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Bromodomain-containing protein 4 (BRD4) is a key protein that drives the development of malignant melanoma
and is closely associated with the ferroptosis signaling pathway. Degradation of BRD4 can downregulate the
expression of ferroptosis-related genes such as GPX4, thereby promoting tumor-specific ferroptosis. Therefore,
targeting BRD4 for degradation is a promising strategy for inhibiting tumor growth. We constructed a PROTAC
drug-based tumor antigen capture system to protect the activity of antigen-presenting cells (APCs) and promote
antigen capture. The selected PROTAC drug (ARV-825) can specifically degrade BRD4 without harming immune
cells. Specifically, magnetic nanoclusters (MNC) coated with calcium-doped manganese carbonate (Ca/MnCO3),
were used to load PROTAC drug (ARV-825) and anti-PD1, forming the MNC@Ca/MnCO3/ARV/anti-PD1 system.
ARV-825 can specifically degrade BRD4 and GPX4, significantly inducing ferroptosis in tumor cells and releasing
tumor-associated antigens. The MNC@Ca/MnCOj3 particles, with their large specific surface area, adsorbed the
tumor antigens, preventing antigen loss and enhancing antigen presentation. Additionally, Mn?* served as an
adjuvant to promote the maturation and cross-presentation of APCs. Together with the PD1 antibody, this further
enhanced the anti-tumor response of the in situ tumor vaccine and reversed the suppressive immune microen-
vironment. This antigen capture system provides a novel strategy to improve the anti-tumor efficacy of in situ
tumor vaccines.

1. Introduction hyperactive, contributing to uncontrolled cancer cell growth and sur-

vival [1]. Additionally, studies have revealed a significant connection

Malignant melanoma, characterized by its high invasiveness and
metastatic potential, remains a major challenge in the field of oncology.
Bromodomain-containing protein 4 (BRD4) has been identified as a
crucial protein in regulating the cell cycle and differentiation of mela-
noma cells [1]. BRD4 belongs to the bromodomain and extra terminal
domain (BET) protein family and plays a central role in the epigenetic
regulation of gene expression. By binding to acetylated lysine residues
on histone tails, BRD4 functions as a transcriptional regulator, pro-
moting the recruitment of transcriptional machinery and enhancing
gene transcription. In melanoma, BRD4 is overexpressed and
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between BRD4 and the ferroptosis signaling pathway [2]. Ferroptosis is
characterized by iron-dependent accumulation of lipid peroxides and
has emerged as a novel therapeutic approach for cancers, especially
those resistant to traditional therapies. BRD4 regulates the expression of
key genes involved in the ferroptosis process, such as GPX4, a crucial
enzyme that protects cells from ferroptosis-induced lipid peroxide
accumulation [3]. Therefore, the specific degradation of BRD4 is an
effective strategy to downregulate GPX4 expression and induce
tumor-specific ferroptosis, thereby inhibiting melanoma growth. How-
ever, inducing ferroptosis in melanoma cells alone is insufficient to
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inhibit tumor metastasis. Thus, further blocking metastasis remains a
critical challenge.

Constructing in situ tumor vaccines is a crucial strategy for further
enhancing antitumor efficacy [4-6]. In the mechanism of in situ tumor
vaccines, tumor cells are killed, releasing tumor antigens, which are
captured by antigen-presenting cells (APCs) and presented to T lym-
phocytes, inducing specific cytotoxic T lymphocytes (CTLs) to directly
kill tumor cells. However, the antitumor effect of in situ tumor vaccines
is generally weak [7], primarily due to the low efficiency of antigen
capture and presentation by APCs. Tumor antigens released after tumor
cell death are often rapidly cleared and cannot be effectively captured by
APCs. Therefore, improving antigen capture is key to initiating an
antitumor immune response. To enhance antigen capture efficiency,
researchers have proposed several strategies. For instance, maleimide
molecules improve antigen capture by forming thioether bonds with
released tumor antigens [8]; poly(amidoamine) dendrimers capture
tumor antigens through ionic bonds [9]; and adhesive hydrogel
three-dimensional network structures are used to capture tumor anti-
gens in situ, achieving sustained release of tumor antigens [10].
Exploring more antigen capture strategies is essential for enhancing
antigen presentation and thereby improving the efficacy of in situ tumor
vaccines. Therefore, we further constructed an in situ tumor vaccine
based on the induction of ferroptosis in melanoma cells to enhance the
anti-tumor immune response for long-lasting resistance against tumors.

To target the degradation of BRD4 and enhance antitumor immune
responses, we developed a tumor antigen capture system based on
proteolysis-targeting chimeras (PROTAC) drugs. PROTAC is a bifunc-
tional molecule designed to recruit target proteins to the cell’s ubiquitin-
proteasome system for degradation, thereby specifically inhibiting
protein function [11-14]. PROTAC drugs offer significant advantages in
anti-tumor therapy by specifically targeting proteins with high preci-
sion, minimizing off-target effects, and enhancing treatment safety and
efficacy [15]. Their unique protein degradation mechanism also over-
comes drug resistance issues common in traditional therapies, opening
new therapeutic avenues [16]. As research advances, PROTACs are
poised to become a cornerstone of personalized medicine, offering more
efficient and tailored treatment options for cancer patients. Studies have
shown that PROTAC drugs can also reverse the immunosuppressive
tumor microenvironment and enhance antitumor immunity [17,18].
Therefore, we chose the BRD4-degrading PROTAC drug ARV-825 as part
of our system. The system employs magnetic nanoclusters (MNCs)
coated with calcium/manganese carbonate (Ca/MnCOs) as carriers for
the PROTAC drug and anti-PD1 antibody, forming the
MNC@Ca/MnCO3/ARV/anti-PD1 complex. This configuration allows
for the targeted delivery of ARV-825 and PD1 blockers directly to the
tumor microenvironment, optimizing therapeutic efficacy while mini-
mizing off-target effects on immune cells. ARV-825 specifically degrades
BRD4 and GPX4 in melanoma cells, inducing ferroptosis, promoting the
release of tumor-associated antigens, and maintaining the activity of
APCs. Ca/MnCOs3 particles are biocompatible and have a large specific
surface area, enabling efficient adsorption of tumor antigens, preventing
antigen loss, and enhancing the antigen-presenting capability of APCs.
Additionally, in our previous study, we found that MNC magnetic
nanoparticles alone had a very limited effect on the activation of den-
dritic cells (DCs). In contrast, the introduction of Ca® and an*, which
have immunostimulatory effects, significantly enhanced the immunos-
timulatory effect and dramatically increased the activation level and
antigen-presenting capacity of DCs [19]. Moreover, Ca/MnCQOs are
acid-sensitive and can be designed as pH-sensitive drug delivery sys-
tems. Tumor microenvironments are usually slightly acidic, so these
compounds can be dissolved in response to acidic conditions upon
arrival at the tumor site, thus facilitating effective drug release. This
synergistic effect, combined with PD1 blockade, further enhances the
antitumor response of in situ tumor vaccines, reversing the immuno-
suppressive microenvironment characteristic of melanoma. This inte-
grated approach highlights the combination of targeted protein
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degradation and immune modulation to overcome the challenges posed
by malignant melanoma, providing new avenues for cancer therapeutic
strategies.

2. Results and discussion

2.1. The synthesis and characterization of MNC@Ca/MnCO3
nanoparticles

Multifunctional magnetic nanoparticles MNC@Ca/MnCOs with
flower-like core/shell structure were synthesized by a one-pot method
via forming Ca/MnCOj3 coating around the core of MNC (Fig. 1A). The
flower-like core/shell structure usually exhibits excellent antigen
loading capacity. The images of scanning electron microscope (SEM)
and transmission electron microscope (TEM) depicted that the MNC
were spherical with sizes of ~80 nm (Fig. 1B), and the MNC@Ca/
MnCOs nanoparticles were flower-like with sizes of ~800 nm (Fig. 1C
and D). The X-ray powder diffractometer (XRD) patterns of MNC@Ca/
MnCO3 nanoparticles as shown in Fig. 1E. The diffraction peaks in
24.19°, 31.31°, and 41.33° corresponded to the (012), (104), and (113)
crystal planes of MnCOg3 (JCPDS no. 44-1472), respectively. While the
diffraction peaks in 30.36°, 35.76°, and 43.47°corresponded to the
(220), (311), and (400) crystal planes of MNC (JCPDS no. 65-3017)
[20], respectively. Subsequently, the infrared spectrum (IR) showed that
(Fig. 1F), the appearance of the peak around 585 cm™! is due to the
stretching vibration of Fe-O-Fe [21], while the appearance of peaks at
1452 cm™! and 871 cm ™! is due to the stretching and bending vibrations
of CO%_ [22], respectively. These results indicate that MNC@Ca/MnCO3
nanoparticles were successfully synthesized. In addition, the hysteresis
regression curves of the particles showed that the MNC covered by
Ca/MnCOs still maintained good magnetic properties (Fig. 1G). The size
of MNC@Ca/MnCOs particles was predominantly distributed at 712 nm
and had a polydispersity index (PDI) of 0.68 (Supporting Information
Figure S2C).

In addition, the MNC@Ca/MnCOs particles were characterized using
XPS. The full XPS spectrum (Supporting Information Figure S1A)
revealed binding energy peaks for Ca 2p, Mn 2p, Fe 2p, C 1s, and O 1s,
confirming the presence of Ca, Mn, Fe, C, and O elements within the
particles. Specifically, peaks at 347.1 eV and 350.7 eV are attributed to
Ca 2p3/2 and Ca 2pl/2, while those at 641.9 eV and 653.8 €V corre-
spond to Mn 2p3/2 and Mn 2pl/2, respectively (Figs. S1B and C),
indicating the presence of Ca?* and Mn®" in the particles. Peaks at
710.4 eV and 724.1 eV, corresponding to Fe 2p3/2 and Fe 2pl/2
(Fig. S1D), show that the surface modification with Ca/MnCOj3 did not
alter the valence states of the MNC, preserving their magnetic proper-
ties. Additionally, characteristic C 1s and O 1s peaks were observed in
the spectra (Figs. S1E and F), further supporting the successful synthesis
of MNC@Ca/MnCOs3 particles. According to our measurements
(Supporting Information Figures S1G&H), the MNC@Ca/MnCOs nano-
particles exhibited a large specific surface area (53.8 m2/g) and a large
average pore size (5.5 nm), which meets the definition of mesoporous
materials. This remarkable specific surface area provides abundant
adsorption sites for drugs, while the mesoporous structure facilitates
effective drug accommodation.

2.2. ARV-825 and PD-1 antibody loading and releasing capacity of
MNC@Ca/MnCO3 nanoparticles

Firstly, the absorption spectra of different concentrations of ARV-825
were detected in the wavelength range of 300-600 nm, and the results
showed that ARV-825 had maximum absorption at 412 nm (Fig. 2A).
Then, the ARV-825 loading ratio of MNC@Ca/MnCO3 nanoparticles was
examined, as shown in Fig. 2B. 5 mg of MNC@Ca/MnCO3 nanoparticles
completely adsorbed 1 mg of ARV-825 within 0.5 h and maintained a
stable loading of ARV-825 for a long time. This proves that MNC@Ca/
MnCOs nanoparticles quickly loaded a large number of ARV-825.
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Fig. 1. (A) The synthetic schematic diagram of MNC@Ca/MnCO3 nanoparticles. The TEM images of (B) MNC and (C) MNC@Ca/MnCO3 nanoparticles. (D) The SEM
image of MNC@Ca/MnCO3 nanoparticle. (E) The XRD spectrum of MNC@Ca/MnCO3 nanoparticles. (F) The FT-IR spectra of MNC and MNC@Ca/MnCO3 nano-
particles. (G) The hysteresis regression curves of MNC and MNC@Ca/MnCO3 nanoparticles.

Meanwhile, The IR spectra showed (Fig. 2C) that the MNC@Ca/MnCO3
nanoparticles loaded with ARV-825 contained characteristic peaks of
ARV-825 at 1641, 1451, 1086, 869, and 577 cm™!. Meanwhile, the
MNC@Ca/MnCOs3 nanoparticles loaded with ARV-825 were found to be
green and magnetic (Fig. 2D). In addition, the surface charges of MNC,
MNC@Ca/MnCO3, and MNC@Ca/MnCO3/ARV nanoparticles were
—4.46 mV, —13.1 mV and —19.3 mV, respectively. This indicates a
significant change in the surface charge of the particles after loading
ARV-825. All these results indicate that ARV-825 was successfully
loaded by MNC@Ca/MnCO3 nanoparticles, and the elemental contents
in the MCM/ARYV nanoparticles determined using ICP were Fe (14.1 %,
w/w), Ca (14.8 %, w/w), and Mn (11.3 %, w/w), respectively. Subse-
quently, the anti-PD1 loading ratio of MNC@Ca/MnCO3/ARV nano-
particles was examined with BCA Kkits. As shown in Supporting
Information Figure S1A, 1 mg of MNC@Ca/MnCO3/ARV nanoparticles
completely adsorbed 24 pg of anti-PD1 within 1 h and maintained a
stable loading of anti-PD1 for a long time. This proves that anti-PD1
could be stably loaded by MNC@Ca/MnCOs/ARV nanoparticles. In
addition, to explore the pH-sensitive capability of the MNC@Ca/MnCO3
nanoparticles and the release ratio of ARV-825, MNC@Ca/MnCOs/ARV
nanoparticles were placed into different pH buffers, the results were
shown in Fig. 2E. The MNC@Ca/MnCOs3 nanoparticles released ARV-
825 slowly in the weak acid buffer, indicating that nanoparticles are
pH sensitive. We further evaluated the release of PD-1 antibody under
both conditions using a BCA assay kit. The results, as shown in Sup-
porting Information Figure S3D, indicate that PD-1 antibody also

undergoes slow release in the acidic buffer while remaining stable in the
neutral buffer, with no significant release observed. These findings
confirm that the carrier degrades gradually in an acidic solution, leading
to the subsequent release of both ARV-825 and PD-1 antibody adsorbed
onto it. This behavior underscores the pH-responsive nature of the
MNC@Ca/MnCOj3 nanoparticles and their potential for drug release in
lysosomes.

Subsequently, we characterized the morphology and particle size of
MNC@Ca/MnCO3/ARV and MNC@Ca/MnCO3/ARV/anti-PD1 parti-
cles. As shown in Supporting Information Figures S3A&B, both com-
posite particles maintained a flower-like structure, and this specific
morphology helped to enhance their drug loading capacity. The particle
size of MNC@Ca/MnCO3/ARV and MNC@Ca/MnCO3/ARV/anti-PD1
particles were as shown in Supporting Information Figures S3C, the
MNC@Ca/MnCO3/ARV, and MNC@Ca/MnCO3/ARV/anti-PD1 parti-
cles showed a slight increase in the particle size compared to the original
MNC@Ca/MnCOj3 particles, which was attributed to the fact that
MNC@Ca/MnCO3/ARV particles showed adsorption of a large amount
of ARV-825. whereas, compared to MNC@Ca/MnCOs/ARV particles,
the MNC@Ca/MnCO3/ARV/anti-PD1 particles did not significantly in-
crease in particle size. Finally, we used transmission electron micro-
scopy (TEM) combined with energy dispersive X-ray spectroscopy (EDS)
to analyze the spatial distribution of the elements within the nano-
particles. The results were shown in the Supporting Information
Figure S2E, where the Fe element was observed in the core of the
nanoparticles, which was attributed to the MNCs, verifying that the
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Fig. 2. (A) The absorption curves of different concentrations of ARV-825. (B) The ARV-825 loading rates of MNC@Ca/MnCO3 nanoparticles at different times. (C)
The FT-IR spectra of ARV and MNC@Ca/MnCO3/ARV nanoparticles. (D) The magnetic properties of ARV and MNC@Ca/MnCO3/ARV nanoparticles. (E) The ARV
releasing rates of MNC@Ca/MnCO3/ARV nanoparticles in the neutral and weak acid buffer.

MNCs acted as the basis of the internal structure of the system. The Ca,
Mn, C, and O elements, which were attributed to the Ca/MnCOs,
confirmed that calcium-doped manganese carbonate was successfully
encapsulated in the outer layer of the MNC, forming the intermediate
layer of the system. Whereas the N element and a small amount of S
element were observed in the outermost layer of the nanoparticles, with
the N element attributed to the ARV-825, while the S element originated
from the PD1 antibody, suggesting that the ARV-825 and the PD1
antibody successfully modified the on the surface of the nanoparticles,
constituting the outermost layer of the system. Through the above EDS
mapping analysis, we confirmed that the components of the nano-
particles were accurately assembled as expected, and their spatial dis-
tribution was highly consistent with the schematic diagram.

2.3. The cytotoxicity of MNC@Ca/MnCQg nanoparticles on tumors and
DCs

To reveal the in vitro toxicity of the ARV-825, MNC@Ca/MnCOj3 or
MNC@Ca/MnCO3/ARV, DCs or B16 cells were incubated with different
concentrations of ARV-825, MNC@Ca/MnCO3 and MNC@Ca/MnCQO3/
ARV. As shown in Fig. 3A, the cellular toxicity of ARV and MNC@Ca/
MnCO3/ARV nanoparticles on B16 cells overall dropped with the
increased concentrations, and the toxicity of MNC@Ca/MnCO3/ARV
nanoparticles on B16 cells was greater than ARV-825. When the con-
centration of ARV-825 was 200 ng/mL, the cell viability of the ARV
alone group significantly decreased to 79.7 %, while the cell viability of
the MNC@Ca/MnCOs/ARV group significantly decreased to 32.1 %,
manifesting a more brilliant tumor therapeutic effect. In addition, co-
incubation of different concentrations of ARV-825 or MNC@Ca/
MnCOs3 nanoparticles with DCs for 24 h did not affect the cell viability of
DCs, indicating that ARV-825 or MNC@Ca/MnCO3 nanoparticles have
very low cytotoxicity for DCs (Fig. 3B and C). Thus, the ARV-825 at a
concentration of 200 ng/mL was selected for subsequent experiments. In
addition, the toxicity of different concentrations of MNC@Ca/MnCO3/
ARV nanoparticles on DC2.4 was measured. As shown in Supporting
Information Figure S3C, the MNC@Ca/MnCO3/ARV nanoparticles were
not toxic to DC2.4 when the concentration of ARV was below 1000 ng/

mL. In this study, the concentration of ARV in the MNC@Ca/MnCO3/
ARV nanoparticles acting on B16 cells was 200 ng/mL, which was much
lower than 1000 ng/mL, and thus non-toxic to normal immune cells at
this concentration. Thus, the MNC@Ca/MnCOs nanoparticles were
biosafety carriers. Subsequently, the cell morphologies were observed
after treatment with each group, and the results were shown in Sup-
porting Information Figure S2A. The B16 cells treated with the ARV-
825-containing group became disordered in cell morphology,
decreased in cell number, and had a significant increase in cell mortal-
ity. Additionally, direct differentiation between living (green) and dead
(red) cells was achieved through calcein-AM/PI fluorescence co-
staining, as illustrated in Fig. 3D. The images exhibited that red fluo-
rescent in the MNC@Ca/MnCO3/ARV group were higher than that in
other groups. The flow quantification results similarly showed that
MNC@Ca/MnCO3/ARV group induced significantly higher cell mortal-
ity than the other groups (Fig. 3E and F), indicating that the loading of
MNC@Ca/MnCOs on ARV significantly increased the tumor cell killing
efficiency. Furthermore, the loading of ARV-825 by MNC@Ca/MnCOs3
nanoparticles significantly inhibits cell migration (Fig. 3G and H). These
results indicate that the MNC@Ca/MnCOs group did not affect cell
migration compared with the blank control group, and the loading of
ARV-825 by MNC@Ca/MnCO3 nanoparticles significantly increased the
toxicity, and inhibited cell migration of B16 cells.

2.4. MNC@Ca/MnCO3 nanoparticles carry ARV-825 into lysosomes

The entry of ARV-825 into tumor cells is the most critical prerequi-
site for killing tumor cells. To demonstrate whether the loading of ARV-
825 by MNC@Ca/MnCOs3 nanoparticles for increased cellular uptake of
ARV-825, ARV-825, and MNC@Ca/MnCO3/ARV nanoparticles were
treated with B16 cells for 6 h. The results are shown in Fig. 4, ARV-825
was detected as an intense green fluorescence at 488 nm excitation
wavelength (Fig. 4A-C). Quantitative flow cytometric analysis revealed
that the intracellular fluorescence signal of the MNC@Ca/MnCO3/ARV
group was approximately 20-fold higher compared to the ARV-825
group (Fig. 4D and E). In addition, confocal laser scanning microscope
(CLSM) images further showed that the intracellular ARV-825 in the
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Fig. 3. (A) The cytotoxicity of B16 cells were incubated with different concentrations of ARV and MNC@Ca/MnCO3/ARV. (B, C) The cytotoxicity of DC were
incubated with different concentrations of ARV and MNC@Ca/MnCOs. (D) The live and dead cell staining of B16 cells exposed to ARV and MNC@Ca/MnCO3/ARV.
(E-F) The apoptosis and necrosis assay of ARV and MNC@Ca/MnCO3/ARV-treated B16 cells by flow cytometer. (G-H) The cell migration of B16 cells exposed to
ARV, MNC@Ca/MnCO3, and MNC@Ca/MnCO3/ARV particles and the corresponding quantitative data. Scar bar: 100 pm *P < 0.05, **P < 0.01, ***P < 0.001.

MNC@Ca/MnCOs/ARV group was significantly higher than the ARV
group (Fig. 4F-H), validating that the loading of ARV-825 by MNC@Ca/
MnCOs3 nanoparticles promoted internalization of the ARV-825 into
tumor cells. This may be because the water solubility of ARV-825 is very
low and the loading of ARV-825 by nanoparticles can significantly
improve its dispersion in water.

2.5. Ferroptosis of B16 cells induced by in vitro degradation of BRD4 and
GPX4

Ferroptosis is characterized by decreased mitochondrial membrane
potential (MMP) and enhanced mitochondrial fragment [23,24], which
can be detected by JC-1 dye. When mitochondrial membrane potential
(Aym) is high, JC-1 aggregates within healthy mitochondria to form
J-aggregates that emit red fluorescence; under these conditions, we use
the red fluorescence channel for detection (with an excitation maximum
at 585 nm and an emission maximum at 590 nm). Conversely, when
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internalized ARV by B16 cells and the corresponding statistical analysis in each group. (F) CLSM images of B16 cells after incubation with ARV or MNC@Ca/MnCO3/
ARV for 6 h, (G-H) and the corresponding co-localization of lysosomes and ARV. Scar bar: 20 pm, ***P < 0.001.

Aym decreases or becomes depolarized, JC-1 exists as monomers within
mitochondria, emitting green fluorescence; for this state, we opt for the
green fluorescence channel for measurement (with an excitation
maximum at 488 nm and an emission maximum at 525 nm). By
comparing the enhancement of green fluorescence relative to red fluo-
rescence, we can assess the decline in mitochondrial Aym. The results of
the JC1 assay (Fig. 5A and B) revealed a progressive enhancement in the
green fluorescence intensity of monomers in both the ARV and
MNC@Ca/MnCO3/ARV groups compared to the blank control group.
Notably, the green fluorescence was significantly higher in the
MNC@Ca/MnCOs/ARV group than in the ARV group. Flow cytometry
analysis further corroborated these findings, demonstrating a

(=)}

significantly elevated green fluorescence intensity in the
MNC@Ca/MnCO3/ARV group compared to both the control and
ARV-825 alone groups, as evidenced by the increased JC-1 monomer/-
aggregate ratio (Supporting Information Figures S2B&C). These results
indicated that MNC@Ca/MnCO3/ARV particles can significantly decline
the MMP and Aym of tumor cells. This finding not only underscores the
impact of MNC@Ca/MnCO3/ARV particles on mitochondrial function
but also demonstrates their potential as inducers of ferroptosis.

In addition, ferroptosis manifested as increased lipid peroxidation
and elevated ROS. Thus, the total intracellular production of ROS, O3,
and lipid peroxide (LPO) of B16 cells was then assessed by DCFH-DA,
DHE, and Liperfluo fluorescent dyes, respectively. As shown in
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Fig. 5C-F, ARV and MNC@Ca/MnCO3/ARV groups significantly pro-
moted the production of ROS and O3, and the loading of ARVs by
MNC@Ca/MnCO3 nanoparticles further increased the production of
ROS and O3 . Consistent with the MMP assay, the results of LPO staining
of tumor cells revealed that the production of LPO in the MNC@Ca/
MnCO3/ARYV group significantly increased than that in control and ARV
alone groups (Fig. 5G-H), which all indicated that the loading of ARV-
825 by MNC@Ca/MnCOj3 nanoparticles can significantly promote the
ferroptosis of B16 cells. Meanwhile, ROS can promote anti-tumor
signaling and initiate oxidative stress-induced tumor cell death [25].
TEM was then used to directly observe the mitochondrial damage in
paradigms of ferroptosis. As depicted in Fig. 6A, the mitochondrial
morphologies observed in both the ARV and MNC@Ca/MnCOs/ARV

groups exhibited more reduced mitochondrial size and pronounced
mitochondrial fragmentation (indicated by red arrows) compared to the
control group. Moreover, the mitochondrial cristae reduced and became
disrupted in MNC@Ca/MnCO3/ARV group. These results all indicated
that the loading of ARV-825 by MNC@Ca/MnCO3 nanoparticles ag-
gravates ferroptosis of B16 cells.

In addition, we treated B16 and DC2.4 cells with MNC@Ca/MnCOs/
ARV particles, and subsequently evaluated the effect of these particles
on both cell types by detecting the LPO accumulation levels. According
to the results shown in Supporting Information Figures S4D&E,
MNC@Ca/MnCO3/ARV particles did not significantly alter the LPO
levels in DC2.4, whereas a significant increase in LPO levels was
observed in B16 cells. This indicates that MNC@Ca/MnCOs/ARV
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Fig. 6. (A) Mitochondrial morphology of B16 cells observed using TEM. (B) The relative BRD4 protein level of B16 cells and corresponding statistical analysis in each
group. (C) The molecular docking diagram of ARV-825 and BRD4. (D-F) The GPX4 and cMyc protein levels of B16 cells and corresponding statistical analysis. (G-H)
The cell cycle of B16 cells and corresponding statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.

particles did not induce ferroptosis in normal immune cells DC2.4 but
significantly promoted the specific ferroptosis in B16 tumor cells. This
selective effect may be attributed to the high expression of BRD4 in
melanoma cells (Supporting Information Figures S4A&B). As an
important oncogene, BRD4 is typically expressed at higher levels in
tumor cells than in normal cells. Therefore, the drug ARV-825 can
specifically degrade BRD4, which is particularly evident in B16 cells,
thereby enhancing the ferroptosis-inducing effect mediated by
MNC@Ca/MnCO3/ARV particles. This result demonstrates their ability
to selectively promote ferroptosis within tumor cells without affecting
the functional integrity of normal immune cells.

BRD4 is a cytosolic protein associated with chromatin, that affects
DNA replication and cell cycle progression [24,26]. On the one hand, the

degradation of BRD4 leads to the decline of ROS eliminator glutathione
peroxidase 4 (GPX4), which results in a decrease in mitochondrial
membrane potential and a dramatic increase in ROS [24]. On the other
hand, the degradation of BRD4 inhibits the expression of cMyc, which
affects cell proliferation and cell cycle. First, the molecular docking
analysis was performed to assess the binding affinity of the ARV-825 for
protein BRD4. As shown in Fig. 6C. The results show that ARV-825 binds
specifically to BRD4 through OTX015 with a binding energy as low as
—9.476 kcal/mol, indicating that the binding of ARV-825 to BRD4 was
very stable. Then, the E3 ubiquitin ligase in the structure of ARV-825
will recruit E3 ubiquitinase, which will promote the degradation of
BRD4. To examine whether ARV-825 can degrade BRD4 after entering
cells, the BRD4 content of B16 cells after treatment with different
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preparations was examined by Western blotting analysis. As shown in
Fig. 6B, ARV-825 entering cells could bind and degrade BRD4, and the
loading of ARV-825 by MNC@Ca/MnCOs nanoparticles further
increased the degradation of BRD4. Due to that the loading of ARV-825
by nanoparticles significantly promotes the uptake of ARV-825 by cells.
The degradation of cMyc and GPX4 was then analyzed with the western
blot analysis, as shown in Fig. 6D-F. Compared with the control group,
the cMyc and GPX4 protein content in ARV and MNC@Ca/MnCO3/ARV
groups significantly declined, and MNC@Ca/MnCOs/ARV group
declined the most. These results indicate that the degradation of BRD4
by MNC@Ca/MnCOs/ARV nanoparticles directly affects the expression
of cMyc and GPX4, which affects the normal cell cycle and causes fer-
roptosis. Then, the cell cycle assays were performed and the results
showed that the MNC@Ca/MnCO3/ARV nanoparticles affected DNA
replication, and arrested cell cycle in GO/G1 phase (Fig. 6G and H),
which will affect cell normal growth, and cause cell death.
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2.6. Ferroptosis of tumor cells enhanced the maturation of BMDCs and
antigen presentation

Ferroptosis can induce immunogenic cell death (ICD), releasing
damage-associated molecular patterns (DAMPs), high mobility group
box 1 (HMGB1), and mainly including calmodulin (CRT), which serves
as an “eat me” signal, and then recruits APCs to promote anti-tumor
immune responses [27,28]. This study further examined whether
inducing ferroptosis in tumor cells enhances the activation of bone
marrow-derived cells (BMDCs) and the presentation of tumor antigens.
The isolated BMDCs were treated with the above B16 cell supernatant of
each group for 24 h, after which the levels of major histocompatibility
complex (MHC) and costimulatory molecules in the cells were assessed
(Fig. 7A). As illustrated in Fig. 7B-G, compared to the supernatant from
the control group, the supernatant from the ARV and MNC@Ca/Mn-
COs/ARV groups significantly upregulated the expression levels of MHC
II, MHC I, CD86, CD80, and CD40 on BMDCs. Furthermore, the
expression levels of MHC II, CD86, and CD40 induced by the supernatant
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Fig. 7. DC activation and antigen presentation. (A) BMDC stimulation protocol in vitro. After stimulating BMDC in vitro with a supernatant of B16 cells, the
expression of OVA-specific MHC I, MHC II, and co-stimulating molecules on BMDCs was detected by using the flow cytometer. (B) Flow scatter plot of each
experimental group, and the corresponding percentages of (C-G) MHC II, MHC I, CD86, CD80, and CD40 molecules expressed on CD11c™ DC cells. *P < 0.05, **P <

0.01, ***P < 0.001.
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from the MNC@Ca/MnCO3/ARV group were significantly higher than
those induced by the ARV group. These findings suggest that loading
ARV onto MNC@Ca/MnCO3 nanoparticles effectively induces the ICD,
promotes antigen presentation, and activates BMDCs, thereby facili-
tating subsequent immune responses.

2.7. Magnetic nanoparticles capture the antigen to enhance antigen
presentation

Antigen uptake by APCs initiates antigen presentation, triggering
specific immune responses. To assess the effectiveness of MNC@Ca/
MnCOs3 nanoparticles in capturing and delivering antigens, we utilized
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the model antigen-ovalbumin (OVA). Supporting Information
Figures S1B&C demonstrates the efficient absorption of Cy5.5-labeled
OVA by MNC@Ca/MnCO3 nanoparticles, showing red fluorescence.
Furthermore, effective antigen capture by DCs is crucial for robust im-
mune responses [29]. Thus, we evaluated the antigen delivery capability
of MNC@Ca/MnCO3 nanoparticles. As shown in CLSM images of
Fig. 8A, the red fluorescence of the Cy5.5-OVA alone group was
extremely weak, whereas the red fluorescence of the MNC@Ca/Mn-
CO3/Cy5.5-OVA group was strong and overlapped with the green fluo-
rescence of the lysosomes, suggesting that MNC@Ca/MnCO3
nanoparticles could deliver abundant antigen into the cytosolic lyso-
somes of DC. Subsequently, we used MNC@Ca/MnCO3/Cy5.5-OVA
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Fig. 8. (A) CLSM images of DC 2.4 after incubation with Cy5.5-OVA and MNC@Ca/MnCO3/Cy5.5-OVA for different times. (B, C) Intracellular Ca?" level of DCs after
incubation with OVA and MNC@Ca/MnCO3/OVA. (D) Intracellular Mn?* levels of DCs after incubation with OVA and MNC@Ca/MnCO5/OVA. (E) The level of
cytokines IFN f secreted by DCs in each group. (F, G) Observation of antigen at the vaccination sites and corresponding mean fluorescence intensity from each group

of mice. Scar bar: 20 ym *P < 0.05, ***P < 0.001.
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nanoparticles co-cultured with DC2.4 cells for 24 h, and examined the
escape of the antigen from the lysosomes. As shown in Supporting In-
formation Fig. 8A, the red fluorescence of the antigen was significantly
separated from the green fluorescence of the lysosome (as indicated by
the white arrow), indicating that the antigen successfully escaped from
the lysosome. This separation was attributed to the fact that the lyso-
somes promoted the degradation of the MNC@Ca/MnCOs nano-
particles, thereby releasing the antigen, which would have contributed
to the efficiency of antigen cross-presentation.
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2.8. The degradation of MNC@Ca/MnCOs nanoparticles in the DC
promotes antigen cross-presentation

Effective degradation of vaccine vectors in the cytoplasm is crucial
for the controlled release of antigens and adjuvants. Therefore, intra-
cellular Mn?" and Ca®* of DC were examined to detect whether the
nanoparticles were degraded. The results are shown in Fig. 8B-D,
nanoparticles can significantly increase the intracellular Mn?" and Ca®*
levels, which indicates that MNC@Ca/MnCO3 nanoparticles can be
degraded in the cells. Moreover, intracellular Mn?" functions as an
immune adjuvant, promoting the generation of type I interferon [30],
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Fig. 9. In vivo inhibition of melanoma tumors by treatment with MNC@Ca/MnCO3/OVA/anti-PD1 system. (A) The schematic diagram of anti-tumor therapy. (B)
The digital photograph of the tumor, (C) average tumor growth curves, and (D) tumor weights from each group of mice. The (E) H&E and (F) TUNEL staining images
of tumors from each group of mice. (G) BRD4 and (H) GXP4 immunohistochemical staining images of tumors from each group of mice. (I-K) The level of ALT, AST,
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thereby enhancing CD8™ T cell-induced immune responses [31]. Among
them, Interferon-p (IFN-P) is a typical type I-IFN that can effectively
detect whether the STING pathway is activated. Here, IFN-f secretion
levels in DC supernatants of each group were detected. As shown in
Fig. 8E, the IFN-B concentration was notably elevated in the
MNC@Ca/MnCO3/0OVA group compared to the OVA alone group. These
results suggest that MNC@Ca/MnCO3 nanoparticles, which act as car-
riers and adjuvants, can be slowly degraded in cells to facilitate the
release of the adjuvant Mn?* and promote antigen cross-presentation.

2.9. Magnetic nanoparticles extend antigen retention time at the injection
site

Prolonged residence time of antigens at the administration site is
essential for sustained immune stimulation. To assess tumor antigen
(OVA) retention, mice were subcutaneously injected with Cy5.5-OVA
and MNC@Ca/MnCO3/Cy5.5-OVA formulations, and their fluores-
cence intensity was monitored over time. As illustrated in Fig. 8F-G, the
fluorescence intensity of Cy5.5-OVA alone decreased rapidly within 24 h
post-immunization and was barely visible on day 7. In contrast, the
MNC@Ca/MnCO3/Cy5.5-OVA group exhibited robust fluorescence at
24 h, with a slower decline by day 7, indicating prolonged antigen
retention facilitated by MNC@Ca/MnCO3 nanoparticles. Furthermore,
efficient co-delivery of antigen and adjuvant to the same antigen-
presenting cells (APCs) enhances their synergy.

2.10. In situ tumor vaccines enhance anti-tumor efficacy In vivo

Since MNC@Ca/MnCO3/ARV had outstanding inhibitory effects on
B16 cells, its efficacy was further explored in tumor-bearing mice
(Fig. 9A). Throughout tumor therapy, alterations in tumor volume and
changes in the body weights of mice were consistently monitored every
2 days. Tumor growth status as shown in Fig. 9B and C, ARV-825 alone
had a better tumor inhibitory effect in the early stage (before day 13),
but in the late stage of tumor growth, the inhibitory effect on tumor
growth was minimal, which may be attributed to the very poor water
solubility of ARV-825, resulting in its low bioavailability in the tumor.
On the contrary, the MNC@Ca/MnCO3/ARV-containing group showed
significant tumor inhibitory effects at all stages of tumor growth, which
may be because ARV-825 loaded by MNC@Ca/MnCOs3 nanoparticles
improves the bioavailability of ARV-825 and prolongs its retention time
in the tumor. In addition, the tumor growth was slower in MNC@Ca/
MnCO3/ARV/anti-PD1 group than MNC@Ca/MnCO3/ARV group. The
corresponding tumor-bearing mice of each group were shown in Sup-
porting Information Figure S3A. Moreover, the tumor weight was
significantly lighter in the MNC@Ca/MnCO3/ARV/anti-PD1 group than
the saline group (Fig. 9D), and all mice showed no significant fluctua-
tions in body weight (Supporting Information Figure S3B). These sug-
gested that the loading of ARV and anti-PD1 on MNC@Ca/MnCOs3
nanoparticles enhances the tumor treatment effect.

In addition, we added a mixed-treatment group (ARV-825 + anti-
PD1) as an additional control group and conducted another animal
study. As shown in Supporting Information Figure S12A, ARV-825 alone
did not significantly inhibit tumor growth, possibly due to its poor water
solubility. While the mixed-treatment group demonstrated some anti-
tumor effects, primarily because the PD1 antibody enhanced immune
cell function for more effective tumor cell attack and killing, this effect
was still inferior to that of the final system. There was no significant
difference in the body weight of mice in all groups (Supporting Infor-
mation Figure S12B). The final system exhibited the best anti-tumor
performance due to the integrated functions of all components, work-
ing synergistically to strengthen the anti-tumor immune response. The
carrier not only improved the water solubility and stability of ARV-825
but also loaded tumor antigens to construct an in situ tumor vaccine,
acting as an adjuvant. Coupled with the PD1 antibody, it promoted anti-
tumor immunotherapy, achieving complementary advantages between
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chemotherapy and immunotherapy.

Several blood biochemical indicators, namely AST, ALT, and LDH,
serve as markers to gauge the efficacy of melanoma treatment across
different groups [32-35]. As shown in Fig. 9I-K, the level of AST in the
MNC@Ca/MnCO3/ARV group was notably reduced compared to those
in the saline group. In addition, in comparison to both the saline and
ARV groups, the levels of AST, ALT, and LDH in the MNC@Ca/Mn-
CO3/ARV/anti-PD1 group were significantly decreased. These results
indicated that the loading of ARV and PD1 by MNC@Ca/MnCOs3
nanoparticles could improve anti-tumor ability. For H&E staining,
tumor tissue in the control group had more viable cells, while the
MNC@Ca/MnCO3/ARV and MNC@Ca/MnCOs/ARV/anti-PD1 group
showed obvious tumor cell death (Fig. 9E). Meanwhile, the TUNEL
staining showed that MNC@Ca/MnCOs3/ARV and MNC@Ca/Mn-
CO3/ARV/anti-PD1 induced more tumor cell apoptosis (Fig. 9F). These
results further suggest that MNC@Ca/MnCO3 nanoparticles loaded with
ARV-825 and anti-PD1 can effectively improve the anti-tumor effect.

To further investigate the activity of ARV-825 in inducing ferroptosis
in vivo, the changes of BRD4 and GPX4 in tumors were then examined.
As shown in Fig. 9G and H, ARV-825 containing group treatment
downregulated the BRD4 and GPX4 protein expression in tumors,
Moreover, ARV-825 loaded by MNC@Ca/MnCOj3 nanoparticles further
reduced the expression of BRD4 and GPX4 protein, which is consistent
with the results in vitro. These observations suggest that MNC@Ca/
MnCO3/ARV can effectively induce ferroptosis and suppress tumor
growth.

2.11. In situ tumor vaccines enhance anti-tumor immune response In vivo

Based on the fact that MNC@Ca/MnCO3/ARV/anti-PD1 produced
significant treatment of tumors, we speculate that it may have success-
fully constructed a vaccine in the in situ tumor and triggered a strong
systemic anti-tumor cellular immune response. To test whether the
system could induce ICD in tumors, we examined CRT in tumor tissues,
which is a“eat me”signal for tumor cells [27]. As shown in Fig. 104, the
red fluorescence of CRT in saline and ARV alone groups was very low,
whereas the red fluorescence of CRT in MNC@Ca/MnCO3/ARV con-
taining groups was significantly increased, which indicates that
ARV-825 loaded by MNC@Ca/MnCO3 nanoparticles can contributes to
the induction of tumor immunogenic death. Successful induction of ICD
of tumor will ultimately promote infiltration of effective T cells in the
tumor, which is essential for cancer immunotherapy. Thus, CD8" T cell
infiltration in the tumor was examined. As shown in Fig. 10B, there was
an elevation in the percentage of CD8™" T cells within the tumors of the
ARV-containing group compared to the saline group. Notably, the
highest percentage of CD8" T cells was observed in the tumors of the
MNC@Ca/MnCO3/ARV/anti-PD1 group. This may be because
MNC@Ca/MnCO3/ARV nanoparticles increased ICD levels, Mn?" acted
as an immune adjuvant, and anti-PD1 inhibited the immune escape of
tumor cells.

Antigen-specific antibody titers are a key indicator for evaluating the
intensity and type of immune response. Specifically, an increase in IgG1
titers indicates an enhanced cell-mediated immune responses, whereas
an increase in IgG2a titers indicates an enhanced humoral immune
response [36]. As depicted in Fig. 10G-I, compared with the saline alone
group, the IgG and IgG2a titer of MNC@Ca/MnCOs/ARV and
MNC@Ca/MnCOs/ARV/anti-PD1  groups significantly increased.
Moreover, the IgG1 titers were highest in the MNC@Ca/MnCO3/AR-
V/anti-PD1 group. These findings suggest that MNC@Ca/MnCOs3
nanoparticles loaded with ARV-825 and anti-PD1 can activate both
cellular and humoral immune responses and produce specific antibodies
after killing the tumor cells, successfully constructing an in situ tumor
vaccine.

The transport of tumor antigens taken up by APCs to immune tissues
such as lymph nodes and spleens is an important step in activating T cells
and promoting antibody production. Therefore, the levels of antigen
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OVA reaching the spleen were detected using immunohistochemical
analysis. As depicted in Supporting Information Figures S4A&B, the
OVA amounts in the spleens of saline and ARV alone groups were low,
while the OVA amounts in the MNC@Ca/MnCOs-containing groups
were high. Notably, the OVA amounts of the MNC@Ca/MnCOs/ARV/
anti-PD1 group were the highest. That is to say, MNC@Ca/MnCOs3
nanoparticles loaded with ARV and anti-PD1, after killing tumor cells,
promoted the arrival of the tumor antigens to the spleen, which would
promote tumor antigen presentation. Subsequently, the activation and
antigen presentation of DCs in the spleens were examined. As illustrated
in Fig. 10C-F, the ARV-alone group did not exhibit a significant
enhancement in the expression of CD86 and MHC I in DCs compared to
the saline group. In contrast, the group treated with MNC@Ca/MnCOs3
nanoparticles demonstrated a significant increase in the expression of
CD86 and MHC I in DCs, consistent with the in vitro findings
(Fig. 7B-G). This may be attributed to the fact that loading of ARV-825
by MNC@Ca/MnCOs3 nanoparticles would increase the tumor-killing
effect and the adjuvant effect of Mn?! in the nanoparticles further
activated DCs and antigen cross-presentation. Furthermore, there was a
notable increase in MHC II molecules observed in the MNC@Ca/
MnCO3/ARV/anti-PD1 group compared to the saline group. This finding
further indicates that anti-PD1 treatment may enhance antigen delivery
even more effectively.

The spleens contain a large number of immune cells that are crucial
in inducing immune responses [37]. Upon encountering the same anti-
gen again, these cells undergo rapid proliferation, enabling T cells to
mount a swift and potent immune response [38]. To test whether
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splenocytes from immunized mice have an immune memory function,
the splenocytes were first co-incubated with B16 cells (Fig. 11A). As
shown in Fig. 11B, compared with saline and ARV alone groups, the
numbers of splenocytes adhering to tumor cells were higher in
MNC@Ca/MnCOj3 containing groups. The results of the quantitative
assessment of the toxicity of splenocytes to tumor cells are shown in
Fig. S11, the splenocytes in the ARV-825 group alone were essentially
non-toxic to tumor cells compared to the control group, whereas the
splenocytes in the MNC@Ca/MnCO3/ARV and MNC@Ca/MnCOs3/AR-
V/anti-PD1 groups caused significant toxicity to tumor cells, with the
splenocytes in the MNC@Ca/MnCOs/ARV/anti PD1 group’s splenocytes
were the most toxic to tumor cells. These findings suggest that
MNC@Ca/MnCO3/ARV and MNC@Ca/MnCOs3/ARV/anti-PD1 treat-
ments were able to more effectively stimulate the body to generate
tumor-specific immune responses, where the addition of anti-PD1
further enhanced this effect. This may be attributed to the fact that
cytotoxic T-lymphocytes in the splenocytes of MNC@Ca/MnCOg3 con-
taining groups were proliferated and differentiated in large numbers and
the blockage of immune escape by anti-PD1. Subsequently, the per-
centages of CD8" T cells in splenocytes were assessed, as depicted in
Fig. 11C and D. Compared to the saline group, the inclusion of ARV
significantly elevated the proportion of CD8" T cells in splenocytes.
Notably, the MNC@Ca/MnCO3/ARV/anti-PD1 group exhibited the
highest percentage of CD8™ T cells in splenocytes. Moreover, the sizes of
lymph nodes in the ARV-loaded nanoparticle groups were enlarged
(Supporting Information Figure S5C), which indicates that T-lympho-
cytes in the lymph nodes proliferated and differentiated in large
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Fig. 11. (A) Schematic diagram of co-incubation of splenocytes with B16 cells. (B) The cell morphology of splenocytes co-incubated with B16 cells. (C, D) The rates
of CD8'/CD4™ T cells in splenocytes. (E-I) The level of cytokines IFN-y, TNF-q, IL-6, IL4, and IL-10 in the splenocytes supernatant detected by ELISA. *P < 0.05, **P

< 0.01, ***P < 0.001.

numbers. Subsequently, the antigens were used to stimulate the sple-
nocytes again, and the secretion of cytokines by these splenocytes was
assessed, as depicted in Fig. 11E-I. In comparison to the saline group, the
levels of Tumor necrosis-o factor (TNF-«) and Interleukin-6 (IL-6) were
notably elevated in the ARV-containing groups. Moreover, compared
with the saline and ARV alone group, the levels of IFNy, TNF-a, IL-6 and
IL-4 in the MNC@Ca/MnCO3/ARV/anti-PD1 group were significantly
higher. Furthermore, the secretion levels of IL-10 were comparable
across all groups, suggesting that MNC@Ca/MnCO3/ARV and anti-PD1
treatments did not induce immunomodulatory effects to suppress the
expression of these antitumor-associated cytokines. These findings
indicate that the encapsulation of ARV-825 and anti-PD1 within
MNC@Ca/MnCO3 nanoparticles promotes the secretion of cytokines
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associated with cellular and humoral immunity, and also indicate that
MNC@Ca/MnCOj3 nanoparticles loaded with ARV-825 and anti-PD1 can
enhance the immune memory function of mice, which can make an
immediate immune response when stimulated by antigen again.

The elevated proportion of memory T cells stands out as a crucial
hallmark of vaccination, as these cells assume a pivotal role in immune
surveillance, which can respond quickly and efficiently to re-exposed
antigens [39]. Memory T cells consist of two distinct subgroups,
namely central memory T cells (Tcy cells, CD44"&h cpe2LMigM and
effector memory T cells (Tgy cells, CD44Me&M cDE2L1°™) [40]. The results
of Tgy cell proportions are shown in Supporting Information
Figures S5A&B, MNC@Ca/MnCOs/ARV/anti-PD1 group could increase
the percentages of CD4" and CD8" Tgy cells, which suggested that
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MNC@Ca/MnCO3 nanoparticles loaded with ARV-825 and anti-PD1

induced the production of immune memory T cells. Tog

sults suggested that tumors treated with MNC@Ca/MnCO3/ARV/an-
ti-PD1 can successfully construct an in situ tumor vaccine, which

ether, these re-

enhances antigen presentation, promotes the proliferation and differ-
entiation of T-lymphocytes, and enhances the level of immune response.

Finally, the biosafety of the above formulations was

tested in vivo.

The hearts, livers, spleens, lungs, and kidneys of these mice were
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harvested for histopathological analysis, and the corresponding H&E
staining outcomes were illustrated in Supporting Information Figure S6.
All organs showed no obvious pathological changes, indicating that
MNC@Ca/MnCO3/ARV/anti-PD1 nanoparticles have good biosafety.
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2.12. In situ tumor vaccines remodel the tumor immune
microenvironment

Sustained tumor regression typically necessitates a synergistic blend
of innate and adaptive immune responses. NK cells and macrophages are
indispensable components of innate immunity, while CD4" T cells and
CD8* T cells are pivotal for orchestrating the adaptive immune response
[41]. To further elucidate the potential mechanism for enhancing
anti-tumor immune responses by MNC@Ca/MnCO3/ARV/PD1-con-
structed in situ tumor vaccines, the RNA-sequencing (RNA-seq)-based
transcriptome analysis of treated tumors was conducted. As shown in
Fig. 12 A, a total of 615 differentially expressed genes were identified,
with 311 genes showing significant up-regulation and 304 genes
showing down-regulation. Subsequent Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrichment
analyses revealed significant enrichment of pathways associated with
the activation of innate and adaptive immune responses. These path-
ways include antigen processing and presentation, T cell differentiation,
natural killer cell-mediated cytotoxicity, differentiation of Th1 and Th2
cells, NOD-like receptor signaling pathway, Toll-like receptor signaling
pathway, as well as T and B cell receptor signaling pathway (Fig. 12B
and D&F). As shown in the gene heatmap, many immune
response-related genes promoting anti-tumor were significantly
up-regulated, including H2-K1, H2-M3, Hsp90aal, CD247, FCGRIA,
CXCL9, CXCL10, IRF9, CD3e, and CD3g (Fig. 12C and E).

To more effectively control tumors and inhibit their metastasis and
recurrence, the body needs to establish a robust and sustained anti-
tumor immune response. This process relies on the synergistic action
of multiple genes and signaling pathways to ensure effective recognition
and destruction of tumor cells as well as continuous immune surveil-
lance. First, up-regulated MHC-I molecules (e.g., H2-K1 and H2-M3)
together with TAPBP (Tapasin) facilitate antigen presentation to CD8"
T cells, a critical step in the recognition and destruction of tumor cells.
Increased expression of these molecules ensures that tumor-specific
antigens are efficiently presented to CTLs, thereby initiating a direct
killing mechanism against tumor cells. Secondly, upregulation of the
chemokines CCL5, CXCL9, and CXCL10 plays a role in recruiting more
effector T cells to the tumor site [42]. These chemokines direct T cells
and other immune cells towards tumor infiltration, maintaining a con-
stant immune surveillance environment and ensuring that emerging
tumor cells do not escape the surveillance of the immune system In
addition, the upregulation of Hsp90 protein accelerates the speed of
immune cells to reach the lesion site and improves the clearance effi-
ciency of immune cells against tumor cells [43]. These will enhance the
local anti-tumor immune response. The presence of memory T cells is
critical for the long-term prevention of tumor recurrence, as they can be
rapidly activated upon tumor reappearance to provide a rapid and
effective immune response. In particular, upregulation of CD247 and
FCGR1 protein expression helps APCs recognize antigens in tumors and
initiate immune surveillance against tumors [44]. This enhanced anti-
gen recognition is important for the initiation of adaptive immune re-
sponses and the generation of specific immune memory. IRF9 and
STAT1, as part of the interferon signaling pathway, further enhance
anti-tumor immunity by promoting both innate and adaptive immune
responses. Finally, CD3e and CD3g are present on the surface of
T-lymphocytes as part of the TCR-CD3 complex, and are essential for
activating T-cells and initiating adaptive immune responses [45]. Their
presence ensures the sensitivity of T cells to antigenic stimuli, which is
particularly critical for controlling tumor metastasis. Together, these
genes work through different mechanisms to enhance the body’s im-
mune surveillance of tumors, reverse the immunosuppressive tumor
microenvironment, and reduce the risk of tumor metastasis and
recurrence.
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2.13. In situ tumor vaccines prevent the tumor lung metastases

We established a mouse metastasis model by tail vein injection of
melanoma cells (Supporting Information Figure S13A). On day 18 after
injection, all experimental animals showed lung metastasis. The results
were shown in Supporting Information Figures S13B&C, ARV-825 alone
failed to significantly reduce the number of black metastatic foci on the
lungs or lymph nodes, indicating that it was largely ineffective in
inhibiting tumor metastasis, which may be related to its failure to
effectively activate the body’s immune system. In contrast, the group
treated with MNC@Ca/MnCO3/ARV complex showed significant anti-
metastatic effects, with a significant reduction of metastatic foci on
the lungs and lymph nodes. In particular, the most significant
improvement was observed in the group treated with MNC@Ca/
MnCO3/ARV/anti-PD1 nanoparticles: a 74.8 % reduction in lung me-
tastases compared to the control group. This result suggests that the
MNC@Ca/MnCO3/ARV/anti-PD1 nanoparticles effectively inhibited
melanoma metastasis by enhancing the systemic anti-tumor immune
response.

3. Conclusions

In this study, a magnetic tumor antigen capture system MNC@Ca/
MnCO3/ARV/anti-PD1 was constructed, using PROTAC drug to avoid
injuring APCs, specifically degrading BRD4 and GPX4 of tumor cells,
significantly induce ferroptosis and release a large amount of tumor
antigens. Meanwhile, magnetic nanoparticles have a strong adsorption
effect on tumor antigens to achieve in situ capture of tumor antigens and
form pathogen-like micro-nanoparticles to promote the retention of
tumor antigens. Moreover, Mn?" in the particles acted as an adjuvant to
promote antigen cross-presentation, and together with the PD1 anti-
body, enhanced the anti-tumor effect of the in situ tumor vaccine, suc-
cessfully reversing the immunosuppressive tumor microenvironment. In
this study, the tumor-specific ferroptosis based on PROTAC drug-
induced and magnetically driven antigen capture strategy provided a
new strategy for enhancing the tumor in situ vaccine effect.

4. Methods
4.1. Materials

Manganese chloride monohydrate (MnCly-H30), sodium carbonate
(NapCO3), and Calcium chloride (CaCl,) were sourced from Macklin
(Shanghai, China). ARV-825 was obtained from MedChemExpress
(USA). 1640 RPMI culture medium and fetal bovine serum were ob-
tained from Gibco (CA, USA). Crystalline violet stain, CCK-8, dichloro-
dihydro-fluorescein diacetate (DCFH-DA), dihydroethidium (DHE), JC-
1, annexin V-FITC/PI double dye kits, Calcein-AM/PI double dye Kkits,
lysotracker Red, BCA protein detection kit, red blood cell lysis buffer,
and DAPI staining solution were obtained from Beyotime (Shanghai,
China). Anti-BRD4 rabbit antibody, anti-cMyc rabbit antibody, anti-
GPX4 rabbit antibody, FITC-Tunnel cell apoptosis detection kit, CD8-
GB13429, and anti-calreticulin (CRT) rabbit antibody were obtained
from Servicebio (Wuhan, China). Murine IL-4 and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were obtained from
PeproTech (NJ, USA). All enzyme-linked immunosorbent assay (ELISA)
kits and flow cytometry antibody dyes were purchased from BioLegend
(CA, USA). All female C57BL/6 mice (4-6 weeks) were purchased from
Beijing HFK Laboratory Animal Technology Co. (Beijing, China).
Liperfluo was purchased from Dojindo (Kyushu, Japan). LumiKine
Xpress mIFN-f 2.0 enzyme-linked immunosorbent assay (ELISA) kit was
obtained from InvivoGen (CA, USA).

4.2. Synthesis of MNC nanoparticles

Firstly, potassium citrate (0.4 g) and FeCls (0.65 g) were dissolved in
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ethylene glycol (40 mL) and stirred vigorously for 1 h at room temper-
ature. Subsequently, sodium acetate (1.2 g) was added and stirred for 30
min. Then, the mixture was added to the Teflon-lined autoclave for 12h
at 200 °C. Finally, the products were collected, washed with ethanol and
water three times, and freeze-dried for storage.

4.3. Synthesis and characterization of MNC@Ca/MnCOs3 nanoparticles

Initially, 5 mg of MNC nanoparticles were combined with a mixture
of MnCly and CaCl, (0.016 M) in glycerol/water solutions (v/v = 1/1,
10 mL) and stirred for 30 min. Subsequently, the glycerol/water solution
containing NH4HCO3 (0.16 M, 10 mL) was introduced to the mixture
and stirred for 1 h at 50 °C, followed by washing the precipitate three
times. Finally, the precipitate underwent characterization using a
transmission electron microscope (TEM, JEM-2010HR, Japan), scanning
electron microscope (SEM, Zeiss, Germany), laser nanoparticle sizer
(Malvern, Britain), inductively coupled plasma optical emission spec-
trometer (ICP, Thermo iCAP 7000, US), X-ray powder diffractometer
(XRD, Miniflex 600, Japan), vibrating sample magnetometer (Lake-
Shore, USA), Fourier transform infrared spectrometer (FT-IR, VER-
TEX70, Germany), a specific surface area and porosity analyzer (ASAP
2460, Micromeritics, USA) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific EscaLab 250Xi).

4.4. The loading and release of ARV-825

Firstly, a dispersion of 5 mg of MNC@Ca/MnCO3 nanoparticles was
prepared in 1 mL of deionized water. Then, the ARV-825 (1 mg, dis-
solved in 10 pL. DMSO) was added into the suspensions and stirred for
72 h. After centrifugation, the supernatant was utilized to detect the free
ARV-825 concentration using a microplate reader (BIOTEK, USA).

The MNC@Ca/MnCO3/ARV (50 pg) nanoparticles were suspended
in 100 pL of PBS with different pH values (7.4 and 5.5) and shaken (50
rpm) at 37 °C. At designated time intervals, samples were centrifuged to
remove the supernatant and resuspended with 100 pL of fresh PBS,
followed by the detection of the fluorescence intensity (FI) of the sus-
pension using the microplate reader to calculate the release ratio of
ARV-825.

The MNC@Ca/MnCOs3/ARV nanoparticles (1 mg) were dispersed in
deionized water (1 mL). Then, the anti-PD1 solution (10 pL, 100 pg) was
added to the suspensions and stirred for 72 h. After centrifugation, the
free anti-PD1 in the supernatant was detected with BCA Kkits.

4.5. Cell viability detection

B16 and DC2.4 cells were seeded into 96-well plates at a density of 1
x 10* cells/well, and incubated for 24 h. Following incubation, the cells
were treated with various concentrations of ARV or MNC@Ca/MnCO3/
ARV formulations (ARV: 0, 50, 100, 200, 500,1000, and 2000 ng/mL)
for an additional 24 h. Additionally, DC2.4 cells were exposed to
different concentrations of MNC@Ca,/MnCOs3 formulations (0, 0.1, 0.25,
0.5, 0.75, and 1 mg/mL) or MNC@Ca/MnCO3/ARV formulations (ARV:
0, 50, 100, 200, 500,1000, and 2000 ng/mL) for 24 h. Cell viability was
subsequently assessed by the addition of CCK-8 dye.

B16 cells were seeded into 24-well plates at a density of 5 x 10*
cells/well and incubated for 24 h. Following incubation, the cells were
treated with either ARV or MNC@Ca/MnCO3/ARV formulations (ARV:
200 ng/mL) for an additional 24 h. Subsequently, the cell morphology
was examined using an optical microscope (Leica DMI6000, Germany),
and the cells were harvested and stained with annexin V-FITC/PI dyes.
The stained cells were then analyzed using a flow cytometer (Beckman
Coulter, USA). Additionally, B16 cells treated with ARV or MNC@Ca/
MnCO3/ARV formulations were stained with Calcein-AM/PI dyes, and
the viability of the cells was assessed by observing live and dead cells
using a fluorescence microscope (DMRA2, Leica, Germany).
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4.6. Migration experiment

B16 cells were seeded in 12-well plates (1 x 10° cells/well), and
incubated at 37 °C. Once the cells reached 100 % confluence, a scratch
with a width of approximately 400 pm was drawn in a certain direction
with a sterile 200 pL pipet tip. Then, the cells were exposed to ARV or
MNC@Ca/MnCOs3/ARV formulations for 24 h. Finally, the changes in
the scratches were observed under the optical microscope at regular
intervals.

4.7. Cell uptake and cellular co-localization

B16 cells were cultured in cell culture dishes at a density of
approximately 5 x 10 cells/dish and allowed to incubate for 24 h.
Following this, the cells were treated with ARV or MNC@Ca/MnCO3/
ARV formulations and incubated for 6 h. Subsequently, the cells were
stained with Lyso-Tracker red fluorescent dye for 2 h, fixed for 20 min,
and then further stained with DAPI dye for 5 min. The cells were visu-
alized using a confocal laser scanning microscope (CLSM, Zeiss,
Germany).

For another set of experiments, B16 cells were seeded in 24-well
plates at a density of 5 x 10* cells/well and incubated for 24 h.
Following this, the cells were treated with ARV or MNC@Ca/MnCOs/
ARV formulations and incubated for 6 h. The cells were then collected
and analyzed using a flow cytometer (Beckman Coulter, USA).

4.8. Cell cycle progression assay

B16 cells were plated in 24-well plates and subjected to the same
treatment as described above. After 24h, the cells were harvested and
fixed in 70 % ethanol for 12 h. Subsequently, the cells were washed and
stained with propidium iodide (PI) for 15 min. The cell cycle distribution
was then analyzed using the flow cytometer.

4.9. Western blotting assay

B16 cells were cultured in 10-cm dishes at a density of 2 x 10° cells/
dish and subjected to the same treatment as described above. Following
treatment, the cells were lysed using a lysis buffer, and the protein
content of the lysed cells was normalized using the BCA kit. Subse-
quently, the protein samples were separated by SDS-PAGE and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. The PVDF
membranes were then incubated in a blocking buffer containing 5 % (w/
v) bovine serum albumin (BSA). Following blocking, the membranes
were probed with anti-BRD4, anti-GPx4, and anti-cMyc antibodies
(dilution ratio = 1:1000) overnight, followed by incubation with sec-
ondary antibodies (dilution ratio = 1:10,000) for 2 h. The signal in-
tensities of BRD4, GPx4, and cMyc were subsequently measured using a
dual-color infrared laser imaging system (Odyssey CLX, USA).

4.10. Intracellular ROS, Oy~ and LPO detection assay

B16 cells were seeded in 24-well plates and subjected to the same
treatment as described previously. Following the designated treatment
duration, the cells were washed and subsequently stained with DCFH-
DA, DHE and Liperfluo dye solution. Subsequently, the stained cells
were visualized under the fluorescence microscope, and the fluorescence
intensities were quantitatively analyzed using Image J software.

In addition, DC2.4 and B16 cells were seeded in 24-well plates and
treated with MNC@Ca/MnCO3/ARV nanoparticles for 24 h. Then, the
cells were washed and stained with Liperfluo dye solution. Finally, the
stained cells were visualized under the fluorescence microscope, and the
fluorescence intensities were quantitatively analyzed using Image J
software.
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4.11. Measurement of mitochondrial membrane potential (Aym)

The B16 cells underwent the previously outlined procedure. After the
designated treatment period, the cells were stained with JC-1 dye and
analyzed using both a flow cytometer and a fluorescence microscope.

4.12. Mitochondria morphology observation

B16 cells were seeded in 10-cm dishes and treated with ARV or
MNC@Ca/MnCO3/ARV formulations. After 24 h, the cells were har-
vested and suspended in 2 mL of glutaraldehyde solution. Subsequently,
the cells were embedded in resin, sectioned, and examined under the
TEM to observe changes in mitochondrial morphology.

4.13. DC maturation in vitro

B16 cells were processed as described above. Subsequently, the cell
supernatant of B16 was gathered and co-cultured with BMDCs for 24 h.
Subsequently, the BMDCs were harvested and incubated with FITC-anti-
CD11c, APC-anti-CD80, PE-anti-MHC II, PerCP-Cy5.5-anti-CD80, or PE-
anti-MHC I solutions for 30 min. Finally, the BMDCs were analyzed
using the flow cytometer.

4.14. Antigen capture in vitro

Initially, MNC@Ca/MnCOs3 nanoparticles (5 mg) were introduced
into the OVA antigen solution (in physiological saline, 1 mg/mL, 1 mL)
and agitated at 25 °C. Subsequently, the free OVA was assessed using the
BCA kit at various time intervals. Following this, DC2.4 cells were
cultured with MNC@Ca/MnCO3/OVA for 6 h or 24 h, washed three
washes, and then exposed to Lyso-Green fluorescent dye solution for 2 h.
Subsequently, the cells were fixed with a 4 % paraformaldehyde solution
for 20 min and then stained with a DAPI staining solution for 5 min. The
prepared samples were examined using the CLSM.

4.15. The intracellular levels of Mn®" and Ca®"

The DC2.4 cells were seeded in 6-well plates at a density of 5 x 10°
cells/well and incubated for 24 h. The cells were then incubated for an
additional 24 h with OVA or MNC@Ca/MnCO3/0OVA formulations. Af-
terward, the cells were exposed to cell lysis buffer, and the supernatant
was then harvested and diluted to 5 mL. The Mn content in the super-
natant was measured using an inductively coupled plasma-atomic
emission spectrometer (iCAP 7000, Thermo, USA). To detect intracel-
lular Ca®" levels, the cells were harvested and stained with Flo-4 AM
staining solution for 30 min. Finally, the cells were analyzed using the
flow cytometer.

4.16. Detection of IFN-f

The BMDCs were seeded in 24-well plates at a density of 5 x 10*
cells/well and incubated for 24 h with OVA or MNC@Ca/MnCO3/OVA
formulations. The supernatants were harvested and analyzed for IFN-f
levels using an ELISA kit.

4.17. Retention time of captured antigen at the injection site

C57BL/6 female mice were immunized with Cy5.5-OVA or
MNC@Ca/MnCO3/Cy5.5-OVA preparations, respectively. The antigen’
fluorescence intensity at the injection site was observed with a small
animal bioluminescence imaging system (IVIS Lumina III, PerkinElmer,
USA).

4.18. Therapeutic efficacy of the in situ tumor vaccine

All experiments involving animals were conducted to the ethical
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policies and procedures approved by the ethics committee of the Animal
Care Committee of the Jinan University (Approval No. SYXK 2022-
0174). Tumor vaccine was evaluated in female C57BL/6 mice (4-6
weeks old) divided into four groups (n = 5). On day 0, B16 cells were
subcutaneously injected into the back of the mice. Then, 100 pL of sa-
line, ARV, MNC@Ca/MnCO3/ARV, or MNC@Ca/MnCO3/ARV/anti-
PD1 formulations were injected into the tumor at day 7, 11, and 15, and
the tumor volumes and body weights of the mice were measured with
one-day intervals, tumor volume = (width® x length)/2. The tumors,
sera, and spleens of the mice were collected on day 22. An automatic
biochemical analyzer (Chemray 240, Rryto, China) was used to measure
the levels of lactate dehydrogenase (LDH), alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in the sera. The titers of
tumor antigen-specific antibodies in the sera were measured using
ELISA. The tumor slices were stained with CRT, hematoxylin-eosin
(H&E), CD8-GB13429, and TUNEL dye solutions, and observed with
the fluorescence microscope.

The spleens and tumor slices were then further analyzed by immu-
nohistochemistry. The distribution of antigen OVA in the spleens and the
distribution of the BRD4 or GPX4 in tumors were observed by an optical
microscope (Leica DMI6000, Germany). The tissue slices of the main
organs, including the heart, liver, spleen, lung, and kidney, were stained
with an H&E staining solution, and observed with the optical
microscope.

Splenocytes were obtained and seeded in 96-well plates at a con-
centration of 1 x 10° cells/well, and co-incubated with B16 cells at a
concentration of 1 x 10 cells/well for 24 h. Subsequently, these cells
were washed, and their morphology was observed with a microscope. In
addition, the obtained splenocytes were seeded in 12-well plates at a
concentration of 5 x 10° cells/well and re-stimulated for 60 h with OVA
antigen solution. After that, the cell supernatants were collected and
analyzed using ELISA Kkits to measure the secretion levels of cytokines
IFN-y, TNF-a, IL-10, IL-6, and IL-4 in the supernatants. In addition, the
splenocytes separated from the spleens were stained for 30 min with
fluorescent dye-labeled antibodies (APC-anti-CD62L, PE-anti-CD44,
PerCP-Cy5.5-anti-CD80 and FITC-anti-CD4, FITC-anti-CD11c, PE-anti-
MHC II, or PE-anti-MHC I) and detected with the flow cytometer.

4.19. Mouse tumor RNA sequencing and gene expression analysis

The above tumors were rapidly collected and frozen with liquid ni-
trogen. The mRNA samples of the control and MNC@Ca/MnCOs/ARV/
anti-PD1 groups were used for RNA sequencing (GENEDENOVO,
Guangzhou, China). The Omicsmart online platform was used to
perform functionally related GO terms analysis, Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis, gene set enrichment
analysis (GSEA), and quantification of differential gene expression
analysis.

4.20. In vivo anti-metastasis capability

The female C57BL/6 mice (4-6 weeks old, n = 5 for each group) were
divided into four groups (n = 5). On day 0, B16-OVA cells were sub-
cutaneously injected into the back of the mice. Then, 100 pL of saline,
ARV, MNC@Ca/MnCO3/ARV, or MNC@Ca/MnCO3/ARV/anti-PD1
formulations were injected into the tumor at day 7, 11, and 15. In
addition, C57BL/6 mice were injected intravenously with B16-OVA
melanoma cells (1 x 10° per mouse) at day 7. The lungs and lymph
nodes of the mice were collected on day 25 for observation of tumor
metastasis.

4.21. Statistical analysis
The experimental data were expressed as mean =+ standard deviation

(SD). Significance levels were indicated as follows: Statistical analysis
was performed using GraphPad Prism 5 software, and the differences
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between the groups were analyzed using a one-way ANOVA test. *P <
0.05, **P < 0.01, and ***P < 0.001.
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