterns (DAMPs),
including calreticulin (CRT), high-mobility histone B1 (HMGB1),
and ATP, are highly expressed in immune-activated tumor cells
and are secreted into the tumor microenvironment, enhancing
immune cell recognition and cytotoxicity. Our results demon-
strated a significant increase in CRT immunofluorescence in-
tensity in the OAP2-treated group, as well as the release of
HMGBI1 and ATP into the cell supernatant (Fig. 6A—D). DCs,
crucial antigen-presenting cells in innate and adaptive immunity,
play an important role in immunotherapy. Mature DCs (mDCs)
can recognize specific receptors on the surface of tumor cells and
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present tumor antigens to cytotoxic T lymphocytes, thereby 2.7.
facilitating immune response activation. To evaluate the immu-

In vivo anti-tumor efficacy study

nological effects of OAP2, we co-cultured bone marrow-derived
DCs (BMDCs) with 4T1 cells treated with different drugs and
analyzed them using flow cytometry. The expression of cos-
timulatory molecules CD80 and CD86, representative markers of
DC maturation, was significantly induced in the OAP2 group
(21.1%) compared to the other groups (Fig. 6E and F). In general,
this study demonstrated that OAP2 strengthened the immunoge-
nicity of tumor cells by activating the STING pathway and pro-
moting pyroptosis.

To evaluate the anti-tumor effect of OAP2 in vivo, we established
a 4T1 cell-bearing BALB/c mouse model (Fig. 7A) and randomly
divided them into five groups when the tumor volume grew to
approximately 50 mm® on Day 7. Each group was treated with
PBS (negative control), Oxa, APAP, Oxa + APAP, or OAP2. After
27 days, there was no significant difference in the relative tumor
volume among the PBS, Oxa, and APAP groups (Fig. 7D and
Supporting Information Fig. S33), which might be due to the low
dose of APAP and drug resistance to Oxa. However, the
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The Pt(IV) complex OAP2 induced immune activation in vitro. (A) Representative images of CRT generation on 4T1 cells after

various treatedments. Scale bars = 40 pum; (B) ATP content released by 4T1 cells after incubation with Oxa, APAP, and OAP2 (2 pmol/L) for
24 h (n = 3); (C) Representative images of HMGBI1 in 4T1 cells after various treatedments. Scale bars = 80 pum; (D) Quantification of the
secretion of HMGBI1 in 4T1 cell after incubation with Oxa, APAP, and OAP2 (2 pmol/L) for 24 h (n = 3); (E—F) The percentage of mature DCs

was analysed by flow cytometry after co-culture with 4T1.

Oxa + APAP and OAP2 groups suggested better anti-tumor ef-
fects, with tumor volume reductions of 20.01% and 74.18%,
respectively, compared with the PBS group. Particularly, the
OAP2 group demonstrated a superior tumor inhibition effect,
surpassing the combined administration group due to the structural
stability of the drug. After 27 days, tumor size measurements
(Fig. 7B and Fig. S30) confirmed that OAP2 exerted the strongest
tumor inhibition effect (Fig. 7B and Supporting Information
Fig. S34). Furthermore, there were no significant differences in the
body weights of mice among the groups (Fig. 7C), indicating the
safety of OAP2. Hematoxylin and eosin (H&E) staining of the
main organs of the mice (Supporting Information Fig. S35) and
routine blood analysis (Supporting Information Fig. S36) further
supported the good biosafety profile of OAP2 with minimal side
effects.

To further confirm the potential therapeutic effect in vivo, we
performed H&E (Fig. 7E), Ki-67, and terminal deoxynucleotidyl
transferase deoxyuridine triphosphate nick end labeling (TUNEL)
staining of the tumor tissues. Ki67 is an important cell
proliferation-related protein, and its expression is positively
correlated with tumor growth. The OAP2 group exhibited signif-
icantly lower Ki67 protein expression compared to the other
groups, indicating suppressed tumor cell proliferation (Fig. 7F).
The TUNEL assay was used to detect apoptosis in tumor cells.
OAP?2 treatment led to increased apoptosis rates in tumor tissues
compared to the control group (Fig. 7G), highlighting the potential
of OAP2 as a prodrug compound for inhibiting in vivo tumor
growth. Specifically, it induces apoptosis and inhibits tumor cell
proliferation in vivo.

2.8.  Invivo immune activation

Based on the encouraging results of the immune activation assays
in vitro, we evaluated the systemic anti-tumor immunity induced
by OAP2 in vivo in an in vivo setting using the 4T1 breast tumor
model. Flow cytometry, immunofluorescence staining, and ELISA
were employed to determine immunological indicators.

mDC:s are essential for in vivo immunity as they promote T cell
proliferation and activation through antigen presentation. As
shown in Fig. 8A—D and Supporting Information Fig. S37, flow
cytometry analysis of mDC populations in the spleen, tumor-
draining lymph nodes, and tumor tissues revealed the highest
mDC content in these three tissues after OAP2 treatment (23.2%
in the spleen, 59.2% in the tumor, and 36.7% in the lymph nodes).
In addition, ELISA analysis of pro-inflammatory cytokines,
including IL-12, TNF-«, and IFN-« in the tumor tissues, showed a
significant increase in cytokine secretion in the OAP2 group, with
2.5-, 3.0-, and 2.4-fold increases, respectively, compared to that in
the PBS group (Fig. 8G and H).

Previous studies have demonstrated that both STING and cell
pyroptosis can activate T cell proliferation and promote their
infiltration into tumor tissues. Therefore, we collected T cells from
the tumor tissues and spleens of the mice for flow cytometric
analysis. As shown in Fig. 8E and F and Supporting Information
Fig. S38, compared to the PBS group, OAP2 treatment signifi-
cantly increased the proportions of CD3"CD8" T cells and
CD31'CD4" T cells in the tumor tissue (CD3TCD8" T cells:
13.6%; CD3"CD4" T cells: 6.73%) and spleen (CD3"CD8" T
cells: 9.32%; CD3TCD4™ T cells: 25.7%). Moreover, the effect of
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OAP2 was notably superior to that of Oxa and APAP treatment
alone.

In addition to activated immune cells, the tumor microenvi-
ronment is composed of a large population of immunosuppressive
cells, such as tumor-associated macrophages (TAMs). M1-type
macrophages, which express CD86, are capable of releasing pro-
inflammatory cytokines to clear tumor cells. In contrast, CD206™"
M2-type macrophages release immunosuppressive factors (such as
IL-10, TGF-g, etc.) to promote tumor progression. Analysis of the
proportions of M2 and M1 macrophages in the tumor microen-
vironment showed that Oxa or OAP treatment reversed immuno-
suppression, resulting in decreased levels of immunosuppressive
factors IL-10 and TGF-g (Fig. 8J—K and F Supporting Informa-
tion Fig. S39). Finally, immunofluorescence staining for p-STING
proteins in tumor tissues and quantitative ELISA analysis of IL-
18, IFN-«, and IFN-@ levels confirmed that OAP2 treatment
induced STING pathway activation and cell pyroptosis in vivo

(Fig. S40 and Fig. 8L—N). In conclusion, this section demon-
strated that OAP2 could induce STING activation and cell
pyroptosis in vivo, enhancing immune cell infiltration and
switching the tumor microenvironment from “cold” to “hot.”

2.9.  Inhibition of tumor metastasis in vivo

Metastasis to multiple organs is a major contributor to the poor
prognosis and mortality of advanced breast cancer patients.
Effective inhibition of tumor cell dissemination and growth at
distant sites from the primary tumor is a critical challenge in
clinical practice. In our previous experiments, we showed that the
compound OAP2 effectively inhibited the migration of 4T1 cells
in a 2D wound healing assay in vitro. Buiding upon this strong
evidence, in this part, we designed and conducted two mouse
metastasis models to investigate the inhibitory effect of OAP2 on
tumor metastasis in vivo (Fig. 9A and Supporting Information
Fig. S41). The mouse tumor model of lung metastasis was
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content measured by ELISA (n 3).

established via the intravenous injection of 1 x 10° 4T1 tumor
cells on the 7th day before drug treatment. The mice were
randomly divided into four groups, and the in sifu tumor volume
and body weight were recorded throughout the treatment period
(Fig. 9B and Supporting Information Fig. S42). Lung tissues were
collected at the end of the treatment on the 16th day and H&E
staining was performed. Remarkably, OAP2 treatment led to a

significant reduction in the number of lung metastatic nodules in
mice (Fig. 9C). The emergence of ICIs has alleviated the clinical
problem of immunosuppression; however, as their application has
broadened, the average response rate of patients to ICIs is only
26%, and most patients cannot achieve the desired therapeutic
effect owing to drug resistance and immunosuppression. There-
fore, we investigated the combination of OAP2 with aPD-L1
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Anti-tumor metastatic effects of OAP2 in vivo. (A) Schematic representation of the OAP2 anti-tumor efficacy on 4T1 lung metastasis

model; (B) Statistical analysis of tumor volume of mice during the experiment (n = 5); (C) Representative pictures of mice at the end of treatment
and H&E staining of lung; (D) Representative pictures of mice during treatment of bilateral tumor models; (E—F) Statistical analysis of tumor
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therapy to determine whether it could reverse drug resistance and
prevent distant metastasis using a bilateral tumor model (Fig. 9D).
Notably, the combination treatment resulted in inhibited growth of
both primary and distant tumors (Fig. 9E-G, and Supporting In-
formation Fig. S43). Immunofluorescence staining of distant tu-
mors at the end of treatment clearly revealed enhanced infiltration
of CD8" T cells in the combination treatment group (Fig. 9H).
Collectively, these findings confirmed that OAP2 could effectively
inhibit lung metastasis and improve the sensitivity of tumors to
aPD-L1 therapy. The combination of OAP2 with immunotherapy
holds promise for overcoming drug resistance and preventing
distant metastasis in breast cancer.

3. Conclusions

Mitochondria, as the energy sources of the cells, play a crucial
role in maintaining cell growth and proliferation. Their structure
and function are vital for cellular metabolism. Mitochondria have
their own independent genome, known as mtDNA, which encodes
proteins associated with the mitochondrial respiratory chain.
While the effect of mitochondrial membrane remodeling on tumor
progression remains unclear, previous studies have shown that
mitochondrial membrane remodeling caused by Sam50 deletion in
hepatocytes can lead to mtDNA release, activation of the cGAS-
STING signaling pathway, and acute liver injury. To fill the gap in
anti-tumor research related to mitochondrial membrane remodel-
ing, we designed and synthesized a novel Pt-APAP complex
called OAP2. By downregulating Sam50 expression, OAP2 pro-
moted mitochondrial membrane remodeling in tumor cells, acti-
vating the STING signaling pathway and ultimately reversing the
immunosuppressive tumor microenvironment.

From the experimental results, OAP2 possesses outstanding
anti-tumor activity in vitro. RNA-seq analysis showed significant
activation of the innate immune response and the type-I IFN
pathway after OAP2 treatment, surpassing the activation observed
in the control and Oxa groups. Mechanistically, we proved that
compound OAP2 could promote mitochondrial membrane
remodeling by downregulating Sam50 protein expression, facili-
tating the recruitment of Bax proteins to create pores in the
mitochondrial membrane, resulting in increased mtDNA release.
Meanwhile, OAP2-induced mitochondrial oxidative stress pro-
moted the formation of the NLRP3 inflammasome, which facili-
tated GSDMD-mediated pyroptosis through the activation of
caspase-1 maturation. Both the STING pathway activation and
pyroptosis could reverse the immunosuppressive tumor microen-
vironment. However, in the future, we need to delve deeper into
the intricate mechanisms responsible for OAP2’s induction of
mitochondrial membrane remodeling and activation of the STING
pathway.

Encouraged by the excellent anti-tumor activity in vitro, we
proceeded to evaluate the anti-tumor effect and biosafety of OAP2
on 4T1 tumor model in vivo. Flow cytometry analysis and ELISA
measurements of immune cells and anti-tumor cytokines in the
tumor microenvironment demonstrated that OAP2 promotes DC
maturation and infiltration of cytotoxic T cells while significantly
increasing the levels of anti-tumor immune factors. These results
demonstrate that OAP2 facilitates the transition from a “cold” to a
“hot” tumor microenvironment. Furthermore, in the tumor
metastasis models, OAP2 effectively reduced the number of lung
nodules and enhanced the sensitivity of immune checkpoint
inhibitors.

In summary, this study designed a platinum prodrug, OAP2,
utilizing the clinically safe drug APAP as its ligand, positions
OAP2 as an ideal candidate for clinical translation. Currently, the
majority of platinum-based prodrugs that activate the cellular
STING pathway are administered in nanoparticulate form. In
contrast, our OAP2, with its small molecule structure, provides the
benefits of predictability and controllability, streamlining drug
delivery considerations. OAP2 introduces an innovative mecha-
nism for STING activation, achieved through the promotion of
mitochondrial membrane remodeling, mtDNA release, and the
induction of oxidative stress and pyroptosis. This multifaceted
approach significantly enhances STING pathway activation,
creating an immunostimulatory tumor microenvironment. These
findings provide novel insights and open up new avenues for the
design of anti-tumor drugs targeting mitochondrial function.

4. Experimental

4.1. Chemicals and materials

All commercial reagents were used without purification unless
otherwise specified. Oxaliplatin (Oxa) was purchased from Energy
Chemical Co., Ltd., China. Other chemicals and chemical solvents
were purchased from AdamasBeta. HPLC chromatograms (semi-
preparation) were obtained using a Thermo Scientific Dionex
UltiMate 3000 system equipped with a reverse-phase column
(Prep-C18, Agilent) measuring 250 mm x 21.2 mm. The mobile
phase consisted of a mixture of acetonitrile and 0.1% TFA water in
a 50:50 ratio. The flow rate was set at 10.0 mL/min, and peak
detection was performed at 254 nm under UV light. An injection
volume of 1.0 mL and an injection time of 40 min were used for
each analysis. NMR spectra were recorded on a Bruker ARX
600 MHz spectrometer. Chemical shifts were reported in parts per
million (ppm), and coupling constants (J) were given in hertz
(Hz). High-resolution mass spectrometry (HRMS) was performed
on a Waters Xevo G2-XS Tof instrument. Elemental analysis data
were obtained using an Elementar UNICUBE element analyzer.

4.2.  Synthesis and characterization

Oxaliplatin (1000 mg, 2.52 mmol) was suspended in a mixture of
hydrogen peroxide (30%, 30 mL) and heated to 75 °C for 6 h. The
resulting mixture was then cooled to 4 °C overnight, resulting in
the formation of a light-green precipitate. The precipitate was
collected through centrifugation and washed three times with
water. The resulting product, O-Oxa, was obtained as a powder
(621.3 mg, yield = 57.23%).

Acetaminophen (500 mg, 3.31 mmol) and dihydrofuran-2,5-
dione (661.99 mg, 6.62 mmol, 2.0 equiv) were dissolved in 20 mL
of tetrahydrofuran. A catalytic amount of DMAP (0.02 mg) was
added, and the mixture was stirred at room temperature for 6 h.
After completion of the reaction, the solvent was removed by
vacuum distillation. The residue was cooled to room temperature,
and an appropriate amount of sodium bicarbonate (NaHCO3) so-
Iution was added to dissolve the residue and remove impurities.
The resulting solution was extracted with ether, and the pH of the
aqueous layer was adjusted to 4. White crystals were precipitated,
which were then filtered, dried, and APAP-DC obtained as white
products (591.78 mg, yield = 71.23%).

Next, O-Oxa (200.0 mg, 0.46 mmol), APAP-DC (349.47 mg,
1.39 mmol, 3.0 equiv), TBTU (446.33 mg, 1.39 mmol, 3.0 equiv),
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and TEA (0.19 mL, 1.39 mmol, 3.0 equiv) were mixed in 8.0 mL
of dimethylformamide (DMF). The reaction mixture was vigor-
ously stirred at room temperature for 48 h. Unreacted O-Oxa was
removed by filtration, and the mixture was further purified using
C18 column chromatography with a mixture of methanol and
water in a 1:1 ratio as the eluent. Yellow powder of OAP2 was
obtained with a reasonable yield (193.57 mg, yield = 46.50%,
purity >95% by HPLC).

'H NMR (500 MHz, DMSO-dg) 6 9.99 (s, 2H), 8.50—8.06 (m,
4H), 7.69—7.50 (m, 4H), 7.13—6.96 (m, 4H), 2.84—2.62 (m, 8H),
2.54 (s,2H), 2.04 (s, 8H), 1.41—1.29 (m, 4H), 1.09—0.83 (m,
2H)."’C NMR (126 MHz, DMSO) 6 181.66, 171.92, 167.54,
163.90, 148.07, 134.63, 121.88, 120.16, 61.79, 31.36, 30.94,
30.12, 24.88, 23.78. Pt NMR (86 MHz, DMSO) 6 1621.45;
HRMS (ESI): calcd for [M + Na]* C3,H33N4NaO,4Pt, 920.1930;
found, 920.1934. Elemental analysis calculated for
C3,H3gN,O44Pt: C41.97%, H 4.40%, N 6.12%; Found: C 41.80%,
H 4.32%, N 5.98%.

4.3.  Cell lines and cell culture

4T1 (murine breast cancer cells), BI6F10 (murine melanoma
cells), Renca (murine renal carcinoma cells), and PUMC-
HUVEC-T1 (human endothelial cell) were purchased from Pro-
cell Life Science&Technology Co., Ltd. L-929 (murine fibroblast)
was purchased from Wuhan Servicebio Technology Co., Ltd. All
the cells were cultured in the DMEM/RPMI-1640/MEM culture
medium (Sangon Biotech (Shanghai) Co., Ltd., E600003, and
E600028) with 10% FBS (Excell Bio, Shanghai, FSP500) and 1%
penicillin-streptomycin (MacGene, Beijing, CC004). In addition,
an additional 1 mmol/L sodium pyruvate (Sangon Biotech
(Shanghai) Co., Ltd., A600884) and 2 mmol/L L-glutamine
(Sangon Biotech (Shanghai) Co., Ltd., A100374) were added to
the Renca medium.

The cells utilized in the experiments were cultured in the
carbon dioxide cell culture box (Thermo Fisher-Forma 371) with
5% CO, at 37 °C.

4.4. Animals

Healthy BALB/c female mice (6—8 weeks, 18—20 g) were pur-
chased from Charles River, Beijing. All the animals were raised in
a free of pathogens cage. The temperature was kept at 21 + 2 °C,
and the relative humidity was maintained at 40%—70% with a
12 h light/dark cycle. All animal experiments were conducted
under the guidelines of the Institutional Animal Care and Use
Committee at Northwestern Polytechnical University.

4.5.  Cytotoxicity

4T1, B16F10, Renca, L-929 and HUVEC cells were seeded in the
96-well (Guangzhou Jet Bio-Filtration Co., Ltd., TCP001096)
until reaching a confluency of approximately 50%, followed by
treatment with various drugs. DMSO, Oxa, APAP, and OAP2 were
treated for 48 h at different concentrations. After drug incubation,
the medicated medium was removed and 200 pL. MTT (Beyotime
Biotechnology, ST1537) working solution was added to each well
and incubated at 37 °C for 4 h. Finally, the MTT solution was
removed and 200 pL DMSO was added to dissolve the precipi-
tation. The results were analyzed by a microporous plate multi-
functional detector (Tecan—Tecan Spark, Switzerland).

4.6. Live and dead cell staining

Calcein/PI Cell Viability/Cytotoxicity Assay Kit was purchased
from Beyotime Biotechnology (C2015S) to measure the cell
cytotoxicity of 4T1 and HUVEC cells. Cells were seeded in the
12-well plates (Guangzhou Jet Bio-Filtration Co., Ltd,,
TCP001012) until reaching a confluency of approximately 70%,
followed by treatment with various drugs. DMSO (2 pmol/L), Oxa
(2 pmol/L), APAP (2 pmol/L), OAP2 (2 umol/L) were treated for
24 h. After drug incubation, staining was performed according to
the protocols and the results were analyzed by the confocal laser
scanning microscope (CLSM, OLYMPUS—OLYMPUS FV3000).

4.7.  Colony-forming assay

A colony formation assay is designed to test the ability of drugs to
suppress the cells. 1 x 107 cells per well were cultured in a 6-well
plate (Guangzhou Jet Bio-Filtration Co., Ltd., TCP001006). After
treating the cells with DMSO (2 pmol/L), Oxa (2 pmol/L), APAP
(2 pmol/L), OAP2 (2 umol/L) for 24 h, the treatments were
removed the and replaced with 1640 medium. The cells were then
cultured for 10—14 days. Afterward, the medium was removed,
and the cells were stained with crystal violet (Beyotime
Biotechnology, C0121).

4.8.  Wound healing assay

Cells were cultured in a 6-well plate and incubated overnight. The
scratched wound was generated by a sterile 200 pipette tip. Sub-
sequently, the cells were washed three times with PBS and the
medium was replaced with DMSO (2 pmol/L), Oxa (2 pumol/L),
APAP (2 umol/L), and OAP2 (2 pumol/L). Photographs of the cells
were taken at 0, 24, and 48 h. Finally, the wound area was
calculated using Image J software.

4.9.  Apoptosis assay

To measure cell apoptosis induced by OAP2, 4T1 cells were
seeded in a 6-well plate and incubated overnight until reaching a
confluency of approximately 70%. Subsequently, the cells were
treated with DMSO (2 umol/L), Oxa (2 pmol/L), APAP (2 umol/
L), OAP2 (2 umol/L) were treated for 24 h. All cells were har-
vested and stained with Annexin V/PI Apoptosis Kit (Dojindo
Laboratories, AD10) according to the manufacturer’s instructions.
Flow cytometry analysis (FC) was performed using a BD-
FACSCelesta instrument. Finally, the flow cytometry data were
preessed using the flowjo X software.

4.10. Western blot

4T1 cells were seeded in a 6-well plate until reaching a confluency
of approximately 70%. The cells were incubated with DMSO
(2 pmol/L), Oxa (2 pmol/L), APAP (2 pmol/L), OAP2 (2 pmol/L)
for 24 h. The proteins were extracted from cells using RIPA
(Beyotime Biotechnology, POO13B) solution supplemented with
PMSF (Beyotime Biotechnology, ST505) and Phosphatase inhib-
itor cocktail A (Beyotime Biotechnology, P1081). Subsequently,
the proteins were separated using SDS-PAGE (Beyotime
Biotechnology, POO12AC) and transferred onto 0.45 um PVDF
membranes (Millipore, IPVH00010). The membranes were
blocked with 5% non-fat powdered milk (Beyotime Biotech-
nology, P0216) in TBST for 1 h at room temperature. Primary



1756

Renming Fan et al.

antibodies, including Bal-2 (CST, 3498, 1:1000), Bax (CST,
14796, 1:1000), Caspase-3 (CST, 14220, 1:1000), GAPDH
(Abcam, ab215191, 1:10000), y-H2AX (Abcam, ab81299,
1:5000), Sam50 (Proteintech, 67425-1-Ig, 1:5000), COX II
(SANTA, k2421, 1:500), Bak (CST, 12105, 1:1000), STING (CST,
50494, 1:1000), P-STING (CST, 72971, 1:1000), TBK1 (CST,
3504, 1:1000), P-TBK1 (CST, 5483, 1:1000), IRF3 (CST, 4302,
1:1000), P-IRF3 (CST, 29047, 1:1000), cGAS (Abcam, ab302617,
1:1000), GSDMD (CST, 39754, 1:1000), Cleave-GSEDMD (CST,
10137, 1:1000), IL-18 (CST, 12507, 1:1000), Cleave-IL-16 (CST,
63124, 1:1000), Caspase-1 (CST, 24232, 1:1000), Cleaved
Caspase-1 (CST, 89332, 1:1000), Vinculin (Abcam, ab129002,
1:50,000), NLRP3 (Abcam, ab263899, 1:1000), were incubated at
4 °C overnight. The membranes were then washed four times for
7 min in TBST and incubated with Goat Anti-Rabbit IgG H&L
(HRP) (Abcam, ab205718, 1:10,000) and Goat Anti-Mouse IgG
H&L (HRP) (Servicebio, GB23301, 1:3000) secondary antibodies
for 1 h at room temperature. Finally, images were obtained using
the Chemiluminescence Imaging System (VILBER—VILBER
FUSION FX6.EDGE) with BeyoECL Star (Beyotime Biotech-
nology, POO18AM).

4.11.  Caspase-3 activity detected assay

The GreenNuc™ Caspase-3 Assay Kit for Live Cells (Beyotime
Biotechnology, C1168S) was used for staining the active caspase-
3 of 4T1 cells. Cells were cultured on a glass slide in a 12-well
plate until reaching a confluency of approximately 70%. The cells
were incubated with DMSO (2 umol/L), Oxa (2 umol/L), APAP
(2 pmol/L), OAP2 (2 pumol/L) for 24 h. Next, cells were stained
with GreenNuc™ Caspase-3 (10 pmol/L) following the manu-
facturer’s instructions and the results were analyzed by the CLSM.

4.12.  Mitochondrial membrane potential test assay

Mitochondrial membrane potential was measured by the FC and
CLSM. 4T1 cells were seeded in a 6-well plate or CLSM dishes,
and cultured with DMSO (2 umol/L), Oxa (2 pmol/L), APAP
(2 pmol/L), OAP2 (2 umol/L) for 24 h. The cells were then
stained with an enhanced mitochondrial membrane potential assay
kit with JC-1 (Beyotime Biotechnology, C2003) following the
manufacturer’s instructions.

4.13.  RNA-seq analysis

4T1 cells were seeded in a 60 mm cell-culture dish and treated
with DMSO (2 pmol/L), Oxa (2 pmol/L), APAP (2 pumol/L),
OAP2 (2 pumol/L) for 24 h. Subsequently, the cells were collected
and total RNA was extracted by Trizol (Thermo Fisher, 15596018)
following the manufacturer’s instructions. The RNA samples were
then purified and quantified using the Bioanalyzer 2100 and RNA
6000 Nano LabChip Kit (Agilent, CA, USA, 5067-1511). High-
quality RNA samples with an RNA Integrity Number (RIN) > 7.0
were selected for library constrction.

RNA-seq was performed by LC Sciences through the Illumina
X10 platform (Hangzhou, China). The genes with the false dis-
covery rate (FDR) parameter below 0.05 and an absolute fold
change of at least 2 were considered differentially expressed genes
(DEGs). Enrichment analysis of Gene Ontology (GO) functions
and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways was performed on the DEGs. The correlation among all
samples was detected using Pearson correlation analysis and

principal component analysis (PCA). Volcano analysis was used to
identify the DEGs between the treated and control groups.

4.14.  Immunofluorescence staining

4T1 cells were seeded in 12-well plates until reaching a con-
fluency of approximately 70%. Subsequently, the cells were
treated with DMSO (2 pumol/L), Oxa (2 umol/L), APAP (2 umol/
L), OAP2 (2 umol/L) for 24 h. After the incubation period, the
cells were washed 3 times with cold PBS and fixed with 4%
paraformaldehyde for 10 min at room temperature. To per-
meabilize the cells, 0.2% Triton X-100 in PBS was applied for
5 min at room temperature. After that, the cells were blocked with
5% BSA (Sangon Biotech (Shanghai) Co., Ltd., A500023) in
TBST for 0.5 h at room temperature. Primary antibodies were
incubated at 4 °C overnight. After washing the cells 4 times with
TBST, and the second antibodies were incubated for 1 h at room
temperature. Finally, the nucleus was stained with 4,6-diamidino-
2-phenylindole (DAPI, Invitrogen, R37606) or Hoechst 33342
(Beyotime Biotechnology, C1025). The antibodies and their
working diluted concentrations were as follows: anti-DNA
(PROGEN, 1:200), Sam50 (1:500), Bak (1:200), CRT (Abcam,
ab215191, 1:500), HMGB1 (Abcam, ab79823, 1:250), Phospho-
STING (CST, 62912, 1:400), CoraLite488-conjugated goat anti-
rabbit IgG (H + L) (Proteintech, SA00013-2, 1:500), and Cy3-
conjugated goat anti-mouse IgG (H + L) (Servicebio, GB21301,
1:500), Goat Anti-Mouse IgG H&L (Alexa Fluor® 647) pre-
adsorbed (Abcam, ab150119, 1:1000).

4.15. ELISA

Cytokines secreted by cells or tumor tissues were measured using
an ELISA assay. Cells and tumor tissue were extracted using
ELISA lysis buffer at 4 °C. The samples were collected and stored
at —80 °C until further analysis. The ELISA kit used in this study,
including IFN-« (F31099), IFN-3 (F2124), HMGBI1 (F2828), IL-
12 (F30084), IL-10 (F2176), IL-18 (F2040), TNF-« (F2132), IFN-
v (F2182), TGF-6 (F2686), were purchased from Shanghai Fanke
Industrial Co., Ltd.

4.16.  ROS detection

2/, 7-Dichlorodihydrofluorescein diacetate (DCFH-DA), a ROS
probe, was purchased from Beyotime Biotechnology (S0033S)
and used to measure ROS generation in 4T1 cells. The cells were
seeded in 6- or 12-well plates until reaching a confluency of
approximately 70%. Subsequently, the cells were treated with
DMSO (2 pumol/L), Oxa (2 pmol/L), APAP (2 pumol/L), OAP2
(2 pmol/L) for 24 h. After drug incubation, the cells were stained
following the provided protocols, and the results were analyzed by
FC and CLSM.

4.17. GSH detection

GSSG/GSH Quantification Kit II was purchased from Dojindo
Laboratories (G263) and used to measure the concentration of
GSH in 4T1 cells. The cells were seeded in 6-well plates until
reaching a confluency of approximately 70%. Subsequently, the
cells were treated with DMSO (2 pmol/L), Oxa (2 pmol/L), APAP
(2 pmol/L), OAP2 (2 pmol/L) for 24 h. After drug incubation, the
GSH concentration was measured following the provided
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protocols, and the results were detected using a microwell plate
multifunctional detector.

4.18. LDH detection

LDH Release Assay Kit was purchased from Beyotime Biotech-
nology (C0016) and used to measure the release of LDH in 4T1
cells. The cells were seeded in 6-well plates until reaching a
confluency of approximately 70%. Subsequently, the cells were
treated with DMSO (2 pmol/L), Oxa (2 umol/L), APAP (2 umol/
L), OAP2 (2 pmol/L) for 24 h. After drug incubation, the LDH
release assay was performed following the provided protocols, and
the results were detected using a microplate multifunctional
detector.

4.19.  BMDCs activation in vitro

BMDCs were extracted from the femur and tibia of male c¢57 mice
aged 6—8 weeks. The extracted BMDCs were seeded in 10 mm
cell culture dishes and cultured in DMEM medium containing IL-
4 (10 ng/mL) and GM-CSF (20 ng/mL). The culture medium was
refreshed every two days. On the 7th day, the BMDCs were
collected for subsequent experiments. Drug-treated 4T1 cells and
BMDC were co-cultured in the 6-well plate. After 24 h, mature
DC cells (CD11c+, CD80+, CD86+) were examined using FC.

4.20.  Anti-tumor effect in vivo

Anti-tumor efficacy and safety were evaluated using a 4T1 subcu-
taneous tumor model. When the tumor volume reached approxi-
mately 50 mm® on the 7th day, the mice were randomly divided into
five groups. Each group was treated with PBS (negative control),
Oxa, APAP, Oxa plus APAP, and OAP2. The drugs were admin-
istered via intravenous injection every two days. The body weight
and tumor volume of mice were regularly measured during the
experiment. At the end of the experiment, the main organs and
blood samples were collected to evaluate the safety of the drug.

4.21.  Tumor immune activation in vivo

First, the orthotopic 4T1 mouse model was established. The tumor-
bearing mice were randomly divided into 4 groups (n = 6) and
subjected to interventions using PBS, Oxa, APAP, and OAP2.
Following the treatment, all mice were euthanized, and samples
were collected from the tumors, spleen and inguinal lymph nodes.
The immune cell populations were measured using FC (n = 3). For
the detection of immune cytokines, tumor tissues from treated mice
were collected (n = 3). Cytokines were extracted using ELISA
Cytokine Extraction Solution, and specific ELISA Kits were used
for the assays as described in the manuscript. The following anti-
bodies and kits were used in the flow cytometry and ELISA ana-
lyses: CoraLite® Plus 488 Anti-Mouse CD4, CoraLite®568 Anti-
Mouse CD3, APC Anti-Mouse CD86, FITC Plus Anti-Mouse
CDllc, and PE Anti-Mouse CD80 (B7-1) were purchased from
Proteintech. CD8« (2.43) Rat mAb (PE Conjugate), CD16/CD32
(2.4G2) Rat mAb, and 7-AAD Cell Staining Solution were pur-
chased from Cell Signaling Technology (CST). PE anti-mouse
CD206, PerCP/CyanineS5.5 anti-mouse CD45 Antibody, FITC
anti-mouse F4/80 Antibody, and Zombie Violet™ Fixable Viability
Kit were purchased from BioLegend, Inc.

4.22.  Anti-tumor metastasis model in vivo

We extablised two in vivo models to validate anti-tumor metastasis
effects of OAP2, namely lung metastasis model and the bilateral
tumor model. For the lung-metastatic mouse tumor model, 1 x 10°
4T1 tumor cells were intravenously injected on the 7th day before
drug treatment. The mice were divided into 4 groups. The tumor
volume and weight changes were recorded during the experiments.
On the 16th day, the mice were euthanized, and the lungs were
stained with H&E for further analysis.

In the bilateral tumor model, the same procedure as described
above was followed. The tumor changes on both sides were
recorded during the experiment, and CD8 immunofluorescence
staining was performed on the distal tumor after the experiment.

4.23.  Statistical analysis

The data were presented as means SD. Two-sided unpaired #-tests
were used to compare statistical differences between groups. One-
way ANOVA with Tukey’s multiple comparisons was used to
examine statistical differences for studies of multiple samples.
The statistical analysis program GraphPad Prism version 9 was
used for all calculations. The statistical significant was determined
using a cutoff of P<0.05. Significant levels were denoted by the
following symbols: *P<0.05, **P<0.01, ***P<0.001 and *#**
P<0.0001.
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