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Nanovaccines have emerged as promising agents for cancer therapy
because of their ability to induce specific immune responses without
off-target effects. However, inadequate cytotoxic T lymphocyte
response and low antigen/adjuvant encapsulation remain major
obstacles to vaccinating against cancer. Herein, we designed a stimu-
lator of interferon genes (STING) pathway-activating nanovaccine
based on hollow metal—organic frameworks (MOFs) for tumor treat-
ment. The nanovaccine (OVA@HZIF-Mn) was constructed by encap-
sulating a model antigen ovalbumin (OVA) into zeolitic imidazolate
framework-8, followed by etching with tannic acid and functionalizing
with manganese ions. Studies have shown that the nanovaccine can
effectively enhance antigen uptake, STING pathway activation and
dendritic cell maturation, triggering a robust immune response to
inhibit tumor growth. In addition, no infection or pathological signs
were observed in mice organs after multiple administrations. This study
combines a simple assembly approach and superior therapeutic effect,
providing a promising strategy for engineering effective nanovaccines.

Introduction

Vaccination has been regarded as one of the safest and most
powerful tools to protect against various diseases because of the
ability of vaccines to elicit immune responses and enable long-
term immunological memory."* Vaccines can either be prophy-
lactic, designed to prevent a future infection, or therapeutic,
designed to treat an existing infection, such as cancer or bacterial
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infections.® Cancer vaccines designed to eliminate tumors have
long been investigated, but only two therapeutic cancer vaccines
have been approved by the U.S. Food and Drug Administration
(FDA), one of which is Sipuleucel-T to treat prostate cancer.*
Cancer vaccines typically comprise two essential components: an
antigen (e.g:, proteins, peptides, or DNA/mRNA) and an adjuvant
(a molecule or material that enhances the immunogenicity of the
antigen). After administration of the vaccine (typically via intra-
muscular injection), antigen-presenting cells (APCs) ingest and
internalize the vaccine via pattern recognition receptors on the
surface of the APCs.” Then, APCs migrate from the local tissue
through lymphatic vessels to lymph nodes (LNs), where they
prime naive T cells to effector T cells and generate immunolog-
ical memory.® Thus, the spatiotemporal interactions between
APCs and antigens (and adjuvants, if necessary) constitute a key
mechanism for eliciting specific immune responses. However,
some vaccines (e.g., subunit vaccines) are difficult to capture and
present by APCs because of their small size and metabolic
instability, resulting in weak immune responses.”

Recently, nanovaccines, hydrogel vaccines and micro-
vaccines have attracted significant attention in the field of
tumor immunotherapy because of their excellent physico-
chemical properties and their ability to protect antigens from
degradation.®*** Importantly, nanovaccines can facilitate the
recruitment of antigens and adjuvants to the same APCs,
thereby increasing the therapeutic efficacy of vaccines. Many
nanovaccines based on liposomes, virus-like particles (VLPs),
polymer nanoparticles (NPs), and inorganic NPs have been
investigated, but some of these nanovaccines are often difficult
to prepare and provide inadequate cytotoxic T lymphocyte
response, which limits their clinical applications.”*** In addi-
tion, these nanovaccines suffer from poor encapsulation effi-
ciency of antigens and adjuvants.” Instead, metal-organic
frameworks (MOFs) represent an attractive carrier for vaccine
delivery because they are trivial to prepare, have a high loading
capacity, and can boast pH-sensitive degradation.

Numerous studies have demonstrated that MOF-based
vaccines could induce robust humoral and cellular immune

© 2024 The Author(s). Published by the Royal Society of Chemistry
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responses and improve the stability of encapsulated
antigens."” " However, many of these MOFs comprise metals,
such as Zr, Mg, Gd, Ni, Zn, and Cu, at high concentrations,
which can pose issues with toxicity to biological systems.>® With
Zn-containing MOFs, the released Zn>" might outcompete Fe**
and Ca®" cations for binding to macromolecular components
that are necessary for cellular function, resulting in DNA
damage and dysfunction of protein synthesis.*® However,
decreasing the metal content can potentially reduce the toxicity
of MOFs. Caruso's group reported a top-down strategy to create
voids inside MOFs using polyphenols, providing a reasonably
trivial method for metal reduction.”” Polyphenols also can
endow MOFs with additional functions because they can facil-
interactions with metals, biomacromolecules, and
polymers.

Emerging evidence has indicated that some metal ions play
important roles in the initiation of antitumor immunity
(termed metalloimmunotherapy).> Notably, manganese ions
(Mn”") can sensitize the stimulator of interferon genes (STING)
pathway to induce IFN-I secretion and subsequent immune
responses.>* However, the neurotoxicity and metabolic insta-
bility of Mn** hinder practical applications of materials con-
taining Mn>", especially at higher concentrations.?®
Incorporating Mn>" into locally injected nanovaccines as an
adjuvant at low concentrations may be a promising strategy for
improving their efficiency, while also enabling the co-delivery of
the antigen and adjuvant. To this end, a STING pathway-
activating nanovaccine (OVA@HZIF-Mn) was designed by
encapsulating ovalbumin (OVA), a model antigen for immu-
nology research, into a zeolitic imidazolate framework-8 (ZIF-8),
which was then etched with tannic acid (TA) and functionalized
with Mn”* (Fig. 1A). We hypothesized that the hollow ZIF-8
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Fig. 1 Schematic illustration of (A) the preparation of the OVA@HZIF-

Mn nanovaccine and (B) its function in STING pathway activation for
tumor therapy.
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prepared by TA etching would enhance the biosafety and OVA
uptake, while the introduction of Mn** would promote STING
pathway activation, and the co-delivery of Mn>* and OVA would
ensure they reach the same APCs. The nanovaccine was
designed to improve APC uptake, activate the STING pathway,
initiate robust antitumor immunity, and achieve remarkable
tumor inhibition in a mouse subcutaneous melanoma tumor
model (Fig. 1B).

Results and discussion

Hollow OVA@HZIF-Mn NPs were first prepared by encapsu-
lating OVA into the ZIF-8 (OVA@ZIF) via a one-pot method, after
which the OVA@ZIF was etched with TA (OVA@HZIF) and
functionalized with Mn>" ions. The morphologies and sizes of
NPs were observed by TEM and SEM. As shown in Fig. 2A and
S1,7 OVA encapsulation, TA etching, and Mn>" adsorption did
not significantly change the initial shape and size compared to
the unmodified ZIF-8. Remarkably low contrast was observed
inside the OVA@HZIF and OVA@HZIF-Mn NPs after etching,
indicating the formation of a hollow structure. Subsequently,
dynamic light scattering (DLS) measurements were conducted
to determine the hydrodynamic diameters of ZIF-8, OVA@ZIF,
OVA@HZIF, and OVA@HZIF-Mn, which were 364.6 nm,
409.0 nm, 506.8 nm, and 509.7 nm, respectively (Fig. 2B and C).
In addition, the zeta potential of ZIF-8 reversed from positive to
negative after encapsulating OVA, indicating the successful
loading of OVA. In addition, after etching with TA and adsorb-
ing Mn®>", the zeta potential of OVA@HZIF-Mn increased to
—21.2 mV (Fig. 2D).

After storing at room temperature, the hydrodynamic
diameter of the OVA@HZIF-Mn NPs in water, water containing
10% fetal bovine serum (FBS), and phosphate buffered saline

20
15
10-
5
0
s PN S & S
K @@@\&@@ S S @@@“\@a“

Size (nm)

Cc s
— 600 £ 20 600 3
2 = £ o HZIF-Mn
5 400 £ 0 £ 500 >
é 8 @ ]
P ] ova@zZIF
E 200 g 20 & 400 H
., s £ 3
N

0123456
Time (day)

Number (%) 0@
2o,
Lo ool
2

po o 338
Number (%)
Number (%)
Number (%)

%

S & & S S & &
S & & & &
& & S & ¢
NG NI

Size (nm) Size (nm)

m

3 20000
W S 15000

£ 10000 QVAGHAF
5000

[+ H0 ~FBS = PBS

0
10 20 30 40 50 60
26 (degree)

Fig. 2 (A) TEM images, (B) size distribution, (C) average sizes, and (D)
zeta potential of ZIF-8, OVA@ZIF-8, OVA@HZIF and OVA@HZIF-Mn.
(E) Size change of OVA@HZIF-Mn in ultrapure water, FBS, and PBS. (F)
PXRD profiles of ZIF-8, OVA@ZIF-8, OVA@HZIF and OVA@HZIF-Mn.
(G) HAADF-TEM and the elemental mapping images of OVA@HZIF-
Mn. Scale bars are 100 nm.
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(PBS) was measured by DLS every day for 6 days. The particle
size did not change significantly within a week, indicating that
the NPs had excellent colloidal stability (Fig. 2E). The PXRD
results revealed that the crystal structure of ZIF-8 was not
changed after OVA encapsulation. In contrast, after etching
with TA, the diffraction peaks associated with the ZIF-8 nearly
disappeared, indicating the destruction of the internal crystal
structure (Fig. 2F). Inductively coupled plasma mass spec-
trometry (ICP-MS) assay indicated that the Zn content of ZIF-8
decreased by 31% after etching with TA. Elemental mapping
images further confirmed the uniform distribution of Mn**
throughout the OVA@HZIF-Mn NPs (Fig. 2G), and the loading
of Mn was determined to be 9.2% using ICP-MS. Lastly, BCA
assays determined that more than 75% of the OVA was encap-
sulated by the NPs (Fig. S21). The successful encapsulation of
OVA was also confirmed by the distribution of the S element in
OVA@HZIF-Mn NPs (Fig. 2G).

The cytotoxicity of the OVA@HZIF-Mn NPs was evaluated by
MTT assays. The OVA@HZIF-Mn NPs exhibited no obvious
cytotoxicity even when the OVA concentration reached 90 pg
mL " (viability > 85%). However, at this OVA concentration, the
viability of cells treated with OVA@ZIF-8 was only 32.6%
(Fig. 3A). Then, live/dead assay with propidium iodide (PI, dead
cell, red) and calcein-AM (live cell, green) was used to evaluate
the cytotoxicity (Fig. S31). Increased cell death after OVA@ZIF-8
treatment was observed compared with the OVA and
OVA@HZIF-Mn groups at the same concentration of OVA.
Together, these results indicated that etching with TA decreased
the toxicity of ZIF-8 and significantly enhanced the
biocompatibility.

To assess the uptake of the antigen into cells, RAW 264.7
cells were incubated with 10 ug mL " of either FITC-OVA, FITC-
OVA@ZIF or FITC-OVA@HZIF-Mn for 4 h, and analyzed by flow
cytometry. The flow cytometry results showed that the FITC-
positive region of the RAW 264.7 cells treated with FITC-
OVA@HZIF-Mn was significantly higher than that of free
FITC-OVA (Fig. 3B and C and $47). Similarly, the flow cytometry
results in DC2.4 cells also demonstrated the improved cellular
internalization of FITC-OVA@HZIF-Mn (Fig. S51). To further
assess the cellular uptake of OVA, DC2.4 and RAW 264.7 cells
were seeded on a cell climbing sheet and incubated with either
FITC-OVA or FITC-OVA@HZIF-Mn for 4 h. Then, the cells were
stained and imaged under a confocal microscope. As shown in
Fig. 3D and S6,f more fluorescent-labelled OVA in FITC-
OVA@HZIF-Mn was ingested into cells compared to free OVA.
The localization of the antigens in the cells was investigated by
confocal microscopy. In the cells treated with OVA, most of the
green fluorescently labelled OVA overlapped with the red fluo-
rescently labelled lysosomes (Fig. S71). In contrast, partial
separation of green fluorescence from red fluorescence was
observed in the cells incubated with the FITC-OVA@HZIF-Mn
NPs, indicating that the OVA had successfully escaped from
the lysosomes.

The maturation of BMDCs is a critical step in the induction
of an adaptive immune response. During this process, the
expressions of pro-inflammatory cytokines and co-stimulatory
markers (e.g., CD80 and CD86) are significantly upregulated.>
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Fig. 3 (A) Cytotoxicity of OVA, OVA@ZIF8, OVA@HZIF and OVA@H-
ZIF-Mn. Flow cytometry graphs (B) and mean fluorescence intensity
(C) of cellular uptake of OVA, OVA@ZIF8, and OVA@HZIF-Mn in RAW
264.7 cells. (D) Confocal images of DC2.4 cells treated with FITC-OVA
and FITC-OVA@HZIF-Mn. The nucleus and membrane were stained
with DAPI (blue) and Dil (red), respectively. Scale bars are 20 um. (E)
Flow cytometry graphs of BMDCs treated with different formulations.
(F) Western blot analysis of protein levels after treatment with PBS (1),
OVA (2), OVA + Mn (3), OVA@HZIF (4), and OVA@HZIF-Mn (5). B-Actin
was used as the loading control. (G) IFN-B secretion of BMDCs after
various treatments. Data are represented as the mean + SD (n = 4). *P
< 0.05, **P < 0.01.

In this study, BMDCs were generated and incubated with OVA,
OVA + Mn (free OVA physically mixed with Mn**), OVA@HZIF,
or OVA@HZIF-Mn for 24 h. The flow cytometry results showed
that treatment of the cells with OVA + Mn and OVA@HZIF only
slightly increased the expression levels of the co-stimulatory
markers compared to treatment with OVA (P > 0.05) (Fig. 3E,
S8 and S9t). However, treatment of the cells with OVA@HZIF-
Mn led to a significant upregulation of the expression of both
CD80 and CD86 in the BMDCs compared to the other groups (P
<0.01).

Then, the expression levels of STING pathway-related
proteins, including STING, and TBK1, were measured by
western blotting. As shown in Fig. 3F and S10,f OVA@HZIF
triggered phosphorylation of STING (p-STING) and TBK1 (p-
TBK1) compared to the OVA group. In contrast, OVA@HZIF-
Mn induced a significant increase in the levels of p-TBK1
compared to the OVA@HZIF group, indicating that it had the
ability to more effectively activate the STING pathway.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Activation of the STING pathway typically upregulates the
expression of type I IFNs and pro-inflammatory cytokines. The
ELISA results indicated that higher levels of INF-B were detected
in the cell supernatant after exposure of the cells to OVA@HZIF
and OVA@HZIF-Mn, further confirming that NPs effectively
activated the STING pathway (Fig. 3G).

To evaluate the antitumor effects of the NPs in vivo, a tumor-
bearing mouse model was established by subcutaneous injec-
tion of B16F10-OVA cells into the mice. Each of the evaluated
samples was injected into the tumor-bearing mice intramus-
cularly on day 9 and subsequently every three days for a total of
four doses (Fig. 4A). Then, the tumor volumes were measured
every other day during administration. As shown in Fig. 4B, the
co-administration of OVA and Mn”>" could not produce an
obvious tumor inhibition effect, while administration of the
OVA@HZIF and OVA@HZIF-Mn NPs induced a significant anti-
tumor effect over the OVA + Mn group, with the OVA@HZIF-Mn
NPs eliciting a greater antitumor effect compared to the
OVA@HZIF NPs (P < 0.05). Furthermore, the average weight and
images of the excisional tumors also confirmed the excellent
antitumor effect of OVA@HZIF-Mn (Fig. 4C and D). The
biocompatibility of each sample was evaluated by measuring
the changes in body weight, changes in the blood levels of
alanine transaminase (ALT), lactate dehydrogenase (LDH),
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Fig. 4 (A) Schematic illustration of the experimental design. (B) The

growth curves of B16-OVA tumors after administration of the samples
(n = 6). Weights (C) and representative images (D) of harvested tumors.
Flow cytometry graphs of DC maturation (E) and CD3*CD4",
CD3*CD8" T cells (F) in LNs harvested from the immunized mice. (G)
Flow cytometry graphs of CD3"CD4* and CD3*CD8* T cells in
tumors. Data are represented as the mean £ SD (n = 6). *P < 0.05, **P
< 0.01.
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aspartate transaminase (AST), and alkaline phosphatase (ALP),
and histological analysis of selected tissues in the mice during
treatment with each sample. As shown in Fig. S11,} there was no
significant change in body weight between the groups during
treatment. In addition, levels of ALT, LDH, AST, and ALP in the
serum were similar in all groups (Fig. S12t). Meanwhile,
microscopy images of the H&E-stained heart, liver, lungs,
kidney, and spleen tissues extracted from the mice in all groups
also demonstrated the biosafety of OVA@HZIF-Mn (Fig. S137).

To evaluate the ability of the OVA@HZIF-Mn NPs to activate
the immune system, single-cell suspensions were prepared from
the lymph nodes (LNs) and tumors of the immunized mice.
Then, the extent of DC maturation and the proportion of CD4" T
cells and CD8" T cells were quantified by flow cytometry. As
shown in Fig. 4E and S14,f OVA@HZIF-Mn significantly
enhanced the expression of CD80 and CD86 compared to the
other groups, which was consistent with the in vitro DC matu-
ration results. The flow cytometry results also showed that
OVA@HZIF-Mn treatment significantly upregulated the pop-
ulation of CD4" and CD8" T cells in LNs (Fig. 4F, S15 and S167).
Tumor infiltration of CD8" and CD4" T cells is critical for robust
tumor immunotherapy. As indicated in Fig. 4G, S17 and S18,7
treatment of the mice with OVA@HZIF and OVA@HZIF-Mn eli-
cited more CD8" and CD4" T cell infiltration in tumors compared
to the other groups. Moreover, the highest frequency of CD8"
infiltration into the tumor was observed after administration of
the OVA@HZIF-Mn NPs to the mice, which might have been
aresult of activation of the STING pathway. As an index to analyze
antitumor immunity, the CD8'/CD4" ratio was also measured
(Fig. S191). Compared to other groups, the highest CD8'/CD4"
ratio was observed after administration of the OVA@HZIF-Mn
NPs, further corroborating the ability of the OVA@HZIF-Mn
NPs to induce a robust cellular immune response. In addition,
the OVA-specific antibody IgG in serum was detected to evaluate
the effect of humoral immunity. As shown in Fig. S20,}
OVA@HZIF-Mn resulted in a significant increase in the IgG titer
compared with other groups (P < 0.05 or 0.01), indicating acti-
vation of a robust humoral immune response.

Conclusions

In summary, a STING-activating nanovaccine (OVA@HZIF-Mn)
was successfully prepared through a facile method of syner-
gistic etching and surface functionalization. The resulting
OVA@HZIF-Mn exhibited a high antigen encapsulation effi-
ciency, excellent colloidal stability, and good biocompatibility.
OVA®@HZIF-Mn could efficiently be taken up into APCs, and
upon decomposition within the APCs, the STING pathway was
activated, thereby inducing DC maturation. In a melanoma
mouse model, the OVA@HZIF-Mn NPs induced an increase in
tumor infiltration of effector immune cells, triggering a robust
antitumor immune response that inhibited tumor growth. In
addition, no infection or pathological signs were observed in
the mice after multiple administrations of the nanovaccine.
Overall, the nanovaccine described herein provides founda-
tional evidence for the engineering of effective vaccines for
diverse clinical applications.
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Experimental section

Materials

8-arm-PEG-OH (40 kDa) was obtained from SINOPEG (China).
OVA, TA, fluorescein isothiocyanate  (FITC), and
methylthiazolyldiphenyl-tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (China). All other chemicals were
purchased from Sinopharm Co., Ltd (China) unless otherwise
noted. All enzyme-linked immunosorbent assay (ELISA) kits for
the detection of cytokines and all fluorochrome-conjugated anti-
mouse antibodies for flow cytometry were obtained from BioL-
egend (USA) and eBioscience (USA), respectively. The secondary
antibody (Goat AntiRabbit IgG (H+L) HRP) used for WB was
purchased from Shandong SparkJade Biotechnology Co., Ltd.
Ultrapure water (18.2 MQ cm) was used in all experiments.

Preparation of OVA@ZIF-8 and OVA@HZIF-Mn

To prepare the OVA@ZIF-8 NPs, 2 mL of a 160 mmol L™ solution
of 2-methylimidazole (2-MIM) in ultrapure water containing 8-
arm-PEG-OH (10 mg) and OVA (4 mg) was mixed with 2 mL of
a 40 mmol L' solution of Zn(NOs),-6H,O in ultrapure water
under constant stirring at 25 °C. After 30 min, the mixture was
centrifuged at 7000g for 5 min, and the pellet was washed three
times with ultrapure water. The supernatant from the washing
process was collected and the content of OVA was measured by
using a bicinchoninic acid (BCA) protein assay kit. The loading
rate of OVA was calculated using (A — C x V)/A x 100%, where A is
the initial amount of OVA, C is the concentration of OVA in the
supernatant, and V is the volume of the supernatant.

To prepare the OVA@HZIF-Mn NPs, 1 mg of the OVA@ZIF-8
NPs was dissolved in ultrapure water, and the solution was
supplemented with 50 pL of a 40 mg mL™~' TA solution and
stirred at 25 °C for 4 h. Subsequently, the mixture was centri-
fuged at 7000g for 5 minutes, and the pellet was washed three
times with ultrapure water to obtain the OVA@HZIF. Then, the
pellet was added to 1 mL of a 0.06 mol L ™" solution of MnCl, to
react overnight. Finally, the mixture was centrifuged (7000g, 5
min) to obtain the OVA@HZIF-Mn NPs as the pellet, which was
washed with ultrapure water five times.

Characterization

Dynamic light scattering (DLS) and zeta potential measurements
were performed on a Malvern Zetasizer (Nano ZS90, UK). Trans-
mission electron microscopy (TEM, JEOL JEM-1400, Japan) and
scanning electron microscope (Zeiss G300, Germany) were used
to investigate the morphologies of the NPs. Powder X-ray
diffraction (PXRD) patterns of the NPs were collected on an
X'Pert3 Powder XRK-900 diffractometer (Anton Paar, Austria). The
content of Zn and Mn encapsulated into the NPs was measured
by using inductively coupled plasma mass spectrometry.

Cell culture

RAW264.7 and DC 2.4 cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI 1640) with 10% FBS, 1% peni-
cillin and 1% streptomycin at 37 °C in a 5% CO, atmosphere.
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Cytotoxicity

RAW264.7 cells were cultured in 96-well plates at a density of
10" cells per well in an incubator with a 5% CO, atmosphere at
37 °C for 24 h, to which solutions with different concentrations
of OVA and OVA@HZIF-Mn were added. After 24 h, the culture
medium was replaced with 100 pL of fresh medium containing
0.05 mg mL~" MTT. After incubating for 4 h, 150 uL of DMSO
was added to each well, and the absorbance of the solutions in
each well was measured at 570 nm.

Cell uptake assays

RAW264.7 cells and DC 2.4 cells were seeded into 24-well plates
at a density of 5 x 10 cells at 37 °C in a 5% CO, atmosphere
overnight and then incubated with free OVA and OVA@HZIF-
Mn at the same concentration of OVA (5 pg mL ', FITC
labelled) for 4 h. Then, the cells were analyzed by confocal laser
scanning microscopy (CLSM, TCP SP8 STED 3X, Germany) and
flow cytometry (ACEA, NovoCyte 3009, USA).

Lysosome escape

DC 2.4 cells were seeded in 24-well plates lined with cell
climbing sheets at a density of 5 x 10* cells at 37 °C in a 5% CO,
atmosphere overnight and then incubated with free OVA and
OVA@HZIF-Mn at the same concentration of OVA (5 pg mL™,
FITC labelled) for 30 h. Then, the nuclei and lysosomes were
stained with 4’,6-diamidino-2-phenylindole (DAPI, blue) and
LysoTracker (red), respectively. The cells were analyzed by
confocal laser scanning microscopy.

Activation of BMDCs

BMDCs were harvested from the femur of female C57BL/6 mice
and cultured in RPMI 1640 medium containing interleukin-4
(IL-4) and granulocyte-macrophage colony stimulating factor
(GM-CSF) at 37 °C in a 5% CO, atmosphere."”” The medium was
replaced every 48 h. On day 6, samples were added to the cell
suspensions, which were then incubated for 24 h. Then, BMDCs
were labelled with dye-conjugated antibodies (anti-CD11c, anti-
CD86 and anti-CD80), and the expression levels of CD80 and
CD86 were measured by flow cytometry. Meanwhile, the cell
supernatant was collected and analyzed to quantify the levels of
IFN-B.

Western blotting assay

To assess whether the NPs could activate the STING pathway,
BMDCs were incubated with PBS, OVA, OVA + Mn (free OVA
physically mixed with Mn%), OVA@HZIF, and OVA@HZIF-Mn
with the same concentration of OVA (20 ug mL ™) at 37 °C in
a 5% CO, atmosphere for 24 h. After the cells were lysed, we
separated the same amounts of proteins using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred them to polyvinylidene difluoride (PVDF)
membranes. We performed western blotting analysis using
PVDF membranes incubated with antibodies (i.e., B-actin,
TBK1, phosphorylated TBK1, STING, and phosphorylated
STING).
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ELISAs

BMDCs cells were seeded into 24-well plates at a density of 5 x
10* cells at 37 °C in a 5% CO, atmosphere overnight and then
incubated with PBS, OVA, OVA + Mn, OVA@HZIF, and
OVA@HZIF-Mn with the same concentration of OVA (20 pg
mL ") for 24 h. Then, the cells were transferred from the culture
plates into centrifuge tubes and centrifuged at 2000g for 20 min
at 4 °C. The supernatant was analyzed using an ELISA kit to
quantify the levels of IFN-f.

Animal studies

Females C57BL/6 mice were obtained from Vital River Laboratory
Animal Technology Co., Ltd (China). All animal procedures were
performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Shandong First Medical University &
Shandong Academy of Medical Sciences and experiments were
approved by the Animal Ethics Committee of Shandong First
Medical University (NO. W202211090261). To construct the
tumor model, the cultured B16F10-OVA cells were prepared into
a cell suspension with a density of 2 x 10" mL ™", and 100 pL of
the cell suspension was injected into the flank of each mouse to
establish a subcutaneous tumor-bearing mouse model. Tumor
volume was calculated using V = 1/2 x length x width.?

In vivo therapeutic effect

When the tumor volume reached 50 mm?, the mice were randomly
grouped. Then, 100 pL of PBS, OVA + Mn (free OVA physically
mixed with Mn>"), OVA@HZIF, and OVA@HZIF-Mn were admin-
istered to the tumor-bearing mice by intramuscular injection on
days 9, 13, 17, and 21, with the same OVA content of 50 pg. The
body weight and tumor volume of the mice were measured every 2
days after injection of the samples. Based on the animal protocol,
mouse death was recorded when the tumor volume reached 1500
mm?. After cessation of treatment, blood was collected, and the
serum was isolated and measured to evaluate the biosafety.
Furthermore, the organs of mice were collected and stained with
hematoxylin and eosin (H&E) for histopathological analysis.

Antitumor immunity in vivo

To examine DC maturation in vivo, the inguinal lymph nodes of
B16F10-OVA tumor-bearing mice were ground to generate
lymphocyte single cells. After staining with dye-labelled antibodies
(anti-CD11c, anti-CD80, and anti-CD86), the DC cells were
measured by flow cytometry. To investigate immune activation and
immune memory in the spleen, spleen lymphocytes were gener-
ated and stained with dye-labelled antibodies (anti-CD3, anti-CD4,
and anti-CD8). Then, spleen lymphocytes were analyzed by flow
cytometry. Next, tumors were isolated, homogenized, and digested
to obtain single cells. After staining with dye-labelled antibodies,
the infiltration of CD8" T cells (CD3'CD8') and CD4" T cells
(CD3'CD4") in tumors was measured by flow cytometry.

Statistical analysis

All data are presented as the mean or mean =+ standard devia-
tion. A two-tailed Student's t-test was used to calculate the
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significance of the comparisons between two groups. For
multiple comparisons, one- or two-way ANOVA with Tukey's or
Sidak's multiple comparison test was adopted by GraphPad
Prism. P < 0.05 was considered as statistically significant.
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