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ARTICLE INFO ABSTRACT

Certain types of cationic metal ions, such as Mn?" are able to activate immune functions via the stimulator of
interferon genes (STING) pathway, showing potential applications in eliciting antitumor immunity. How anionic
ions interact with immune cells remains largely unknown. Herein, selecting from a range of cationic and anionic
ions, we were excited to discover that MOO%’ could act as a cGAS-STING agonist and further confirmed the
capability of Mn?* to activate the cGAS-STING pathway. Inspired by such findings, we synthesized manganese
molybdate nanoparticles with polyethylene glycol modification (MMP NDs) for cancer metalloimmunotherapy.
Meanwhile, MMP NDs could consume glutathione (GSH) over-expressed in tumors and induce ferroptosis owing
to high-valence Mo and Mn to elicit tumor-specific immune responses, which was further amplified by MMP-
triggered the cGAS-STING activation. In turn, activated CD8" T cells to secrete high levels of interferon y
(IFN-y) and reduced GPX4 expression in tumor cells to trigger ferroptosis-specific lipid peroxidation, which
constituted a “cycle” of therapy. As a result, the metalloimmunotherapy with systemic administration of MMP
NDs offered a remarkable tumor inhibition effect for a variety of tumor models. Our work for the first time
discovered the ability of anionic metal ions to activate the immune system and rationally designed bimetallic
oxide nanostructures as a multifunctional therapeutic nanoplatform for tumor immunotherapy.
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pro-inflammatory immune cells, including tumor-infiltrating cytotoxic T
lymphocytes (CTLs), pro-inflammatory M1 phenotype macrophages,

1. Introduction

Cancer immunotherapy (CIT) can inhibit tumor growth and metas-
tasis by activating the host’s immune system to achieve anti-tumor
immune responses [1-3]. Although CIT has recently achieved some
clinical success, only a small percentage of patients with solid tumors
would be responsive to immunotherapy [4,5]. One critical reason that
leads to cancer immunotherapy failure is the immunosuppressive tumor
microenvironment (TME), which features with the poor infiltration of
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and dendritic cells (DCs) [6,7]. To enhance the antitumor immune
response, several cancer treatment modalities have been developed.
Among them, the cGAS-STING pathway has been discovered and widely
used in CIT for immune activation [8]. When cyclic GMP-AMP synthase
(cGAS) detects double-stranded DNA that should not exist within the
cytoplasm, it catalyzes the generation of cyclic adenylate small mole-
cules (cGAMP) [9,10]. Meanwhile, the dimeric stimulator of interferon
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genes (STING) binds to cGAMP to change the conformation of STING,
recruit and phosphorylate tank binding kinase 1 (TBK1) protein and
further activate interferon regulatory factor (IRF3), which induces type I
interference and activates innate immunity [11]. As malignant tumors
are usually accompanied by cytoplasmic chromatin fragmentation and
micronucleus formation, DNA leakage from cancer cells is significantly
higher than that from normal cells, making the cGAS-STING activation
particularly meaningful in cancer immunotherapy [12,13].

Recently, metal cations have attracted much attention because of
their special biological effects in tumor therapy [14,15]. Importantly,
manganese ions (Mn2+) and zinc ions (Zn2+) have the ability to activate
the cGAS-STING pathway, thus them have the potential to act as im-
mune activation agents [16,17]. Various nanoscale platforms containing
Mn?" or Zn?* have thus been designed and constructed to further enable
delivery of those metal ions together with other therapeutic molecules
into tumors for CIT [16,18]. However, although the role of anionic metal
ions in the cGAS-STING activation has been widely evidenced, whether
metal anions have similar activities in immune activation remains
largely unknown. Recently, the unique biological process induced by
molybdenum proved the unique fate and important role of metal anions
in living bodies [19,20]. Therefore, it would be interesting to study the
immune activation possibilities of anionic ions, and based on such in-
formation, to engineer nanomedicine with immune activating metal
cations and anions for anti-tumor metalloimmunotherapy.

Meanwhile, ferroptosis has been reported to be widely used to
enhance CIT [21,22]. In addition to Fe-containing nanomaterials, many
nanomaterials containing high-valent metals with GSH consumption
function have also been used to induce ferroptosis in tumor cells,
especially those containing M06+, Mn’* and V°* [23-25]. Herein, we
used 293-Dual™ mSTING cells to screen a variety of metal cations
(Mn%*, Mg?*, Ca?*, Zn?*, Na*, Cu®", and Ga®") and anions (MoO%",
NOs3, WO%’, SO%’, cl, VO?{’, and VO3), and discovered that Mn%* and
Mo03 "~ had the most potent ability to activate the cGAS-STING pathway
among the tested cations and anions, respectively (Scheme 1). Consid-
ering that the combination of Mn?" and MoOZ~ could further amplify
the cGAS-STING activation, we thus designed the bimetallic oxide
manganese molybdate nanoparticles (MMO NDs) constructed from
Mn?" and MoO3~. With further modification by distearoyl
phosphatidylethanolamine-polyethylene glycol 5000 (DSPE-PEGsy), we
then obtained PEGylated manganese molybdate nanoparticles (MMP
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NDs). Interestingly, it was found that high-valence Mo and Mn could
consume GSH in the tumor and inhibit glutathione peroxidase 4 (GPX4)
activity, further inducing ferroptosis [26,27]. Upon tumor cell death,
MMP NDs with the cGAS-STING activation capability induced DCs
maturation and further activated CD8™ T cells, following with initiating
anti-tumor immune responses [28,29]. In turn, activated CD8" T cells
secreted interferon y (IFN-y) and reduced GPX4 expression in tumor cells
to trigger ferroptosis mediated lipid peroxidation, which constituted a
“cycle” of therapy [28,30]. As a result, MMP NDs by intravenous (i.v.)
injection were able to reverse the immunosuppressive TME and simul-
taneously realize the dual functions of initiating CIT and enhancing CIT
without the addition of any immune adjuvant. Effective tumor growth
suppression with such MMP NDs was then achieved in different types of
tumor models in mice, without observing significant toxic effects to
mice. Our work, for the first time, used ion screening as the basis for the
construction of bimetallic oxides as a cancer immunotherapy nano-
medicine platform.

2. Results and discussion
2.1. Metal ions with the capability to activate the cGAS-STING pathway

293-Dual™ mSTING cells were first used to screen the abilities of
metal ions to activate the cGAS-STING pathway. After transfection with
the cGAS plasmids, the pretreated mSTING cells were incubated with
coelenterazine-utilizing luciferase detection medium (QUANTI-Luc™).
Afterwards, bioluminescence signals could be observed from the pre-
treated mSTING cells when they were incubated with substances with
the cGAS-STING pathway activation capability [16]. Therefore, the
pretreated mSTING cells were incubated with various metal cations
Mn?*, Mg, ca?t, Zn?", Nat, Cu®", and Ga®"), and then the biolu-
minescence signals from mSTING cells were detected (Fig. 1a). It was
found that Mn?" indeed had the strongest ability to activate the
¢GAS-STING pathway, followed by Zn?>* and Ga®* (Fig. 1b). Meanwhile,
a variety of anions (MoO‘zf, NO3, WO?(, SO%’, Cl, VO%’, and VO3)
were also detected. Surprisingly, several metal anions also activated the
¢GAS-STING pathway (Fig. 1¢), such as MoO%~ and WO3~ ions, of which
MoO3~ appeared to be the most effective in the cGAS-STING activation.

To further verify the cGAS-STING pathway activation capability of
Mn?* and MoO3~ ions, the primary mouse bone marrow-derived

Scheme 1. MMP NDs with dual cGAS-STING acti-
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dendritic cells (BMDCs) were incubated with Mn?* and MoO3~ ions, and phosphorylation levels of the TBK1, STING, and IRF3 proteins (i.e., p-
the mixed solutions of Mn?>* and MOO%’. Then, the proportion of TBK1/TBK1, p-STING/STING, and p-IRF3/IRF3) in Hela cells were
matured DCs was analyzed by flow cytometry. Both MoO3~ ions and remarkably increased after incubation with Mn?* or MoO3 ™~ alone, and

Mn>" ions stimulated the maturation of DCs to a certain extent (Fig. 1d
and e). Notably, the stimulation ability of the mixture of Mn?* and
MoO3~ ions on DCs maturation was significantly stronger than that of
Mn?* or MoO7~ ions alone (Fig. 1d and e), and the proportion of
matured DCs was obviously increased as ion concentrations increased.
The mechanism of DCs maturation stimulated by metal ions was then
carefully studied. First, the interferon-p (IFN-p) levels secreted by DCs
after incubation with Mn?*, MoO% ™, and a mixture of Mn?* and MoO%~
ions were detected. Compared with the control group, MoO3~ ions
effectively enhanced the IFN-f secretion by DCs, while the performance
of Mn?* ions was superior to that of MoO3™ ions, and the mixture of
Mn*" and MoO3~ ions showed the strongest enhancement of IFN-§
secretion by DCs (Fig. 1f). Similarly, 293-Dual™ mSTING cells were also
used to detect the ability of Mn2+, MOO%’, and a mixture of Mn?" and
MoO3~ ions to activate the cGAS-STING pathway. Compared with
MoO2~ or Mn?* alone, the mixture of Mn?* and MoOZ~ ions showed the
highest capability of the cGAS-STING activation (Fig. 1g and h). At the
same time, the phosphorylation levels of TBK1, STING, and IRF3 were
detected by Western blot (WB) analysis in HeLa cells after incubation
with Mn?*, MoO% ™, or a mixture of Mn?>" and MoO3~ ions. The relative

55

the combination of Mn?* and MoO3 ions resulted in the highest
phosphorylation levels of these three proteins, proving the effective
ability of those ions to activate the cGAS-STING pathway (Fig. 1i). The
above data suggested that both Mn?* and MoO3~ could activate the
cGAS-STING pathway by enhancing phosphorylation of STING, TBKI1,
and IRF3, which in turn stimulated the maturation of DCs and further
secretion of IFN-p. Moreover, the combination of Mn?" and MoO‘Z(
further amplified the function of activating the cGAS-STING pathway
and stimulating DCs maturation.

2.2. Synthesis of manganese molybdate nanoparticles and their cGAS-
STING activation capacity

Inspired by the above findings, we then designed manganese
molybdate nanoparticles constructed by both Mn?* and MoO3~ for the
cGAS-STING pathway activation. A simple high-temperature solution
method was employed to synthesize manganese molybdate nanodots
(MnMoOx, MMO NDs), that contain different valences of Mo and Mn
(Supplementary Fig. S1). Transmission electron microscopy (TEM)
showed ultrasmall nanodots with a size of ~5 nm (Fig. 2a). The main
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characteristic peaks of MMO NDs obtained by X-ray powder diffraction
(XRD) were consistent with the cubic structure of MnMoO,4 (JCPDs.
15-0791) (Fig. 2b). After that, MMO NDs were modified with the
amphiphilic polymer DSPE-PEGsy to obtain PEGylated manganese
molybdate NDs (MMP NDs) (Supplementary Fig. S1), and the hydro-
dynamic particle size of MMP NDs was measured to be ~10 nm (Sup-
plementary Fig. S2). After being dispersed in H,0, 0.7% NaCl, PBS, and
1640 cell culture medium for 7 days, no obvious precipitation was
found, indicating the good stability of those nanoparticles in these
physiological solutions (Supplementary Fig. $3). Meanwhile, the Mn2*
release from MMP NDs was detect to further verification of its stability.
It was found that only ~28% of Mn?" released over 72 h, indicating the
good stability of MMP NDs in water (Supplementary Fig. S4).

Next, the stimulating ability of MMP NDs on DCs maturation was
tested. The proportion of mature DCs was detected after incubation with
different concentrations of MMP NDs. An obvious increase in mature
DCs was observed after their incubation with MMP NDs, proving that the
ability of MMP NDs to stimulate DCs maturation (Fig. 2¢ and Supple-
mentary Fig. S5). Furthermore, proinflammatory cytokines such as
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and interleukin-
12p70 (IL-12p70) secreted by DCs after incubation with MMP NDs
was detected. Incubation with MMP NDs promoted the secretion of TNF-
a, IL-6, and IL-12p70 proinflammatory cytokines by DCs, which further
activated systemic antitumor immune responses (Supplementary
Fig. 56). Similarly, WB analysis was also used to explore the activation of
the cGAS-STING pathway by MMP NDs. With the increased concentra-
tions of MMP NDs, the relative phosphorylation levels of TBK1, STING,

56

236
Binding Energy (eV)

232 228 224

and IRP3 in treated cells were remarkably enhanced (Fig. 2d). Mean-
while, 293-Dual™ mSTING cells were used to evaluate the ability of
MMP NDs to activate the cGAS-STING pathway. It could be found that
compared to the mixture of Mn?* and MoO3~ ions at the same con-
centration, MMP NDs showed a stronger ability to activate the cGAS-
STING pathway (Fig. 2e). Notably, compared to the mixture of Mn?*
and MoO3 ™ ions, MMP NDs with the same Mn and Mo contents showed
greatly enhanced cellular uptake, likely via nanoparticle endocytosis
(Fig. 2f). Moreover, the decomposition ability of MMP NDs in aqueous
solution and GSH solution were also investigated. It was found that in
aqueous solution ~28% Mn?* released from MMP NDs for 72 h, while
~75% Mn?* released from MMP NDs in the solution containing GSH
(Supplementary Fig. S4). Therefore, we hypothesized that MMP NDs
with increased cellular uptake could be decomposed into Mn?* and
MoO3~ (Fig. 2g), which would further promote the phosphorylation of
TBK1, STING, and IRP3, and subsequently enable the cGAS-STING
activation.

2.3. MMP NDs with GSH consumption capacity to induce ferroptosis

GSH, as a highly expressed substance in the TME, can resist the in-
vasion of external reactive oxygen species (ROS), thus affecting the anti-
tumor effect of exogenous ROS [31]. Recently, it was found that
consuming intracellular GSH could break the intracellular redox bal-
ance, down-regulate GPX4 expression, lead to cell lipid peroxidation,
and thus induce cell ferroptosis [32]. Due to the existence of high
valence Mo®" and Mn**, which could be reduced by GSH to form a low
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valence state of Mo®" and Mn?*, we speculated that MMP NDs might
have a good GSH consumption capacity to realize ferroptosis. Therefore,
the GSH consumption ability of MMP NDs was evaluated by a 5,
5'-dithiobis-(2-nitrobenzoic acid) (DTNB) probe [33]. With the exten-
sion of the incubation time, the UV-Vis characteristic absorption peak of
DTNB at ~ 412 nm showed a significant decrease, demonstrating the
effective GSH consumption ability of MMP NDs (Fig. 2h). At the same
time, MMP NDs changed from brown-yellow to blue in color, and
showed an obvious absorption peak at ~808 nm after incubation with
GSH, probably due to the change of Mo valence state (Fig. 2i). Therefore,
X-ray photoelectron spectroscopy (XPS) was used to detect the valence
state of Mo in MMP NDs before and after GSH reduction. The Mov(3d3 /2)
at ~ 233.7 eV and MoV(Sds/Z) at ~ 229.95 eV increased to ~ 38.62%
and ~34.45% after incubation with GSH, respectively, whereas Mo"!
(3ds/2) at ~ 234.91 eV and MoV (3ds/2) at ~ 231.90 eV decreased to ~
7.75% and ~9.52%, respectively (Fig. 2j and k). Meanwhile, the XPS of
Mn in MMP NDs before and after GSH reaction were assayed to confirm
the role of Mn in GSH consumption. The percentage of high valence state
Mn'V(2ps /2) was deceased from ~20.80% to ~ 11.50% and Mn(2pg /2)
was deceased from ~48.2% to ~ 46.22%, while the percentage of low
valence state MnH(2p1 ,2) was increased from ~30.07% to ~ 40.03%,
and Mn°(2p3,,) was increased from 1.11% to 2.25% (Supplementary
Fig. S7). All these results demonstrated that Mo and Mn with the high
valence states in MMP NDs could act as an oxidative agent to consume
GSH, which provides the potential to induce iron death in tumor cells.
Next, we studied how MMP NDs interact with cells in vitro. First, the
endocytosis of MMP NDs by cells was carefully examined. Mouse colon
cancer cells (CT26) were incubated with Cy5.5 labeled MMP NDs (MMP-
Cy5.5 NDs) for various periods of time. The red intracellular signals
were significantly increased with the extension of incubation time,
indicating that MMP NDs could be endocytosed into cells (Fig. 3a and
Supplementary Fig. S8). At the same time, the apoptosis level of CT26
cells treated with MMP NDs was detected by the apoptosis kit. After
incubation with MMP NDs, the levels of early apoptosis increased from
~2.43% to ~24.60%, while the late apoptosis changed from ~2.34% to
~20.20% (Fig. 3d and e and Supplementary Fig. S9). Next, the killing
effect of MMP NDs on normal cells, such as human umbilical vein
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endothelial cells (HUVECs) and mouse dendritic cells 2.4 (DC2.4), as
well as tumor cells, including CT26 cells, mouse melanoma cells
(B16F10), and mouse breast cancer cells (4T1), were carefully investi-
gated. The cells were incubated with different concentrations of MMP
NDs before the cell viability assay. Compared with the normal cells
(HUVECs and DC2.4), the MMP NDs showed a stronger killing effect on
the tested tumor cells (Fig. 3b and c). The half-maximal inhibitory
concentrations (ICsg) of MMP NDs for CT26 cells, 4T1 cells, and B16F10
cells were ~26.16 + 5.33, ~52.98 + 6.93, and ~104.93 + 4.80 ppm,
respectively (Supplementary Fig. S10), probably due to the diverse
contents of GSH in these cancer cells. To confirm this, the GSH content in
these tumor cells were detected by DTNB probe. The GSH content was
highest in CT26 cells, followed by 4T1 cells, and the lowest in B16F10
cells (Supplementary Fig. S11), further confirming the different killing
effects of MMP NDs.

Next, the ferroptosis induced by MMP NDs in tumor cells was
investigated. CT26 cells were treated with MMP NDs for various time
and then stained with 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA) and ThiolTracker Violet probes to detect intracellular ROS and GSH,
respectively. With prolonged incubation time, the ROS signals into
cytoplasm were dramatically increased, while the GSH signals into nu-
cleus showed a remarkable decrease (Fig. 3g and Supplementary
Fig. 512). These results indicated that MMP NDs could consume intra-
cellular GSH, break their redox balance, and increase intracellular ROS
levels.

Afterwards, the lipid hydroperoxide (LPO) probe was used to
determine the lipid peroxidation levels of tumor cells after treatment
with MMP NDs. CT26 cells were incubated with MMP NDs and then
stained with an LPO probe. An extraordinary enhancement of green
signals in CT26 cells was observed, as the MMP NDs concentrations
increased, proving that MMP NDs could promote lipid peroxidation of
cells (Supplementary Fig. S13). Then, malondialdehyde (MDA) level
were further determined with a MDA kit, which is the end product of the
lipid oxidation. MMP NDs treated CT26 cells were broken by ultrasound
irradiation before MDA was extracted. With increasing MMP NDs con-
centrations, the UV characteristic absorption peak of malondialdehyde-
thiobarbituric acid (MDA-TBA) at ~ 535 nm showed an obvious increase

Fig. 3. MMP NDs induced ferroptosis. (a) Endocy-
= cT26 = 4T tosis of MMP-Cy5.5 NDs (scale bar: 20 pm). (b&c)
B16F10 Relative viabilities of (b) normal cells (HUVECs and

DC2.4) and (c¢) tumor cells (CT26, 4T1 and B16F10)
after incubation with different concentrations of MMP
NDs for 12 h. (d) Apoptosis detection of CT26 cells
after incubation with MMP NDs. (e) Statistical data of
apoptosis in (d). (f) MDA content in MMP NDs treated
CT26 cells. (g) MMP NDs treated CT26 cells were
stained with DCFH-DA and ThiolTracker violet probe
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(Fig. 3f, Supplementary Fig. S14), indicating lipid peroxidation trig-
gered by MMP NDs in CT26 cells.

Next, a WB assay was used to detect GPX4 expression in MMP NDs-
treated tumor cells. After CT26 cells were treated with MMP NDs, the
expression level of GPX4 in CT26 cells was markedly decreased, proving
that MMP NDs could effectively reduce the level of GSH in tumor cells
and inactivate GPX4 (Fig. 3h). The change in mitochondrial membrane
potential is an important indicator of ferroptosis [34-36]. When fer-
roptosis occurs in cells, the membrane potential is significantly reduced
or even lost. Therefore, the 5,5,6,6-tetrachloro-1,1,3,3-tetraethylimida-
carbocyanine iodide (JC-1) probe was used to detect changes in the
mitochondrial membrane potentials of tumor cells before and after MMP
NDs treatment. The aggregated JC-1 probes (red fluorescence) and JC-1
monomers (green fluorescence) stained on the mitochondrial membrane
could indicate the normal mitochondrial membrane potential as well as
the disturbed one, respectively [37]. Thus, CT26 cells were incubated
with MMP NDs, followed by JC-1 staining. It could be found that the
higher concentrations of MMP NDs induced more obvious red fluores-
cence signals, evidencing considerable disturbance in the mitochondrial
membrane potentials of MMP NDs treated CT26 cells (Supplementary
Fig. S15). Above all, after entering tumor cells, MMP NDs decomposed
into Mn?* and MoO3~, enabling intracellular GSH consumption,
breaking their redox balance, and increasing the intracellular ROS level.
Then, the mitochondrial respiration was inhibited and GPX4 enzyme

Bioactive Materials 31 (2024) 53-62

was inactivated, which led to lipid peroxidation of tumor cells and
finally triggered cell ferroptosis (Fig. 3i). In conclusion, MMP NDs not
only induced ferroptosis by depleting GSH in tumor cells, but also
stimulated DCs maturation by activating the cGAS-STING pathway and
further activated CD8™ T cells. IFN-y released from CD8™" T cells further
induced ferroptosis in tumor cells, and the ferroptosis tumor cells further
stimulated DCs maturation by releasing DAMPs.

2.4. Systemic administration of MMP NDs in CT26 tumor models

Inspired by the good performance of MMP NDs in vitro, the capability
of MMP NDs to suppress tumors and activate the cGAS pathway in vivo
was next investigated. First, the biodistribution of MMP NDs was studied
after i.v. injection. After being injected for 24 h, ~10.5% ID/g MMP NDs
was enriched in the tumor site, which proved their good tumor enrich-
ment effect (Supplementary Fig. S16). Moreover, the blood circulation
study further verified the good circulation ability of MMP NDs after i.v.
injection. Moreover, the blood circulation study further verified the
good circulation ability of MMP NDs after i.v. injection. The half-life
time of t1 /4 and t1,03 was calculated to be 1.298 + 0.082 h and 5.019
=+ 0.234 h, respectively, indicating a good blood circulation of MMP NDs
(Supplementary Fig. S17). Next, the CT26 tumor bearing BALB/c mice
were randomly divided into 4 groups when the mean tumor volume
reached ~100 mm?: 1) control, 2) intravenous (i.v.) injection of MMP

Fig. 4. Systemic administration of MMP NDs to
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NDs (10 mg/kg), 3) i.v. injection of MMP NDs (15 mg/kg), and 4) i.v.
injection of MMP NDs (20 mg/kg). MMP NDs were i.v. injected on days
0, 2, and 4 (Fig. 4a). Compared with the control group, three doses of
MMP NDs injections showed an excellent tumor growth inhibition ef-
fect, and MMP NDs exhibited increased antitumor effects with the
enhancement of the injection dose (Fig. 4b-d). The survival of mice was
significantly prolonged with multiple injections of MMP NDs (Fig. 4e). It
was found that MMP NDs with i.v. injection could lead to body weight
loss, especially after the second and third injections (Fig. 4f). However,
the body weights of the mice recovered when the injection of MMP NDs
stopped. Meanwhile, hematoxylin and eosin (H&E) staining of tumor
sections was further used to verify the tumor killing effect of MMP NDs.
The nuclei of the tumor cells appeared significantly wrinkled and the
number of nuclei was also reduced after MMP NDs treatment, and it also
showed better excellent effects with increasing doses of MMP NDs,
further indicating that MMP NDs effectively killed cells (Supplementary
Fig. S18). Furthermore, we verified the ability of MMP NDs by i.v. in-
jection to induce tumor ferroptosis. LPO and GPX4 probes were used to
characterize the lipid peroxidation level and GPX4 expression level of
the tumor. The LPO signals in tumor sections were notably enhanced
with increasing doses of MMP NDs, indicating that the systemic tumor
treatment with MMP NDs could significantly improve the level of lipid
peroxidation (Fig. 4g). In contrast, a remarkable weakening signal with
red fluorescence in the tumor sections was observed with increasing
injection doses of MMP NDs, proving that the GPX4 activity in the tumor
site gradually decreased (Fig. 4h). In conclusion, systemic tumor

3
8. p <0.0001 <
£ 5 p < 0.0001 38
8 Eao I =
a2 =
L] o
8 gzs z
L *
g8 20 8
ar a
o' 8
15 ©
[=]
3]
- B4 £
-
P £
=£ 2
ag =
:
$
15 8
Bx 5
g a
o8 . ©
=~
uw >
& S & &
o““ &s* 6‘&‘. 6‘%‘
. _ < ) o B
7.0 | o533
Corirol . 10 mglko\‘ < P =0.0012 £
= 0
-g- p = 0.0208 g
75 F
=1
| & < L 2
15mg/kg. 64.4 | 20 rigikg| 756 % &0 E E
[ - 45 ;
e _ 8
b p=00%05 g
\ 8
— — & S & &
— . cp3 & &S @%“
o
X
Control 10 mg/kg

@
]

—  p<0.0001

__ p=00009
p=0.1641

IS
&

CD11b* Gr-1* (%)
a 8

°

i k p=0.2191 |
K b =0.0454 Iy

D7 0 2 3 4 5 7 ™ B 3
———0—0o 0o § b =0.0170 . 2
& so. p= 0.0047 B

@ 2x10° CT26 cells (s.c.) £ b = 0.0006 H

§ s— a H

@ MMP NDs (i.v) S s

? &

7 @ ELsa 2 m ﬁ 5

CD11c* DCs (%) in Tumor

F4/80 Ms (%)

Bioactive Materials 31 (2024) 53-62

treatment with MMP NDs effectively triggered lipid peroxidation and
ferroptosis in tumors, which played an important role in inhibiting
tumor growth and prolonging survival.

Next, to determine the mechanism of the antitumor effects induced
by systemic metalloimmunotherapy, the responses of the tumor immune
microenvironment induced by systemic administration of MMP NDs
were evaluated. After three i.v. injections of MMP NDs, the mice were
sacrificed on the 7th day, and the tumors and tumor-draining lymph
nodes (TDLNs) were harvested to make single-cell suspensions for
detection (Fig. 5i). The proportion of mature DCs in the lymph nodes
effectively promoted from ~15.4% to ~19.8% (10 mg/kg), ~23.2% (15
mg/kg), and ~30.2% (20 mg/kg), respectively (Fig. 5a). At the same
time, the proportion of CD11b"™MHC II'" DCs in CD11c" (mature DCs)
DCs in tumors was extraordinarily higher than that in the control group,
and an effective enhancement of the mature DCs level was observed with
the dose increase, proving that MMP NDs could activate the cGAS-STING
pathway and stimulate the maturation of DCs both in TDLNs and tumor
sites after systemic administration, on account of Mn?* and MoO?{ in
MMP NDs (Fig. 5b). Moreover, infiltration of M1-type macrophages with
antitumor function in tumors showed a significant increase with the
injection dose (Fig. 5c). The infiltration of M2-type macrophages with
tumor growth promoting function was remarkably decreased, demon-
strating that systemic injection of MMP NDs could regulate the polari-
zation of the macrophage phenotype from M2-type to M1l-type,
providing support for the subsequent systemic activation of anti-tumor
immune microenvironment (Fig. 5d). At the same time, the CD3% T
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cell infiltration was also significantly increased at the tumor site, and the
CD8"' T cells percentage in CD3" T cells was effectively enhanced
(Fig. 5e and h and Supplementary Fig. S19). In contrast, the infiltration
of Tregs, which has an immunosuppressive function, was markedly
down-regulated, favorable for anti-tumor immune responses (Fig. 5f).
Myeloid-derived suppressor cells (MDSCs) can promote tumor devel-
opment by promoting tumor-related immunosuppression in the TME.
More importantly, MDSCs (CD11b*Gr-1") infiltration at the tumor site
was significantly reduced with the increasing dose, while the infiltration
of granulocyte/tumor-associated neutrophils (CD11b"Gr-
lhiLyGCimLy6G+), mononuclear myeloid suppressor cells (M-MDSCs,
CD11b*Gr-1™ Ly6CMLy6G ™) and granuloid myeloid suppressor cells
(G-MDSC, CD11b*Gr-1™Ly6C"Ly6G") was also markedly down-
regulated (Fig. 5g, Supplementary Figs. S20 and S21). All of the above
results indicated that systemic administration of MMP NDs could
effectively reverse the immunosuppressive tumor microenvironment.
Next, the pro-inflammatory cytokines level in the blood of MMP NDs
i.v. injected mice were detected to evaluate systemic immune activation
by i.v. injected MMPs. Blood samples were collected 12 h after the
second and the third i.v. injection of MMP NDs on the 3t day and 5th
day, and the levels of the pro-inflammatory cytokines, including TNF-a,
IL-6, and IL-12p70, were detected in the serum samples. Significant
increases in TNF-a and IL-6 were observed on different days post i.v.
injection of MMP NDs, while IL-12p70 levels were effectively enhanced
after the third injection (Fig. 5j-1). The above results confirmed that the
intravenous metalloimmunotherapy of MMP NDs could activate the
systemic immune response of mice and reverse the immunosuppressive
microenvironment. Notably, the elevated cytokine levels remained on
the same order of magnitude compared to the control group, indicating
that MMP-based metalloimmunotherapy would have a low risk of trig-
gering cytokine storms, in which the pro-inflammatory cytokine levels
would be several orders of magnitude above the normal ranges [38,39].
Moreover, to study the in vivo toxicity of MMP NDs, blood samples of
mice were taken on the 1% day and 14 day after i.v. injection of MMP
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NDs, and the blood biochemical and routine tests were carried out.
There was no significant difference between the control group and mice
after i.v. injection of MMP NDs examined on the 1% day and 14% day,
indicating that i.v. injection of MMP NDs would be relatively safe
(Supplementary Fig. $22). Moreover, mice were sacrificed on the 7
day, and the main organs (heart, liver, spleen, lung, and kidney) were
harvested and stained with H&E. There was no obvious organ damage
after various treatments, even when the dose reached 20 mg/kg (Sup-
plementary Fig. S23), suggesting that i.v. injected MMP NDs at the
current doses would be tolerable to mice. Overall, systemic immuno-
therapy with MMP NDs containing Mn?* and MoO3~ could induce fer-
roptosis of tumor cells, stimulate DCs maturation in both tumors and
TDLNs, and increase CD8" T cell infiltration, which greatly promoted
the anti-tumor immune responses. In turn, activated CD8" T cells
secreted IFN-y and reduced GPX4 expression in tumor cells to trigger
ferroptosis, which constituted a “cycle” of therapy.

2.5. Systemic administration of MMP NDs to treat 4T1 and B16F10
tumors in mice

To verify the universality of MMP NDs for systemic immunotherapy,
we selected two other tumor models, the 4T1 tumor model and B16F10
tumor model, for metalloimmunotherapy. The mice were treated when
the average tumor volume of 4T1 tumor-bearing mice reached ~100
mm?, or the average tumor volume of B16F10 tumor-bearing mice
reached 50 mm® (Figs. 6a and 7a), and the tumor volume and body
weight of mice were recorded every two days.

In the 4T1 tumor model, i.v. injection of MMP NDs effectively
inhibited tumor growth, and the treatment effect became more obvious
with increasing NDs doses (Fig. 6b and e, Supplementary Figs. S24 and
525). Meanwhile, MMP NDs were also effective in prolonging survival in
4T1 tumor bearing mice (Fig. 6¢). Furthermore, Ki67 staining, a
proliferating cell-associated antigen, and H&E staining were also used to
characterize the therapeutic effect of MMP NDs. The nuclei of tumor
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Fig. 7. Systemic administration of MMP NDs to
treat B16F10 tumors. (a) Scheme of systemic
administration of MMP NDs in BI6F10 tumor bearing
mice. (b) Relative B16F10 tumor volume in (d). (c¢)
Percent survival of mice in (d). (d) Optical photos of
mice bearing B16F10 tumors after various treatments
including 1) control, 2) MMP NDs (i.v. 10 mg/kg), 3)
MMP NDs (i.v. 15 mg/kg) and 4) MMP NDs (i.v. 20
mg/kg). (e) Images of B16F10 tumor slices after
staining with H&E and Ki67 (scale bar: 200 pm). (f)
CD4"CD8™ T cells in CD3™ T cells in B16F10 tumors
(scale bar: 100 pm).
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cells shrank more obviously with increasing MMP NDs dose, indicating
that tumor cells were significantly damaged in the 4T1 model after the
systemic administration of MMP NDs (Fig. 6d). In contrast, a remarkable
reduction in the brown Ki67 signal was observed in the MMP NDs
treatment group, showing that MMP NDs could effectively inhibit the
proliferation of 4T1 cells (Fig. 6d). Furthermore, the tumor sections of
mice were stained with CD4 (red signal) and CD8 (green signal), and it
was found that the infiltration of CD4" T cells and CD8" T cells in tumor
sections also significantly increased the MMP NDs dose (Fig. 6g). All
these results indicated that the systemic administration of MMP NDs had
activated a good anti-tumor immune response in the 4T1 model.

Notably, the 4T1 model was a very metastatic model, and the lung
samples from mice on the 7" day were collected. The number of me-
tastases was significantly inhibited in the MMP NDs treatment group.
More surprisingly, there were no obvious metastases in the lung tissues
of mice treated with 20 mg/kg MMP NDs (Fig. 6f). At the same time, the
similar results could also be seen from H&E staining of the lung, indi-
cating that the systemic administration of MMP NDs could not only
inhibit the growth of primary tumors, but also restrain the formation of
the metastatic tumors by metalloimmunotherapy triggered by MMP NDs
(Fig. 6f). For the B16F10 model, systemic administration of MMP NDs
also effectively inhibited tumor growth and prolonged the survival time
of mice (Fig. 7b—d, Supplementary Fig. S26). As shown by H&E stained
tumor sections, tumor nucleus shrinkage was more obvious with
increasing MMP NDs dose, indicating more serious tumor cell damage
triggered by MMP NDs treatment (Fig. 7e). As shown by Ki67 stained
tumor sections, a significant weakening of the brown signals in tumor
sections was observed with increasing MMP NDs doses, verifying that
the proliferation ability of tumor cells was prominently inhibited by
MMP NDs (Fig. 7e). At the same time, the tumor infiltration of CD4" and
CD8™ T cells in the MMP NDs treatment group was markedly increased,
and the enhancement was more obvious with the higher dose (Fig. 7f,
Supplementary Fig. S27). In general, the systemic administration of
MMP NDs for metalloimmunotherapy also demonstrated significant
antitumor effects to treat both 4T1 and B16F10 tumor models, pro-
moting antitumor immune responses and inhibiting the occurrence of
metastases.

61

3. Conclusion

In summary, a unique type of bimetallic oxide manganese molybdate
nanoparticles (MMP NDs) based on two metal ions, Mn?" and MOO;Zf,
both with the cGAS-STING activation functions, were constructed for the
“cycle” treatment of tumor ferroptosis and cancer metal-
loimmunotherapy. Compared with bare Mn?* or MoO3 ", the obtained
MMP NDs composed of those two types of ions showed further enhanced
the cGAS-STING activation ability. Meanwhile, those MMP NDs with
GSH consumption function due to the high valence state of Mo and Mn
could break the redox equilibrium and trigger ferroptosis in tumor cells.
Therefore, MMP NDs post systemic intravenous injections could induce
ferroptosis of tumor cells to initiate cancer metalloimmunotherapy and
amplify anti-tumor immune responses via the cGAS-STING activation to
further enhance cancer metalloimmunotherapy, without obvious in vivo
toxicity. As a result, effective tumor growth suppression was realized by
those MMP NDs, as demonstrated in different types of tumor models.
Our work, for the first time, uses ion screening as the basis for the
rational design and construction of bimetallic oxide nanomedicine for
metalloimmunotherapy, offering new possibilities for the use of bioac-
tive inorganic nanomaterials in the treatment of cancer and possibly
other immune-related diseases.
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