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Abstract

Background Manganese ions (Mn?*) combined with adjuvants capable of damaging and lysing tumor cells form
an antitumor nano-modulator that enhances the immune efficacy of cancer therapy through the cascade activation
of the cyclic GMP-AMP interferon gene synthase-stimulator (cGAS-STING) pathway, which underscores the impor-
tance of developing antitumor nano-modulators, which induce DNA damage and augment cGAS-STING activity,

as a critical future research direction.

Methods and Results We have successfully synthesized an antitumor nano-modulator, which exhibits good dispers-
ibility and biosafety. This nano-modulator is engineered by loading manganese dioxide nanosheets (M-NS) with zebu-
larine (Zeb), known for its immunogenicity-enhancing effects, and conducting targeted surface modification using
hyaluronic acid (HA). After systemic circulation to the tumor site, Mn?*, Zeb, and reactive oxygen species (ROS) are
catalytically released in the tumor microenvironment by H* and H,O, These components can directly or indirectly
damage the DNA or mitochondria of tumor cells, thereby inducing programmed cell death. Furthermore, they
promote the accumulation of double-stranded DNA (dsDNA) in the cytoplasm, enhancing the activation of the cGAS-
STING signalling pathway and boosting the production of type | interferon and the secretion of pro-inflammatory
cytokines. Additionally, Zeb@MH-NS enhances the maturation of dendritic cells, the infiltration of cytotoxic T lympho-
cytes, and the recruitment of natural killer cells at the tumor site.

Conclusions This HA-modified manganese-based hybrid nano-regulator can enhance antitumor therapy by boost-
ing innate immune activity and may provide new directions for immunotherapy and clinical translation in cancer.
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Graphical Abstract

Introduction

Natural immunity constitutes the body’s primary defence
mechanism against pathogens and tumor cells by confer-
ring resistance and facilitating antigen presentation [1, 2].
For most patients whose tumors are inoperable or who
have undergone surgical resection, activating the adap-
tive immune response through pharmacological means
can potentially control cancer progression promptly.
However, current clinical immunotherapy strategies have
not yet achieved optimal antitumor effects, highlight-
ing the need for innovative approaches to activate innate
immunity and enhance the efficacy of cancer immuno-
therapy [3-5]. Cyclic GMP-AMP synthase (cGAS) plays
a pivotal role in detecting microbial DNA invasions and
monitoring cellular stress responses and genomic sta-
bility, which is crucial in autoimmune diseases, cellular
damage, aging, immune surveillance, and treatment of
tumors. Antitumor drugs induce the accumulation of
free double-stranded DNA (dsDNA) in the cytoplasm by

damaging DNA within cancer cells. The cGAS detects
dsDNA and generates the second messenger molecule,
2'3’-cGAMP, which activates the STING pathway, pro-
ducing interferon-stimulated genes. This process results
in the phosphorylation of downstream junction proteins,
catalyzing a potent immune response characterized by
the release of type I interferons (IFNs) and inflammatory
cytokines, effectively mobilizing immune cells and maxi-
mizing the innate immune defence [6-9].

Manganese (Mn) is instrumental in activating the
innate immune response and tumor immune surveil-
lance [7, 10, 11]. Mn*" enhances the sensitivity of cGAS
to DNA by 10,000-fold, robustly activating the intra-
cellular cGAS-STING pathway and exerting a potent
antiviral capacity [7]. Under physiological conditions,
intracellularly released Mn?* also activates the cGAS-
STING pathway in a dsDNA-dependent/independ-
ent manner, enhancing the catalytic efficiency of cGAS.
Mn?" deficiency remarkably increases cancer incidence,
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confirming Mn?* as a secondary cGAS activator in the
cells. The manganese-based nanoadjuvant acts as a
mucosal immune adjuvant by inducing the formation of
secretory IgA, boosting T cells’ ability to create large
quantities of antibodies, and stimulating mucosal immu-
nological responses [12, 13]; this predicts that manga-
nese immunotherapy has excellent potential for clinical
application. Consequently, numerous studies have inves-
tigated antitumor nano-modulator based on Mn*" and
nanocatalytic medicine, demonstrating immune-sensi-
tizing efficacy in animal models and early clinical trials
[14-16]. The anticancer nano-modulator incorporating
MnO, with the PI3Ky blocker IPI549, upon activation
in the local tumor environment, degrades and releases
Mn?*, oxygen molecules (O,), and IPI549, moderating
the hypoxic conditions of the tumor and reducing PD-L1
immunosuppressive molecules on the cell surface [14].
The nano-modulators promote MDSC activity, drive the
polarization of tumor-associated macrophages (TAMs)
toward the M1 phenotype, reactivate killer T cells, and
curb the spread of cancer cells. Previous studies showed
that combined manganese dioxide and IPI549 to cre-
ate a radiotherapy-sensitizing antitumor nano-modula-
tor targeting myeloid cells to reshape the postoperative
tumor microenvironment (TME). This strategy catalyzes
the conversion of endogenous H,0, into O,, mitigat-
ing hypoxia, enhancing the immunogenic effect of the
immunosuppressive microenvironment, and enhancing
susceptibility to anti-PD-L1 therapy, thus stimulating a
robust immune memory effect to resist tumor recurrence
[15].

Furthermore, leveraging the Fenton-like catalytic and
immunogenic cell death-inducing activities of MnO,
nanosheets (M-NS), some academics developed a hydro-
gel encapsulating M-NS and the vascular destructor
CAA4P to intensify tumor-starvation therapy and enhance
immunotherapy. In the tumor microenvironment, M-NS
catalyzes hydrogen peroxide to generate O,, alleviating
tumor hypoxia induced by vascular disrupting agents; it
also decomposes into water-soluble and non-toxic Mn?*"
to avoid toxicity. M-NS can increase oxidative dam-
age in the tumor by depleting glutathione, H,0,, and
H*[16]. Therefore, under conditions of tumor cell star-
vation caused by vascular disruptor CA4P treatment,
M-NS has the potential to reverse the tumor immune
microenvironment and enhance antitumor immunity to
eradicate occult microdamage at the peripheral margins.
M-NS, both as a standalone agent and as a drug carrier,
enhances the immunoreactivity of cancer cell neoanti-
gens, triggers effective immune responses, and reshapes
the immune status of the tumor microenvironment, thus
pioneering a new pathway for localized and regional
tumor immunotherapy.
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Zeb, a potent inhibitor of DNA methyltransferases,
effectively enhances the immune properties of tumor
cells by disrupting their DNA methylation processes,
thus increasing their susceptibility to detection and
elimination by the immune system [17-21]. Research has
demonstrated that Zeb augments the sensitivity of can-
cer cells to the cGAS-STING pathway, facilitates intracel-
lular DNA accumulation, and promotes the production
of DNA-triggered interferon, significantly improving
the visibility of cancer cells to the immune system. This
activity not only counters the immune suppression com-
monly observed in the tumor microenvironment but also
bolsters the body’s capacity to eradicate cancer cells [22—
24]. In light of these findings, we explored the synergis-
tic effects of the immunomodulatory mechanisms of Zeb
combined with Mn?* in cancer therapy.

First, Zeb was packed into a novel nano-modulator,
and we used M-NS as a carrier. Afterwards, we surface-
modified Zeb@MH-NS, a unique cancer-fighting nano-
activator that is capable of targeting the tumor cells’
CD44 receptor, by employing HA, Zeb, ROS, and Mn**
can develop in weakly acidic environments with the help
of hydrogen peroxide. Through direct or indirect inter-
actions with tumor cells or their internal mitochondria,
these substances contribute to the build-up of double-
stranded DNA (dsDNA) within the cell, aggravating
the physiological consequences mediated by the cGAS-
STING signalling pathway. Zeb@MH-NS also positively
affected natural killer cell clustering around the tumor,
cytotoxic T lymphocyte infiltration, and dendritic cell
maturation. Furthermore, Zeb@MH-NS markedly
increased the release of cytokines linked to inflammation
and the synthesis of type I interferon (Scheme 1), pro-
motes ICD, activates the immune system, and promotes
the infiltration of CD8 T cells, NK cells, and M1-type
macrophages in the tumor. Consequently, the engineered
HA-modified manganese-based hybrid nano-activator
presented in this research has the potential to amplify
anticancer treatments through the augmentation of the
body’s inherent immune response, presenting a novel
avenue for immunotherapeutic strategies and their clini-
cal implementation in oncology.

Results and discussion

Synthesis characterization and performance testing

of Zeb@MH-NS nanoparticles.

To synthesize a novel immunostimulatory antitumor
nano-modulator, M-NS were prepared using a conven-
tional method enhanced by ultrasonic treatment [25,
26]. The process involved oxidizing MnCl, with H,O,,
exfoliating it with methylammonium hydroxide, and pre-
paring a 200 nm flake morphology through ultrasonic
treatment (Fig. 1A). To further validate the successful
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Scheme 1 Manganese-based natural immune nano-activators produce potent antitumor effects by enhancing the cGAS-STING pathway. M1,
M1-like macrophage; DC, dendritic cell; CTL, cytotoxic T lymphocyte. NK cells, natural killer cells

preparation of M-NS, the distribution behaviours of Mn
and O elements were directly shown by SEM (Fig. S1),
STEM spectroscopic imaging (Fig. S2), and energy spec-
tral surface scanning (Fig. S3). Subsequently, to verify the
surface chemistry, species, and chemical valence states
of the synthesized M-NS constituents and to determine
their nanocatalysis efficacy, as shown in Fig. 1B, the
characteristic splitting peaks of XPS showed Mn 2p;),
and Mn 2p;;, binding energies centred at 641.95 eV
and 653.65 eV, and the predominant oxidation state of
manganese was indicated as+4 by the magnitude of
the peaks’ splitting, which means that the synthesized
nanosheets have a nanocatalysis role in the oxidative
reduction of tumor-enriched expressed H,0O, to hydroxyl
radicals (« OH) with a killing effect [27]. The O elemental
XPS signal centred at ~529.64 eV is shown in Fig. 1C. The
results show similar binding energies to previous studies
of manganese and oxygen elements within M-NS [28],
suggesting that we successfully constructed a well-sized
M-NS. Subsequently, we first determined the ultraviolet—
visible spectroscopy (UV-Vis) of different concentrations

of Zeb drug dissolved in PBS. We produced standard
curves, which confirmed the characteristic absorption
peak at 307 nm (Fig. S4). The optimal feeding ratio 1:1
for M-NS/Zeb was achieved, resulting in a superior load-
ing capacity of approximately 46%, considering full drug
utilization (Fig. S5).

Building on the previous work involving the surface
modification of nanosheets with HA, which targets CD44
receptors on tumor cell membranes, the targeted deliv-
ery of anticancer drugs can be significantly facilitated
[29-32]. This study employed HA to modify the surface
of Zebularine-loaded manganese dioxide nanosheets
(Zeb@M-NS). Upon TEM observation, it was found that
the synthesized Zeb@MH-NS showed monolithic shape
and good dispersion (Fig. 1D). Under energy spectros-
copy, the three elements Mn, O, and N were uniformly
distributed on the nanosheets (Fig. 1E). To verify the size
and thickness of the synthesized nanosheets, the thick-
ness of the synthesized nanosheets was verified to be
about 3 nm by Atomic Force Microscopy (AFM) (Fig. 1F),
and Malvern Zeta particle size found the particle size was
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Fig. 1 Synthesis and characterization of Zeb@MH-NS nanoparticles. (A) TEM image of M-NS. (B) XPS spectrum of Mn 2p region. (C) XPS spectrum
of O 1 s region. (D) TEM. of Zeb@MH-NS. (E) Elemental mapping of Mn, C, O, and N of Zeb@MH-NS. (F) Thickness distribution of the nanosheets

of Zeb@MH-NS as measured by AFM Inset: AFM images of Zeb@MH-NS nanosheets. (G) Size distribution of M-NS, MH-NS, Zeb@M-NS, Zeb@MH-NS.
(H) UV-vis of HA, Zeb, M-NS, MH-NS, Zeb@M-NS. (I) FTIR spectra of HA, Zeb, M-NS, MH-NS, Zeb@M-NS, Zeb@MH-NS. (J)Zeta potential of HA, M-NS,
MH-NS, Zeb@M-NS, Zeb@MH-NS. (K) Mn.”* release profiles at pH 5.4, 6.4, and 7.4 with/without H,0,. (L) Drug release profiles at pH 5.4, 6.4, and 7.4
with/without H,0,

maintained in the range of 230-267 nm during HA and
drug loading process (Fig. 1G). To understand the nature
of Zeb@MH-NS, the UV-Vis of different subgroups

showed characteristic absorption peaks at 307 nm and

200 nm in Zeb@MH-NS (Fig. 1H).

The absorption spectra of various components, includ-
ing the Mn-O stretching vibration absorption peaks at
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627 cm™!, were examined via Fourier Transform Infra-
red Spectroscopy (FTIR) in the Zeb@MH-NS sample.
The peak observed at a wavenumber of 1739 cm™! cor-
responds to the C=0 bond’s stretching vibrational mode
in the carboxylic group attached to HA. Meanwhile, the
1045 cm™! and 946 cm™! peaks represent the in-plane
bending vibrations of the C-H bonds found in Zeb/HA.
The peak at 1546 cm™ can also be attributed to the bend-
ing vibration of the amide II band’s N-H bond on HA and
the stretching vibrations of the C=C and C=N bonds on
Zeb. Lastly, the absorption peak observed at 1489 cm™! is
the -CH2 bending vibration absorption peak of Zeb/HA.

Moreover, as shown in Fig. 11, Zeb@MH-NS has simi-
lar absorption peaks of Zeb and HA, which suggests that
M-NS was successfully loaded with Zeb through electro-
static interactions and HA was successfully attached to
the surface of M-NS nanosheets. X-ray diffraction (XRD)
showed that M-NS had characteristic XRD absorption
peaks (20 =~ 37° and 65.36°). After HA surface modifica-
tion, the characteristic XRD peaks of HA (20 ~ 12.8° and
24.54°) were included in MH-NS (Fig. S6). The potentials
of HA and M-NS were negative, and the potential values
of HA-modified manganese dioxide nanosheets became
larger (Fig. 1J), which indicated that HA successfully
surface-modified the nanosheets. Based on the principle
of charge homogeneity and repulsion, Zeb@MH-NS had
good dispersion.

Several studies have demonstrated that M-NS nano-
preparations are well stabilized in a neutral environ-
ment (pH=7.4) but are susceptible to decomposition
into Mn?* ions by the weakly acidic pH and high H,0,
in the tumor microenvironment, which exerts the corre-
sponding antitumor efficacy [33—35]. This study investi-
gated the release dynamics of Zebularine (Zeb) and Mn?**
ions from the Zeb@MH-NS nanocarrier under simulated
TME conditions. The nanocarrier was exposed to vari-
ous acidic media (pH 5.4, 6.4, 7.4) with added hydrogen
peroxide, employing a dialysis bag technique to moni-
tor the in vitro release of these compounds [36, 37]. The
removed liquid was examined using UV-Vis and induc-
tively coupled plasma (ICP) to assess the drug and man-
ganese ion release rates, respectively (Fig. 1K, L). The
results indicated that Zeb@MH-NS exhibited effective
cumulative release kinetics in acidic and H,O,-rich solu-
tions, facilitating a faster and more pronounced release
of the drug and manganese ions. It remained stable in
the first two media: phosphate-buffered saline (PBS,
pH=7.4), Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (FBS) and deionized
water (Fig. S7A). The particle size showed minimal varia-
tion (Fig. S7B), mirroring findings from other studies that
investigated the responsiveness of manganese dioxide
nanosheets to TME-induced degradation and controlled
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release mechanism [38—40], These results underscore the
potential of Zeb@MH-NS for innovative applications in
antitumor therapy.

Evaluation of Zeb@MH-NS targeting and ROS generation
capacity
Research has highlighted that many cancer cell mem-
branes, including those of HepG2, a human liver cancer
cell line, exhibit CD44 receptors, facilitating the selec-
tive uptake of HA-complexed nanostructures such as
the anticancer compound geraniol [41, 42]. The study
utilized HepG2 cells as a control to evaluate the expres-
sion of CD44 receptors in Hepal-6 cells. Using flow
cytometry (FCM) with CD44-specific staining reagents
(Fig. 2A), it was found that Hepal-6 cells also expressed
abundant CD44 receptors on their membranes (Fig.
S8A), which implies that surface modification of this
M-NS preparation with HA not only promotes the effi-
cacy of having good dispersion but also targets Hepal-6
cancer cells. Hepal-6 cells were co-incubated with FITC-
labeled Zeb@MH-NS and Zeb@M-NS (Fig. 2B, C, and
S9). The cellular uptake of FITC-labeled Zeb@MH-NS by
Hepal-6 cells was monitored at various intervals using
confocal laser-scanning microscopy (CLSM) and FCM,
both of which showed an incremental increase in green
fluorescence compared to Zeb@M-NS (Fig. S9C).
Through its valence state of+4, M-NS can generate «
OH and other oxidizing agents in response to H,0, and
H? in the tumor microenvironment. This kind of Fenton
reaction induces oxidative stress within the tumor so that
highly toxic « OH is used to kill cancer [26, 43]. To evalu-
ate the nanocatalysis efficacy possessed by Zeb@MH-NS,
electron spin resonance (ESR) was used to verify that
Zeb@MH-NS could generate ROS with potent cytotoxic
effects, including the detection of characteristic « OH
signal peaks (1:2:2:1) were captured under H,O,-rich
TEM (Fig. 2D); Additionally, the breakdown of methyl-
ene blue (MB) in the presence of Zeb@MH-NS (1 mg/
ml) and varying concentrations of H,O, was observed,
evidenced by the reduction of MB’s characteristic UV
absorption peak at 665 nm(Fig. S10A and S10B). we ver-
ify the absorbance change of MB with time after mixing
Zeb@M-NS and Zeb@MH-NS with MB, as shown in Fig.
S$10B, no obvious degradation was observed when mix-
ing nano-modulators with MB. However, its UV absorp-
tion peak showed that nano-modulators mixed with MB,
as well as MB alone, also showed slight MB degradation
efficacy after preventing the placement in the air for dif-
ferent times, especially after the simulated tumor micro-
environment enriched with H,0,, the nano-modulators
produced higher concentrations of ROS. At the cut-off
time (3 h), the blue color of Zeb@MH-NS +H,0,+ MB
was explained to become a light blue liquid compared
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to Zeb@MH-NS + MB, whereas the blue color of Zeb@
MH-NS+ MB was still clearly visible (Fig. 2E). Notably,
the combination of + OH generated by the reaction and
the catalytic action of the nano-modulator degraded the
MB solution more significantly when co-incubated with
200 mM H,0, (Fig. 2E). Subsequently, the nanocatalytic
properties and oxidative stress-breaking ability of Zeb@
MH-NS were further verified at the in vitro level to kill
tumor cells[44]. Zeb@MH-NS induced distinct green
ROS fluorescence in Hepal-6 cells as detected by CLSM
through 2,7 -Dichlorofluorescin diacetate (DCFH-DA)
as a ROS indicator (Fig. 2F); FCM quantification of intra-
cellular ROS levels in the presence of nano-modulator
showed that all groups containing M-NS produced ROS,
with Zeb@MH-NS yielding the highest levels (Fig. 2G
and S8B). These findings underscore Zeb@MH-NS’s
potent catalytic performance, establishing a foundation
for its use in catalytic nano-modulator treatments.

Mechanisms by which Zeb@MH-NS remodels intracellular
oxidative stress and induces cellular damage

In tumor-specific microenvironments, the activation
of intra- and extracellular stress signals can trigger pro-
grammed cell death, which is closely associated with can-
cer development, malignant progression, and treatment
resistance [45]. Numerous studies have established a
strong link between mitochondria and cell death [46, 47].
Employing JC-1 to assess the mitochondrial membrane
potential, we observed that normal Hepal-6 cells dem-
onstrated increased accumulation and multimerization
of JC-1 within the mitochondria, indicated by enhanced
red fluorescence. Conversely, Hepal-6 treated with Zeb@
MH-NS, JC-1 was observed dispersing into the cyto-
plasm as monomers, marked by an increase in green
fluorescence and a corresponding decrease in red fluo-
rescence, as confirmed by both CLSM and FCM (Fig. 3A,
B). This shift suggests that Zeb@MH-NS can respond to
the tumor microenvironment, producing large amounts
of ROS. When the mitochondrial membrane potential is
polarized, JC-1 disperses into the mitochondrial matrix,
leading to diminished red fluorescence and increased
green fluorescence within the cytoplasm as it exists as a
monomer.

To find out if apoptotic cascade response could be
aided by mitochondrial membrane potential malfunc-
tion, which was noted under CLSM that Zeb@M-NS and
Zeb@MH-NS, particularly when combined with M-NS,
Zeb, and HA in the antitumor nano-modulator, triggered
significant cell death, as evidenced by calcein acetyl-
methoxylate/propidium iodide (Calcein-AM/PI) staining
(Fig. 3F). This observation aligns with apoptosis rate find-
ings from FCM, showing that Zeb@MH-NS markedly
increased apoptosis in Hepal-6 cells (Fig. 3C, D, and E).
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Additionally, a quantitative in vitro antitumor assay using
the CCK8 method revealed a significant reduction in cell
survival in the Zeb@MH-NS group (Fig. S11). To further
explore that mitochondrial membrane potential damage
suggested that this dysfunction might induce an irre-
versible apoptotic program in cancer cells, as evidenced
by Western blot (WB) analysis, which revealed elevated
levels of pro-apoptotic proteins Bax and Caspase 3 and
reduced levels of the anti-apoptotic protein Bcl-2 in the
Zeb@MH-NS treated group (Fig. 3F and Fig. S13B).

In vivo antitumor effects of Zeb@MH-NS

Inspired by the tumor microenvironment-responsive
nanocatalysis of Zeb@MH-NS in vitro studies, which
impaired mitochondrial membrane potential and induced
apoptosis, Zeb@MH-NS was designed and evaluated for
its antitumor ability in Hepal-6 loaded C57BL/6 ] mouse,
and the process is shown in Fig. 4A. Treatment with
Zeb@MH-NS resulted in significant tumor growth inhi-
bition, as evidenced by the reduction in tumor volume
throughout treatment (Fig. 4B, C). The weight of mouse
were checked every three days to evaluate the biosafety
of the medication, and there was no discernible decline
(Fig. 4D), suggesting that Zeb@MH-NS is biocompatible.
Survival analysis conducted over 70 days showed that
the survival rate of mice treated with Zeb@MH-NS was
significantly higher than that of control groups (Fig. 4E).
At the end of the treatment period, the tumor tissues of
mice were excised and weighed. The growth of tumor tis-
sues of Zeb@MH-NS and Zeb@MH-NS treated signifi-
cant Hepal-6 tumor-bearing mice, whose tumor weight
was significantly reduced (Fig. 4F). The tumor tissues
of the different subgroups were subjected to tumor sec-
tions for hematoxylin—eosin (H&E) staining, Tunnel, and
Ki67 assays across several subgroups, it was observed
that the Zeb@MH-NS therapy led to a notable altera-
tion in the tumor cell arrangement, which became more
dispersed. Additionally, the nuclei within these cells
appeared condensed and segmented, while the cytoplasm
shifted toward a reddish hue, particularly when con-
trasted with the control group. The intensity of the red
fluorescence of the Ki67 expression was also significantly
reduced. The antitumor solid ability of Zeb@MH-NS
led to programmed cell death. Therefore, during Tunnel
staining (Fig. 4G), fluorescein-labelled dUTP in tumor
tissues ligates with the 3’-OH terminus of broken DNA
in apoptotic cancer cells, reacting with the HRP substrate
diaminobenzidine (DAB) to produce significant green
fluorescence intensity [48—50]. Combined with the WB
analysis of the extracted proteins from the tumor tissues,
the expression of apoptotic proteins was similar to the
WB analysis of the cellular experiments (Fig. 4H), which
implies that inhibition of cell proliferation and promotion
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of cell death is responsible for the significant shrinkage of = Zeb@MH-NS activates innate immunity via the cGAS-STING
the tumor (Fig. 4G) and that Zeb@MH-NS synthesized in  signalling pathway for tumor elimination
the study has an excellent antitumor therapy. M-NS can act as a nanocatalyst in antitumor therapy.
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Under the dual catalysis of Ht and H,O, in the TME,
manganese transitions from a+4 valence to a+ 2 valence,
undergoing a Fenton-like reaction to produce ROS. This
reaction damages mitochondria and induces apopto-
sis in tumor cells [39, 51]. Moreover, Mn?* can enhance
the activity of the cytoplasmic cGAS-STING signalling
cascade, facilitate the secretion of pro-inflammatory
mediators, and stimulate the tumor’s immune milieu via
manganese-based immunotherapy, exhibiting signifi-
cant antineoplastic properties [52]. The combination of
Zeb sensitizing the cGAS-STING pathway with manga-
nese dioxide amplifies the potency of innate immunity.
This enhancement activates immune cells across vari-
ous levels of the immune system by boosting the expres-
sion of the cGAS-STING pathway, thus maximizing the
tumor-killing effect (Fig. 5A). To assess the impact of
Zeb@MH-NS on innate immunity activation, we ana-
lyzed the expression of cGAS-STING pathway-related
proteins and their downstream phosphorylated counter-
parts at both in vitro and in vivo levels after treatment.
WB results indicated that, compared to other groups,
the Zeb@MH-NS group showed a responsive release
of more Mn?* from the tumor microenvironment and
direct DNA damage by Zeb, stimulating cGAS expres-
sion. Additionally, mitochondrial dysfunction led to
mtDNA leakage, further enhancing the activation of the
STING pathway and associated phosphorylated proteins
[46, 53]. The expression of phosphorylated STING (pST-
ING), TBK1 (pTBK1), and IRF3 (pIRF3) was significantly
elevated (Fig. 5B and Fig. S13 A-D), indicating that Zeb/
ROS/Mn?* release triggered by the tumor microenviron-
ment substantially activates the cGAS-STING channel
and boosts STING-induced type I interferon production.
Subsequent evaluations showed that pro-inflammatory
cytokines, including interferon-y (IFN-y), tumor necro-
sis factor-alpha (TNF-a), and interleukin 6 (IL-6), were
elevated in the Zeb@MH-NS cohort (Fig. 5G), implying
that the activation of the cGAS-STING pathway has the
potential to convert "cold" tumors into more sensitive
"hot" tumors.

IFN, a downstream signal of the cGAS-STING signal-
ling pathway, is pivotal in bridging innate and adaptive
immunity. It contributes to the maturation and migra-
tion of DCs, enhances the cytotoxicity mediated by
CTLs or NKs, and promotes the polarization of mac-
rophages into M1-type macrophages [54—56]. To verify
the activating effect of Zeb@MH-NS on innate immu-
nity (Fig. S14), tumor tissues of mice in each group
were taken one day after the end of drug treatment for
immune response analysis, and the expression of mature
DCs (CD11c*MHC-IITCD80TCD86™) was significantly
enhanced in Hepal-6 tumors of the Zeb@MH-NS group
as compared to the other groups (Fig. 5C); Similarly,

Page 11 of 15

Zeb@MH-NS treatment resulted in a notable increase
in the intratumoral abundance of pro-inflammatory
MI-like TAM (CD11b*F4/80" CD80*CD86") (Fig. 5D),
indicative of a robust immune response. In addition,
treatment with Zeb@MH-NS could promote NK cells
(CD11b*NK1.1%) by promoting to activate of the innate
immune response (Fig. 5E) and efficiently induce the
acquired immune response by promoting total tumor
T cells (CD3%) and their activation (CD3TCD69%).
Although the Zeb@M-NS group also promoted the infil-
tration and activation of T cells, the effect was less pro-
nounced compared to the Zeb@MH-NS group, likely due
to the targeted modifications conferred by HA in Zeb@
MH-NS (Fig. S15A-F).

Furthermore, Zeb@MH-NS treatment proved to be the
most effective in promoting intratumoral cytotoxic T cell
(CTL, CD3"CDS8*IFNy") abundance (Fig. 5F), which is
one of the most critical indicators of adaptive antitumor
immune activation [57, 58]. Blood serum samples were
obtained post-treatment from different mice cohorts
and evaluated for TNF-a, IEN-y, and IL-6 levels to assess
the start of the cGAS-STING signalling cascade and
its impact on cytokine production within tumors. The
elevated cytokine levels confirmed the activation of the
cGAS-STING pathway alongside the activation of effec-
tor T cells, NK cells, and M1 macrophages associated
with these cytokines (Fig. 5G and S15).

Additionally, we validated its ability to induce immu-
nogenic cell death (ICD) at the ex vivo and in vivo lev-
els. When cells undergo ICD, the high mobility group
1 (HMGB1) protein (Figure S12B), secreted adenosine
triphosphate (ATP) (Figure S12D), and surface-exposed
calreticulin (CRT) are released (Figure S12C). After treat-
ment, we examined the main immunogenic features
of ICDs from different treatment groups by examining
tumor tissue sections from hepatocellular carcinoma
cells in vitro and in vivo. Compared with the control
group, the Zeb@MH-NS-treated group showed low
expression levels of cytoplasmic HMGBI green fluores-
cence intensity and low intracellular ATP content due
to the intracellular release of HMGB1 and ATP (Figure
S12B, S12D); however, the level of CRT exposed on the
surface of the tumor cells was high (Figure S12C), which
was consistent with the detection of CRT expression
after the treatment in mice in vivo (Figure S12E, S12F).
Combined with our previous flow exploration of immune
activation in vivo, it is suggested that our constructed
nano-agonist Zeb@MH-NS promotes ICD during sap-
rophytic cell death, generates new antigenic epitopes and
releases damage-associated molecular patterns (DAMPs)
from dead cells, recruits antigen-presenting cells to rec-
ognize and phagocytose dead cell antigens and present
them to T cells, activating adaptive immune response to
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recognize and clear tumor antigens, which will be able to
produce long-lasting anti-tumour immune effects. These
findings collectively demonstrate that Zeb@MH-NS acts
as a potent cGAS stimulator, effectively reversing tumor
immunosuppression by enhancing innate and acquired
immune responses.

Biodistribution and biosafety evaluation of Zeb@MH-NS
Zeb@MH-NS nanoparticles were combined with blood
cells at different doses to measure the hemolysis rate
and determine the particles’ biosafety in a mouse model.
Even at a 100 pg/mL concentration, the hemolysis rate
remained below 5% (Fig. S16). Following the administra-
tion of nanotherapeutics to different treatment groups,
examinations of primary organ tissues, including the
heart, liver, spleen, lungs, and kidneys, which harvested
from mice, revealed no significant pathologic alterations
with hematoxylin and eosin staining (Fig. S17). Addi-
tionally, serum biochemical analyses (Fig. S18) and body
weight measurements (Fig. S16B) showed no significant
changes, indicating good histocompatibility of Zeb@
MH-NS in vivo.

Further analysis of the targeting and biodistribution of
Zeb@MH-NS compared to Zeb@M-NS was conducted.
The fluorescence intensity of Cy5.5-labeled nanoparticles
was tracked using an IVIS spectral imaging system (Fig.
S19A) to evaluate their distribution and tumor accumu-
lation in Hepal-6 tumor-bearing mice. The fluorescence
intensity in the tumor region increased over time, reach-
ing a peak six hours post-injection. Semi-quantitative
biodistribution studies involving the isolation of signifi-
cant organs demonstrated that Zeb@MH-NS exhibited
higher tumor uptake and retention than Zeb@M-NS (Fig.
S19A-C). Notably, considerable fluorescence was also
observed in the liver and kidneys, which are critical for
the degradation and excretion of the nanoparticles, indi-
cating active processing by the somatic circulation (Fig.
S19D).

Conclusions

M-NS responds to H in the TME by remodelling it and
catalyzing the conversion of H,O, into quantities of ROS,
which damages mitochondria and promotes irreversible
cellular damage. This biomineralization strategy employs
M-NS as carriers that activate the intracellular cGAS-
STING signaling pathway and the drug Zeb. In response
to the TME, Mn*" is catabolized to augment programmed
cell death and immune response. After combining the tar-
geted surface modification of Zeb and HA, Zeb@MH-NS,
a nano-modulator with a targeted CD44 receptor, can
cascade activation of the cGAS-STING signalling path-
way. This activation and the subsequent mobilization of
immune system components transform "cold tumors" into
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"hot tumors,” enhancing intracellular and extracellular
anticancer effects and ultimately promoting cell death and
immune response.
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