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Introduction: Tumor vaccines can activate tumor-specific immune responses to inhibit tumor growth, recurrence, and metastasis.
However, the efficiency of antigen and adjuvants combined delivery to lymph nodes (LNs) is relatively low, leading to weak immune
stimulation and tolerance. In this study, a tumor nanovaccine was constructed for the targeted dendritic cells (DCs)-mediated
immunotherapy.

Methods: Ovalbumin (OVA) antigen was first loaded into manganese-doped mesoporous silica nanoparticles (MMSNs) and coated
with bacterial cytoplasmic membrane (BM), which was further inserted with mannose to prepare OVA@MMSNs@BM-Man
nanovaccines. In vitro and in vivo experiments were conducted to assess their properties and function of the synthesized nanovaccines.
Results: The nanovaccine can effectively target DCs in LNs by the combination of mannose with mannose receptor (CD205). BM
serves as an immune adjuvant and co-delivers with OVA antigen, effectively improving antigen presentation efficiency. In an acidic
environment, the Mn*>" produced by the degradation of MMSNs can not only serve as an MR imaging agent but also activate the
c¢GAS-STING pathway, followed by the release of IFN-B. The activated DCs further activate the body’s cytotoxic T cells (CTLs),
thereby exerting anti-tumor effects.

The conclusion: This study will provide a new idea for the construction of tumor nanovaccines.

Keywords: tumor nanovaccine, immunotherapy, cGAS-STING pathway, MR imaging

Introduction
Tumor subunit vaccines' have good stability, safety, and tolerance, which can activate the body’s immune system by
utilizing the specific function of antigen presenting cells (APCs), triggering the generation of antibodies and cytotoxic
T cells (CTLs) to prevent and control the occurrence and development of tumors. Although subunit vaccines have great
potential in cancer immunotherapy, the efficiency of antigen and adjuvants combined delivery to lymph nodes (LNs) is
relatively low,” leading to weak immune stimulation and tolerance. In addition, in order to effectively induce CTLs
mediated cellular immunity, antigens must enter APCs and then combine with major histocompatibility complex
I (MHCI) to form molecular complexes, which bind to T cell receptors (TCRs) on the surface of T cells, inducing the
production of antigen-specific CTLs and exerting anti-tumor effects.” Therefore, it is meaningful to construct a delivery
system to deliver subunit vaccines to APCs in LNs.

Nanovaccines, which are composed of subunit vaccines and nanodelivery systems, have shown broad applications in
the prevention and treatment of major diseases.””’ Compared with free subunit vaccines, nanovaccines have significant

advantages: 1) protecting antigens from degradation and increasing stability;* ' 2) co-delivery of antigen and adjuvants
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Graphical Abstract

Targeting molecule: mannose
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Adjuvant: BM

Carrier: MMSNs

A

Targeting to DCs DCs maturation  Antigen presentation  Tumor cell death

for synergistically activating APCs;'"'? 3) nanocarriers with small size increasing the aggregation of antigens in LNs,"?
further enhancing the immune response.

Based on these advantages, manganese elements-doped mesoporous silica nanoparticles (MMSNSs) with porous structure,
pH-responsive degradation behavior and good biocompatibility can be used for antigen delivery.'*'> In the degradation process
of MMSNSs, large amount of Mn®" is released, which can not only be used for magnetic resonance (MR) imaging'® but also for
metal immunotherapy by the activation of cyclic GMP-AMP synthase (cGAS)-STING pathway in dendritic cells (DCs),'”'®
thus inducing the expression and secretion of type I interferon to enhance the immune responses. In addition, the co-delivery of
antigen and immune adjuvants can induce a strong and persistent immune response. At present, many tumor nanovaccines
composed of bacteria related substances have entered clinical trials.'*2° In cancer vaccines, bacterial components can be used to
enhance specific antitumor effects by promoting adaptive immune responses.>'** The bacterial cytoplasmic membranes (BM)
do not contain toxic lipopolysaccharide (LPS) and other cell wall components,” which may be used as a potential adjuvant to
reduce the toxic side effects.**

Herein, a tumor nanovaccine was constructed for the targeted DCs-mediated immunotherapy (Figure 1). Firstly,
ovalbumin (OVA) antigen was loaded into MMSNs and coated with bacterial membrane (BM). Subsequently, mannose
molecules were inserted into BM to prepare OVA@MMSNs@BM-Man nanovaccines, which can effectively target DCs by
the combination of mannose with mannose receptor (CD205).° In an acidic lysosomal environment, MMSN’s could degrade
to release OVA antigen for antigen presentation. BM serves as an immune adjuvant and co-delivers with OVA antigen,
effectively improving antigen presentation efficiency. In addition, the Mn®" produced by the degradation of MMSNs can not
only serve as an MR imaging agent to achieve delivery visualization but also activate the cGAS-STING pathway in DCs,
followed by the release of IFN-f. The activated DCs further activate the body’s CTLs, thereby exerting anti-tumor effects.
Finally, a mouse melanoma model was used to investigate the immunotherapeutic efficacy of OVA@MMSNs@BM-Man
nanovaccine. We hope this paper will provide a new idea for the construction of nanovaccines.

Material and Methods

Materials and Reagents
Triethanolamine (TEA), 3-aminopropyltriethoxysilane (APTES), hexadecyltrimethylammonium bromide (CTAB), hex-
adecyltrimethylammonium chloride (CTAC) and tetracthyl orthosilicate (TEOS) were purchased from Sigma-Aldrich
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Figure | Schematic diagram of the preparation of OVA@MMSNs@BM-Man nanovaccine and its anti-tumor effects.

Chemical Reagent Co., Ltd (Shanghai, China). Ovalbumin (OVA) and manganese sulfate were bought from Macklin
biochemical technology Co., Ltd (Shanghai, China). Fluorescein isothiocyanate labeled ovalbumin (FITC-OVA) and
phospholipids-polyethylene glycol-mannose (DSPE-PEG-Mannose) were got from Xi’an ruixi Biological Technology
Co., Ltd (China). PE anti-mouse CD11¢, APC anti-mouse CD80, FITC anti-mouse CD86, APC anti-mouse CD8a, FITC
anti-mouse CD4 and PE anti-mouse-CD3 antibodies were purchased from Elabscience. Reagents related to cell culture
were obtained from GIBCO. Mouse IFN-B, TNF-a and IFN-y enzyme linked immunosorbent assay (ELISA) kits were
received from Jianglai Bio Co., Ltd (Shanghai, China).

Cells and Animals
Mouse dendritic cells (DC2.4s) were got from Shanghai Yu Bo Biotech Co., Ltd and cultured with RPMI-1640 medium
+10% fetal bovine serum (FBS). Mouse melanoma cells modified with the OVA gene (B16-OVA) were purchased from
Shanghai Mingjin Biotechnology Co., Ltd and cultured with RPMI-1640 medium+10% FBS+1% penicillin-
streptomycin. All cells were cultivated in a 37°C, 5% CO, incubator.

C57/BJ6 female mice were purchased from GemPharmatech Co., Ltd (Nanjing, China) and cultured in accordance
with the relevant standards of the Principles of Care for Experimental Animals. All animal experiments were approved
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by the Animal Care Committee of Xuzhou Medical University and that the mice treatments were performed in
compliance with the Guide for the Care and Use of Laboratory Animals.

Preparation of MMSNs Loaded With OVA (OVA@MMSNSs)

First, MMSNs were synthesized according to the published literatures.”® To load OVA, 5 mL of OVA solutions (40 mg/
mL) were mixed and reacted with 20 mg of MMSNSs for 24 h. After the reaction, solutions were centrifuged, washed and
named as OVA@MMSNSs.

Preparation of OVA@MMSNs@BM-Man Nanovaccine

First, the bacterial cytoplasmic membranes (BM) were extracted based on previous works.?* The collected BMs were then mixed
with OVA@MMSNs with a mass ratio of 1:1, followed by being sonicated at a frequency of 42 kHz for 20 min, and extruded by
a liposome extruder back and forth 15-20 times to obtain BM coating OVA@MMSNs (OVA@MMSNs@BM). The obtained
OVA@MMSNs@BM was reacted with 1 mg/mL of DSPE-PEG-Mannose at 37°C for 4 h, followed by centrifuging and washing
to obtain OVA@MMSNs@BM-Man. In order to achieve the visual delivery of OVA, FITC-OVA was introduced, and the
prepared products were named as FITC-OVA@MMSNs, FITC-OVA@MMSNs@BM and FITC-OVA@MMSNs@BM-Man.

Characterization

The morphologies were observed by transmission electron microscopy (TEM, FEI Tecnai G2 F30) equipped with energy-
dispersive X-ray spectrum. The size distribution and surface zeta potentials were determined by a Zetasizer Nano ZS90
(Malvern Instruments, UK). The average pore diameter of MMSNs was measured by N, adsorption-desorption experi-
ment. The fluorescence spectra were measured by fluorescence photometer (UH4150, HITACH). The coating of BM was
verified by fluorescence co-localization assay.

The Magnetic Resonance (MR) Imaging Ability of MMSNs

Different concentrations of MMSNs (containing 0, 0.02, 0.04, 0.07, 0.13, 0.26, 0.31 and 0.64 mm of Mn2+) were
prepared under pH=7.4 and pH=5 conditions, and then MR imaging was performed using a 3.0 T GE Discovery 750W
MR system. The scanning parameters were set as follows: repetition time (TR) = 3000 ms, echo time (TE) = 10 ms, field
of view (FOV) = 18 cmx18 cm, slice thickness = 3.0 mm, spacing = 1.5 mm.

The Hemolysis Assay

Red blood cells (RBCs) were incubated with different concentrations of OVA@MMSNs@BM-Man (12.5 pg/mL, 25 pg/
mL, 50 pg/mL, 100 ng/mL) at 37°C for 2 h. Among them, ddH,O and PBS were set as positive and negative control
groups, respectively. The absorbance of the supernatant at 541 nm was measured to calculate the hemolysis ratio.

The Cytotoxic Effects of OVA@MMSNs@BM-Man Nanovaccine

DC2.4s were incubated with different concentrations of OVA@MMSNs@BM-Man (6.25 pg/mL, 12.5 pg/mL, 25 pg/
mL, 50 ug/mL, 100 pg/mL) for 24 h. Then 10 pL of CCK-8 was added to each well, and the absorbance value at 450 nm
was measured to calculate the cell viability.

Cellular Uptake of OVA@MMSNs@BM-Man Nanovaccine

DC2.4s were cultured with FITC-OVA@MMSNs@BM-Man for O h, 1 h, 2 h, and 4 h, respectively. The cells were then
washed and fixed with 4% paraformaldehyde for 10 min. After staining with 4°, 6-diamino-2-phenylindole (DAPI), cells
were imaged by a laser scanning confocal microscopy (CLSM, Leica STELLARIS 5, Germany). Similarly, cells with the
treatments were subjected to flow cytometry (FACS Canto II) for quantitative analysis of cellular uptake efficiency.

Cellular MR Imaging
DC2.4s were cultured with OVA@MMSNs@BM-Man (containing 0.04 mm, 0.07 mm, 0.13 mm, and 0.26 mm of Mn
elements) for 6 h. And then cells were collected and dispersed in 500 uL of PBS for MR imaging using a 3.0 T GE
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Discovery 750W MR system. The scanning parameters were set as follows: repetition time (TR) = 3000 ms, echo time
(TE) = 10 ms, field of view (FOV) = 18 cmx18 cm, slice thickness = 3.0 mm, spacing = 1.5 mm.

In Vitro Activation of DC2.4 Cells

DC2.4s were cultured with OVA, MMSNs, OVA@MMSNs, OVA@MMSNs@BM and OVA@MMSNs@BM-Man for
6 h. In addition, the contents of OVA in OVA, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 20 pg/
mL. After washing with PBS, cells were digested, collected, washed and cultured with anti-CD11c-PE, anti-CD80-APC,
and anti-CD86-FITC antibodies in dark for 30 min. The cells were then centrifuged and dispersed for flow cytometric
analysis (FACS Canton II).

The Activation of cGAS-STING Pathway by Mn** in DC2.4s

DC2.4s were cultured with OVA, MMSNs, OVA@MMSNs, OVA@MMSNs@BM and OVA@MMSNs@BM-Man for
6 h. In addition, the contents of OVA in OVA, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 20 pg/
mL. Then, the cell supernatants were collected for the measurement of IFN-B by ELISA kits according to the
manufacturer’s instructions.

MR Imaging of Mouse LNs

One hundred microliter of PBS, OVA@MMSNs@BM and OVA@MMSNs@BM-Man (5 mg/kg) were subcutaneously
injected into the root of the tail. After 12 h, mice were sacrificed, and LNs were collected and grinded to prepare cell
suspensions, which were centrifuged at 2500 rpm for 10 min, and then cell precipitates were fixed with 4% parafor-
maldehyde for 10 min, redistributed in 0.5% agarose gel solution for MR imaging using a 3.0 T GE Discovery 750W MR
system, and the T, WI signal intensity was also measured.

In Vivo Anti-Tumor Effects

To establish subcutaneous melanoma model, 5x10° cells/mouse of B16-OVA cells were subcutaneously injected into the
right hind legs. About 7 days later, tumor bearing mice were randomly divided into six groups: PBS, OVA, MMSNs,
OVA@MMSNs, OVA@MMSNs@BM, OVA@MMSNs@BM-Man. All formulations (200 puL, 5 mg/kg) were subcuta-
neously injected at the base of mouse tail. During the treatment, the tumor size and body weight changes were recorded
every 2 days. The survival time of mice in each group was also recorded.

In Vivo Immune Cell Activation
After the treatment, LNs were removed, grinded, rinsed with PBS buffer, and centrifuged at 2500 rpm for 7 min to obtain
the precipitates. Afterwards, 2.5 puL of anti-CD11c-PE, anti-CD80-APC, and anti-CD86-FITC antibodies were added and
incubated at room temperature in dark for 30 min. After centrifuging at 2000 rpm for 7 min, cell precipitates were mixed
with 4% paraformaldehyde solution, and subjected to flow cytometry (FACS Canto II) to analyze the activation of DCs.
Similarly, tumor cells were incubated with 5 pL of anti-CD8a-APC, anti-CD4-FITC, and anti-CD3-PE antibodies at
room temperature in the dark for 30 min. The cells were then subjected to flow cytometry (FACS Canto II) to detect the
changes of CTLs (CD3"CD4 CDS8'T) proportion.

Measurement of Immune Factors

After the treatment, LNs were collected, grinded, rinsed with PBS buffer, and centrifuged at 2500 rpm for 7 min to obtain
the supernatants. The concentrations of IFN-B in the supernatants were measured using ELISA kits. At the same time,
blood was collected, and the concentrations of serum TNF-a and IFN-y were measured by ELISA Kkits.

In Vivo Biosafety

Mouse Blood Routine and Biochemical Analysis

Two hundred microliters of OVA@MMSNs@BM-Man solution (5 mg/kg) was injected to C57-BJ6 mice through tail
vein. Blood was collected on the 1, 7%, and 21°' day after injection for blood routine and biochemical tests.
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Pathological Sections of Main Organs
C57-BJ6 mice with the same treatments were euthanized on the 1%, 7, and 21° day after injection. Heart, liver, spleen,
lung, and kidney tissues were taken and fixed with 4% paraformaldehyde for hematoxylin eosin (HE) staining.

MR Metabolic Imaging

C57-BJ6 female mice were intravenously injected with 200 uL of OVA@MMSNs@BM-Man biomimetic nanovaccine
(containing 2.5 mm of Mn element). After injection for 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, and 24 h, mice were
anesthetized and fixed for MR imaging using a 3.0 T GE Discovery 750W MR system. The MR imaging scanning
sequence in mice was performed using Gradient Echo (GRE) sequence with scanning parameters of TR=16 ms, TE=3.2
ms, FOV=8 ¢cm x 8 cm, matrix=320 x 288, layer thickness=1.0 mm, and interlayer spacing=0.5 mm.

Data Analysis

The experimental results were expressed as mean + standard deviation (Mean + SD). All data processing was carried out
on GraphPad Prism software. Data analysis was performed using #-test and one-way Analysis of Variance (ANOVA)
method. Values of P <0.05 were statistically significant (*P < 0.05, **P < 0.01).

Results
Characterization of OVA@MMSNs@BM-Man Nanovaccine

In this paper, MMSNs were prepared by an in-situ preparation method,*’ which were used for subsequent co-delivery of
antigens and immune adjuvants. TEM images of MMSNs and OVA@MMSNs@BM-Man were shown in Figure 2A.
MMSNs exhibited a spherical and mesoporous structure with good monodispersity. Then a layer of cell membrane
structure was coated on the surface of MMSNs as seen in the TEM image of OVA@MMSNs@BM-Man. Subsequently,
the mesoporous structure of MMSNs was validated through N, adsorption-desorption assay (Figure S1), which had
a mesoporous structure with a specific surface area, pore volume, and pore size of 719.70 g/m? and 1.22 cm?®/g and 5.64
nm, respectively. In order to further verify the successful doping of manganese elements into MSNs, elemental and
spectral analysis were conducted in Figure 2B and C. Carbon, silicon, oxygen, and manganese elements were found in
MMSNSs, indicating that manganese elements had been successfully incorporated into MSNs.

Subsequently, dynamic light scattering (DLS) method was used to analyze the hydratization size and potential charges of
nanovaccines. As displayed in Figure 2D, the particle sizes of MMSNs, OVA@MMSNs, OVA@MMSNs@BM and
OVA@MMSNs@BM-Man were approximately 164, 164, 190, and 220 nm. After the encapsulation of BM and the modification
of mannose molecules, the particle size of OVA@MMSN slightly increased. In addition, the surface zeta potentials of different
nanoparticles in the preparation process of OVA@MMSNs@BM-Man were also tested. After the loading of OVA antigen, the
zeta potential of MMSNSs changed from —19.27 mV to —13.23 mV (Figure 2E). With the modification of BM and mannose, the
negative charges of OVA@MMSNs@BM and OVA@MMSNs@BM-Man were —20.97 mV and —13.03 mV, respectively.

The Verification of OVA Loading and BM Encapsulation

In order to verify whether OVA antigen was successfully loaded into MMSNSs, the fluorescence spectra of FITC-OVA
and FITC-OVA@MMSNs@BM-Man were shown in Figure 2F. Both FITC-OVA and FITC-OVA@MMSNs@BM-Man
had characteristic fluorescence absorption peaks at 520 nm, while MMSNs had no fluorescence absorption peak at 520
nm, indicating that FITC-OVA had been successfully loaded into MMSNSs.

Subsequently, an inverted fluorescence microscope was used to observe the fluorescence co-localization effect. As
shown in Figure 2G, the green fluorescence of FITC-OVA was mostly overlapped with the red fluorescence of BM-DID,
indicating the successful loading of FITC-OVA and encapsulation of BM in FITC-OVA@MMSNs@BM-Man.

All the above data indicated the successful synthesis of MMSNSs, loading of OVA, and encapsulation of BM,
demonstrating the successful preparation of OVA@MMSNs@BM-Man nanovaccine, which had laid the foundation

for functional verification.
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The MR Imaging Ability

As we know, MMSNs possess a pH-responsive degradation behavior and the generation of Mn?* can be used for MR
imaging.”®?*® As displayed in Figures 2H and S2, the T WI signal value in ROI region increased as the concentration of
Mn?" increased, and the pseudocolor image gradually changed from blue to red, confirming that the T, WI signal values
of MMSN’s were concentration-dependent. In addition, the T; W1 signal value of MMSNss at the same Mn** concentration
in pH5.0 was higher than that in pH7.4, which was mainly due to the degradation of MMSNs in pHS5.0, releasing more
Mn?" for MR imaging. The pH-responsive MR imaging ability made MMSNs suitable for visualizing in vivo delivery.

The Stability Assessment

In the field of biomedical science, stability is a key factor in determining whether nanomedicines can achieve their
expected functions in vivo. To verify the stability, OVA@MMSNs@BM-Man was dispersed in PBS solution and stored
at 4°C for 7 days. The changes in particle size and polydispersity index (PDI) were measured using the DLS method. The
particle size of OVA@MMSNs@BM-Man was relatively constant, and the PDI was always less than 0.5 (Figure 21). At
the same time, the solution had been in a clear and transparent state without significant precipitation, indicating that

OVA@MMSNs@BM-Man was less prone to agglomeration at 4°C, making it easier to store.

In Vitro Biosafety
Before evaluating the efficacy of nanovaccines, their biological safety should be first evaluated. The in vitro biosafety of
OVA@MMSNs@BM-Man was verified by hemolysis and cytotoxicity experiments. In the RBC hemolysis experiment,
compared with the ddH,O group, there was no significant hemolysis observed in PBS and OVA@MMSNs@BM-Man
groups. In addition, the hemolysis rate was still below 6% even at a concentration of 100 pg/mL (Figure 3A).
Subsequently, the cytotoxicity of OVA@MMSNs@BM-Man on DC2.4s was evaluated by CCK-8 assay. The cell
viabilities of DC2.4s were always higher than 85% in the concentration range of 0—100 pg/mL (Figure 3B). Although the
cell survival rate slightly decreased with the increase in concentration, the cell viability of DC2.4s at the highest
concentration (100 pg/mL) was still as high as 89.88%, indicating that OVA@MMSNs@BM-Man nanovaccine had
good biocompatibility against DC2.4s.
Both the RBCs hemolysis and CCK-8 experiments verified the good biosafety of OVA@MMSNs@BM-Man
nanovaccine, laying the foundation for subsequent functional verification experiment.

Cellular Uptake
The internalization of nanovaccines is a key step for achieving therapeutic effects. First, flow cytometry was used to
quantitatively analyze the cellular uptake effects of FITC-OVA@MMSNs@BM-Man in DC2.4s. With the prolongation of
incubation time, the green fluorescence intensity inside DC2.4s increased. After 1 h, 2 h and 4 h of incubation, the proportions of
FITC-OVA positive DC2.4s were 8.89%, 21.97%, and 25.86%, respectively (Figure 3C and D). Among them, the fluorescence
intensity at 4 h was slightly higher than that at 2 h, indicating that the cellular uptake basically reached saturation at 2 h.
Subsequently, CLSM was used for the qualitative observation of cellular uptake of nanovaccines by DC2.4s. After co-
culturing with nanovaccines for 0.5 h, slight green fluorescence appeared in the cytoplasmic region of DC2.4s, confirming
that the nanovaccine had begun to partially enter the cytoplasm (Figures 3E and S3). As the co-incubation time increased,
the green fluorescence intensity gradually increased, indicating a sustained uptake of nanovaccines by DC2.4s.

Cellular MR Imaging

According to published works, Mn*" can be used for T; MR imaging. To verify whether MMSNSs could be degraded in
DC2.4s, the cellular MR imaging was conducted. As shown in Figures 3F and S4, as the concentration of Mn?*
increased, the T{WI signal value of DC2.4s increased, and the pseudocolor of cells changed from blue to red.
Quantitative measurement of signal values proved that the cellular MR imaging of DC2.4s was concentration dependent.
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Figure 3 In vitro test of cellular targeting ability and DC maturation. (A) Hemolysis test of RBCs incubation with different concentrations of OVA@MMSNs@BM-Man; (B)
Cell viabilities of DC2.4 cells cultured with different concentrations of OVA@MMSNs@BM-Man; (C) Flow cytometric of DC2.4 cells incubation with FITC-OVA
@MMSNs@BM-Man for |, 2 and 4 h, respectively; (D) Quantitative analysis of FITC-OVA positive DC2.4 cells; (E) Confocal images of DC2.4 cells incubation with FITC-
OVA@MMSNs@BM-Man for 0.5, | and 2 h; (F) T| MR images of DC2.4 cells incubation with different Mn contents of OVA@MMSNs@BM-Man for 2 h; (G) Measurement
of IFN-B in the supernatants of DC2.4s (G|: Control; G2: OVA; G3: MMSNs; G4: OVA@MMSNs; G5: OVA@MMSNs@BM; G6: OVA@MMSNs@BM-Man); (H and I): Flow
cytometric and quantitative analysis of DC maturation. **P<0.01, compared with control group.

The above assays proved that OVA@MMSNs@BM-Man nanovaccine could be uptaken by DC2.4 cells and degraded
into Mn>" for MR imaging. These results further indicated that the degradation of MMSNs could induce the release of

OVA antigen and BM adjuvant for subsequent antigen presentation.

The Activation of cGAS-STING Pathway by Mn?
Due to the degradation of MMSNSs within DCs, a large amount of Mn?" was generated. Researches have shown that Mn?
" can activate the cGAS-STING pathway, promote the secretion of type I interferon, and thus activate the body’s immune
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system. To verify whether the released Mn®" promoted the secretion of IFN-P, the changes of IFN-B in the cell
supernatant were detected using an ELISA kit. The concentrations of IFN-f in Control, OVA, MMSNs,
OVA@MMSNs, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 4.68 pg/mL, 8.96 pg/mL, 83.85
pg/mL, 77.60 pg/mL, 81.81 pg/mL, and 97.95 pg/mL, respectively (Figure 3G). Among them, OVA@MMSNs@BM-
Man group had a higher IFN-8 content than OVA@MMSNs@BM group, which was mainly due to the targeted delivery
effect mediated by mannose, more OVA@MMSNs@BM-Man nanoparticles entered the cells.

In Vitro Activation of DC2.4s

After the uptake of OVA@MMSNs@BM-Man nanovaccine, the released OVA and BM separately act as antigen and
immune adjuvant to activate DCs. As shown in Figure 3H and I, the ratios of mature DC2.4s in MMSNs group were
1.36%, which was higher than that in control group (0.36%). This was due to the role of Mn®" as an immune adjuvant.
While OVA, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups had 2.99%, 5.77%, and 7.15% of mature
DC2.4s, respectively. In addition, the ratio of mature DC2.4s in OVA@MMSNs@BM-Man group was higher than that in
OVA@MMSNs and OVA@MMSNs@BM groups, which was attributed to the synergistic effect of the targeting ability
of mannose and the co-delivery of OVA antigen and BM adjuvant.

The MR Imaging of LNs

B16-OVA tumor bearing mice were used to evaluate the therapeutic effect of OVA@MMSNs@BM-Man nanovaccine.
The schedule of animal experiments was shown in Figure 4A. In order to verify the targeted delivery of nanovaccines to
LNs, T{WI and pseudocolor images were obtained after injection of OVA@MMSNs@BM and OVA@MMSNs@BM-
Man (Figure 4B and C). The MR signals in OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were
significantly higher than that in control group. In addition, the LNs signal intensity in OVA@MMSNs@BM group
was significantly lower than that in OVA@MMSNs@BM-Man group, confirming that the addition of mannose molecules
could enhance the delivery efficiency to LNs.

In Vivo Anti-Tumor Effects

During the treatment period, there was no significant weight loss in each group of mice (Figure 4D), indicating that the
nanovaccine had good biological safety. After treatment, the tumor volumes in PBS, OVA, MMSNs, OVA@MMSNs,
OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 1485.8 mm>, 1033.4 mm?, 1380.3 mm>, 964.5 mm°,
556.0 mm’ , and 370.1 mm3, respectively (Figure 4E and F). The tumor inhibition rates in OVA, MMSNs,
OVA@MMSNs, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 30.4%, 19.89%, 35.1%, 62.6%,
and 75.1%, respectively (Figure 4G). In addition, OVA@MMSNs@BM-Man group had the smallest tumor volume and
the highest inhibition rate, indicating that OVA@MMSNs@BM-Man nanovaccine could effectively inhibit tumor
growth. In addition, 2 of 5 mice in PBS group died on the 13™ day after injection, and 1 of 5 mice in OVA, MMSNSs,
OVA@MMSNs or OVA@MMSNs@BM died on the 15" day, while no mice in OVA@MMSNs@BM-Man group died
during the treatment period (Figure 4H). These data demonstrated that OVA@MMSNs@BM-Man could not only inhibit
tumor growth but also extend the survival time of mice.

Immune Cell Activation Analysis
Related works have reported that the combination of OVA and Mn®" could effectively activate DCs and T cells.*® In
order to verify the activation effect of DCs, LNs were collected for flow cytometric analysis. As shown in Figure SA and
B, PBS (0.088%) and MMSNs groups (0.308%) had low DCs activation efficiency, while the ratios of mature DCs in
OVA, OVA@MMSNs, OVA@MMSNs@BM and OVA@MMSNs@BM-Man groups were 2.92%, 3.99%, 6.68%, and
9.38%, respectively. In addition, OVA@MMSNs@BM-Man group had the highest ratio of mature DCs, which was
beneficial from the targeted delivery of antigen and adjuvant.

Subsequently, the activation of ¢cGAS-STING pathway in DCs was verified by ELISA assay. As illustrated in
Figure 5C, the IFN-B concentrations in PBS, OVA, MMSNs, OVA@MMSNs, OVA@MMSNs@BM and
OVA@MMSNs@BM-Man groups were 0.75, 0.53, 1.60, 1.72, 2.14 and 9.52 pg/mL. In addition, OVA@MMSNs@BM-
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Figure 4 In vivo anti-tumor effects. (A) Schedule of animal experiments; (B) MR images of LNs cell suspension of different groups to measure the targeting ability of
OVA@MMSNs@BM-Man nanovaccine; (C) Quantitative analysis of MR signal intensities; **P<0.01, compared with OVA@MMSNs@BM group; (D) Body weight changes of
mice during the treatment; (E) Representative images of tumor bearing mice; (F) Tumor volume change curves; (G) Tumor inhibition rates in all groups; *P<0.05, **P<0.01,
compared with control group; (H) Survival rates of mice in different groups.

Man group displayed the highest IFN-f content, which was 12.7-fold to that in PBS group. These results indicated that
MMSNs could degrade and release Mn®" to activate the cGAS-STING pathway, thus inducing the generation and
secretion of type I interferon.

In addition, the activation of DCs could further activate CTLs. Therefore, the generation of CTLs is a key factor in
measuring the effectiveness of tumor nanovaccines. Changes of CTLs proportion in tumor tissues were detected by flow
cytometry. As shown in Figure 5D and E, the ratios of CTLs (CD3'CD4 CDS8") in PBS and MMSNs groups were 2.27%
and 2.54%, which were lower than that in OVA (3.28%), OVA@MMSNs (4.06%), OVA@MMSNs@BM (4.12%) and
OVA@MMSNs@BM-Man (5.45%) groups, respectively. Among them, OVA@MMSNs@BM-Man group displayed the
highest percentage of CTLs, indicating that it could activate DCs, thus increasing the percentage of tumor infiltrating
CTLs to exert tumor killing effects. These data indicated that the combination of Mn®", OVA and BM could effectively
induce the generation of CTLs.

Immune Factors Analysis

During the treatment process, the generation of immune factors is a key factor in evaluating the effectiveness of immune
activation. To further investigate the immune response after various therapies, the serum cytokines (TNF-a and IFN-y)
were evaluated by ELISA. TNF-a, as a tumor killer, is mainly secreted by activated T lymphocytes to induce cancer cell
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Figure 5 Immune cell activation analysis. (A) Flow cytometric analysis of DCs maturation in LNs; (B) Quantitative analysis of mature DCs; (C) Measurement of IFN- in
LNs; (D) Analysis of CTLs ratios by flow cytometry; (E) Quantitative analysis of CTLs percentages; ELISA measurements of serum TNF-o (F) and IFN-y (G) contents in
different groups. *P<0.05, **P<0.01, compared with PBS group.

apoptosis.®’ IFN-y is a key cytokine related to antitumor immunity, which protects the body by exerting cell inhibitory
function, promoting cancer cell apoptosis, and immune stimulation.>® As shown in Figure 5F, the contents of TNF-a in
OVA, MMSNs and OVA@MMSNs groups were slightly higher than that in control group. In addition, the TNF-a
concentration in OVA@MMSNs@BM-Man group was significantly higher than OVA@MMSNs@BM group, which was
consistent with the above results. Excitingly, the changes of IFN-y (Figure 5G) concentrations were similar to TNF-a.
The measurement of immune cytokines demonstrated that the nanovaccine could kill tumor cells and effectively activate
the host immunity.

In Vivo Biocompatibility
After the injection of OVA@MMSNs@BM-Man, blood samples were collected at different time points for routine
and biochemical tests to evaluate the in vivo toxicity. As shown in Figure 6A and B, compared with control group,
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Figure 6 In vivo biosafety of OVA@MMSNs@BM-Man nanovaccine. (A) Blood routine analysis after |, 7, 21 days’ injection of OVA@MMSNs@BM-Man nanovaccine; (B)
Blood biochemistry analysis; (C) Metabolism analysis by MR imaging (The red circle represents the metabolic region); (D) HE staining of main organs (scale bar: 200 um).

there was no significant difference in various hematological indicators of OVA@MMSNs@BM-Man mice, confirm-
ing that the nanovaccine did not show significant toxicity to mice at the experimental dose. In addition,
OVA@MMSNs@BM-Man nanovaccine was metabolized through the gallbladder of mice, which did not show any
enhanced shadows in kidneys and bladder during the entire metabolic process (Figure 6C), indicating that
OVA@MMSNs@BM-Man was metabolized through the liver and gallbladder system. Furthermore, there was no
significant enhancement in the gallbladder area of mice after 24 h, confirming that the nanovaccine could be
metabolized completely in mice within 24 hours without any biological accumulation occurring in the body. In
addition, HE staining results indicated that all organs showed no significant organic lesions, inflammation, or other
abnormalities (Figure 6D).

Discussion

Tumor vaccines activate the body’s immune system by injecting tumor associated antigens or tumor-specific antigens into
the patient’s body, thereby achieving the goal of controlling or clearing tumors.>® At present, there are four tumor vaccines
on the market, such as human papillomavirus (HPV) vaccine, hepatitis B vaccine, prostate cancer therapeutic vaccine and
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lung cancer therapeutic vaccine. The main mechanism of tumor vaccines is to use the specific function of professional
APC:s to trigger helper T cell responses, support antibody production, and induce the production of CTLs, thereby exerting
anti-tumor effects. Therefore, how to effectively promote the generation of CTLs has become a key factor in tumor vaccine
development. However, tumor vaccines have problems such as low lymph node drainage efficiency and poor stability,
leading to poor anti-tumor effects. This study constructed MMSNSs for loading OVA antigen, subsequently coated with
bacterial membranes as immune adjuvants to enhance immune responses. Finally, mannose molecules were inserted onto
the surface of BM to target DCs and achieve targeted immunotherapy for melanoma.

The effectiveness of nanovaccines mainly depends on the occurrence of immune responses mediated by CTLs. This
reaction mainly includes three important factors: 1) spatiotemporal control of antigen delivery to LNs;>>3%33 2)
cytoplasmic delivery and cross presentation of antigen in APCs;**>® 3) combined delivery of antigens and
adjuvants.'"'? The OVA@MMSNs@BM-Man nanovaccine meets the requirements of the above three factors. The
prepared OVA@MMSNs@BM-Man nanovaccine can target DCs in LNs through the combination of mannose with
CD205. In addition, the proper size of OVA@MMSNs@BM-Man nanovaccine also enables them to be directed towards
LNs drainage. At the same time, the acidic degradation of MMSNs can promote the cross-presentation of antigen.
Furthermore, the combined delivery of antigen (OVA) and immune adjuvants (BM and Mn”") can enhance the
immunotherapeutic effects.

In summary, tumor nanovaccines as emerging technologies have significantly improved the feasibility of tumor
vaccines. The mechanism and action sites of tumor nanovaccine were different from immune checkpoint inhibitors and
immune cells. However, the efficacy of tumor nanovaccine is still influenced by the tumor microenvironment and
inherent immune escape mechanisms, and often needs to be combined with other immune therapies (such as immune
checkpoint inhibitors) to improve efficacy.

Conclusion

In this paper, OVA@MMSNs@BM-Man nanovaccine was constructed for targeted DCs-mediated immunotherapy. The
nanovaccine displayed good targeting sability to DCs, and the generated Mn”" can be used for MR imaging and activating
cGAS-STING pathway. In combination with BM adjuvant, it can activate DCs for antigen presentation. The in vivo immune
effects were verified in subcutaneous B16-OVA tumor model, and the results indicated that OVA@MMSNs@BM-Man
nanovaccine could target LNs, activate DCs and further induce the generation of CTLs to exert anti-tumor effects. Compared
with non-targeting group, OVA@MMSNs@BM-Man nanovaccine presented the highest tumor growth inhibition rate and
extend the survival period of mice. We hope this paper will provide a new idea for tumor nanovaccines.
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