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ARTICLE INFO ABSTRACT

Keywords: Limited by low tumor immunogenicity and the immunosuppressive tumor microenvironment (TME), triple-
Immunotherapy negative breast cancer (TNBC) has been poorly responsive to immunotherapy so far. Herein, a Ca & Mn dual-
Ferroptosis

ion hybrid nanostimulator (CMS) is constructed to enhance anti-tumor immunity through ferroptosis inducing
and innate immunity awakening, which can serve as a ferroptosis inducer and immunoadjuvant for TNBC
concurrently. On one hand, glutathione (GSH) depletion and reactive oxygen species (ROS) generation can be
achieved due to the mixed valence state of Mn in CMS. On the other hand, as an exotic Ca®* supplier, CMS causes
mitochondrial Ca®" overload, which further amplifies the oxidative stress. Significantly, tumor cells undergo
ferroptosis because of the inactivation of glutathione peroxidase 4 (GPX4) and accumulation of lipid peroxida-
tion (LPO). More impressively, CMS can act as an immunoadjuvant to awaken innate immunity by alleviating
intra-tumor hypoxia and Mn?*-induced activation of the STING signaling pathway, which promotes polarization
of tumor-associated macrophages (TAMs) and activation of dendritic cells (DCs) for antigen presentation and
subsequent infiltration of tumor-specific cytotoxic T lymphocytes (CTLs) into tumor tissues. Taken together, this
work demonstrates a novel strategy of simultaneously inducing ferroptosis and awakening innate immunity,
offering a new perspective for effective tumor immunotherapy of TNBC.

Innate immunity
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Calcium carbonate nanoparticles
Manganese

1. Introduction failing to effectively induce immunogenic death, thereby limiting the

production and intratumoral infiltration of tumor-specific cytotoxic T

Breast cancer is the most common malignancy worldwide, of which
triple-negative breast cancer (TNBC) is a recalcitrant type [1,2]. The
longstanding lack of effective therapies results in the poor outcomes of
TNBC [3]. In recent decades, cancer immunotherapy, as an exciting type
of treatment that stimulates the immune system to fight cancer, has
become a clinically validated treatment for many cancers [4]. However,
TNBC as an inherent immune cold tumor, has been weak responsive to
immunotherapy so far [5,6]. On one hand, during tumor development
and progression, TNBC cells evade the host immune system by reducing
their immunogenicity, becoming resistant to conventional therapy, and
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lymphocytes (CTLs) [7]. On the other hand, the immunosuppressive
tumor microenvironment (TME) of TNBC differs from other subtypes in
that there are a large number of tumor-infiltrating immune cells which
may hinder the activation of innate immune cells and contribute to
tumor progression by regulating proliferation, angiogenesis and im-
mune suppression [8-10]. Thus, the dual immunomodulatory strategy
of effectively inducing tumor cell immunogenic death and reversing
immunosuppressive TME provides a new treatment option for TNBC
patients.

New types of programmed cell death, e.g, ferroptosis, have drawn
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massive attention in developing new cancer therapies ever since their
identification, especially for those that are resistance to conventional
therapies like TNBC [11,12]. Mechanistically, ferroptosis is mainly
controlled by the glutathione (GSH) redox system [13]. Depletion of
GSH leads to the inactivation of glutathione peroxidase 4 (GPX4) with
the excessive production of cytotoxic reactive oxygen species (ROS),
resulting in the accumulation of lipid peroxidation (LPO) and subse-
quent ferroptosis [14]. TNBC is particularly vulnerable to ferroptosis
inducers. For instance, Li et al. constructed a nanoreactor (Au/Cu-TCPP
(Fe)@RSL3-PEG-iRGD nanosheet) for ferroptosis activation in TNBC,
achieving effective tumor growth inhibition [15]. Cheng et al. prepared
an iridium single-atom nanocatalyst (Pt@IrSAC/RBC) to boost ferrop-
tosis therapy, demonstrating superior therapeutic efficacy in a murine
TNBC model [16]. Interestingly, it is found that the dying ferroptotic
cancer cells are immunogenic as the affected cells could release
tumor-associated antigens (TAAs), damage-associated molecular pat-
terns and alarmins, which promote immune activation [17-20].
Currently, ferroptosis inducers are primarily iron-based nanomaterials
to directly increase intracellular ferrum (Fe) concentration to promote
ROS generation, and ferroptosis-inducing small molecule drugs (e.g.,
erastin and RSL3) to interfere with the antioxidant systems (such as
GPX4) [21,22]. Besides, a non-ferrous ferroptosis-like strategy has also
been developed by integrating synergistic ROS burst and GSH depletion
into one nanoplatform [23,24]. Transition metals, especially manganese
(Mn)-based nanomaterials, exhibit a satisfactory ability to disrupt redox
homeostasis, which shows great potential for ferroptosis induction [25,
26]. Moreover, unlike the metal-based Fenton or Fenton-like reaction,
Ca?" overload in cancer cells is found to increase intracellular ROS
levels by destroying mitochondria [27-29]. What is more noting is that a
prolonged imbalance of oxidative stress alters the function of proteins,
leading to the desensitization of calcium-related channels and uncon-
trollable accumulation of cellular Ca®* [30].

For TNBC, the process of immune activation is also severely
restricted by the immunosuppressive TME [9,10,31,32]. As key innate
immune cells, dendritic cells (DCs) have the most robust
antigen-presenting function, and play irreplaceable roles in human
innate immunity and adaptive immunity [33]. However, the function of
DCs is inhibited by the immunosuppressive TME, resulting in blocked
activation of the antitumor immune response. Impressively, the stimu-
lator of interferon genes (STING) pathway has emerged as a critical
innate immune pathway for relieving the immunosuppressive TME by
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stimulating the secretion of type-I interferon (IFN-I) and other
pro-inflammatory cytokines, which can enhance the function of immune
cells [34-36]. Apart from inducing ferroptosis, Mn2" provides a
commendable opportunity to enhance the sensitivity of the STING
pathway, which favors the activation of innate immune cells and the
initiation of a highly efficient anti-tumor immune response [37-40]. In
addition, the recruitment and infiltration of anti-inflammatory M2-type
tumor-associated macrophages (TAMs) at the tumor tissue are also the
major culprits leading to the low anti-tumor immune response [41-43].
Very recently, our group developed an O self-supplying strategy to
promote TAMs polarization from M2 to M1 phenotype and reshape the
immunosuppressive TME for the effective inhibition of TNBC tumor
growth [44,45]. Thus, it is believed that alleviating tumor hypoxia is an
effective strategy to promote the polarization of TAMs from M2 to M1
phenotype and awaken the innate immune system, thereby promoting
the anti-tumor immune response [44,46-48].

Based on the above considerations, herein, a Ca & Mn dual-ion
hybrid nanostimulator (CMS) was constructed to serve as a ferroptosis
inducer and immunoadjuvant for TNBC concurrently. Specifically, as
shown in Scheme 1, CMS can achieve simultaneous GSH depletion and
ROS generation in tumor cells due to the mixed valence state of Mn in
CMS. Besides, CMS as an exotic Ca%" provider boosts intracellular Ca%*
level, leading to mitochondrial Ca** overload, which further amplifies
the oxidative stress. Deeper, the synergy of GSH depletion and ROS burst
of CMS further leads to the accumulation of LPO and subsequent fer-
roptosis in tumor cells, as well as the release of TAAs and anti-tumor
immune activation. Moreover, CMS can alleviate intra-tumor hypoxia
and awaken the innate immune system by catalyzing the decomposition
of HoO3 to produce Oo, which further decreases the expression of HIF-1a
and promotes the TAMs polarization from M2 to M1 phenotype. More
impressively, Mn?*-induced activation of the STING signaling pathway
promotes the secretion of IFN-I and pro-inflammatory cytokines, which
is beneficial for efficient activation of DCs for antigen presentation and
subsequent infiltration of CTLs into tumor tissue. In brief, such a novel
constructed Ca & Mn dual-ion hybrid nanostimulator is endowed with
ferroptosis inducing by synergetic GSH depletion, ROS burst and Ca®*
overload, as well as innate immunity awakening by alleviating intra-
tumor hypoxia and activating the STING signaling pathway, thereby
significantly relieving the immunosuppressive TME and enhancing anti-
tumor immunity, which offers a new perspective for effective tumor
immunotherapy of TNBC.
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Scheme 1. Schematic illustration of the nanostimulator (CMS) inducing ferroptosis of tumor cells meanwhile awakening TAMs and DCs to boost anti-tumor im-

mune response.
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2. Results and discussion
2.1. Synthesis and characterization of CMS

The synthesis of CMS is based on our previous report [49], and the
synthesis procedure is shown in Fig. 1a. First, the CaCO3 nanoparticles
were synthesized by the gas diffusion reaction. The transmission elec-
tron microscopy (TEM) image shows that the CaCOs has a uniform
spherical shape with a diameter of around 150 nm (Fig. S1). Next, CM
nanoparticles with a diameter of around 120 nm were prepared by
cation exchange of CaCOs with Mn?* (Fig. $2). Finally, silica was inte-
grated to this system to obtain CMS nanoparticles, which have a diam-
eter of approximately 130 nm with a uniform spherical topography and
rough surface (Fig. 1b and Figs. S3 and 4). The dark-field scanning TEM
(STEM) image and its corresponding energy-dispersive X-ray spectros-
copy (EDS) element mapping and element line scanning indicate the
uniform distribution of Ca, Mn, Si and O in the CMS nanoparticles
(Fig. 1c). The molar ratio of Mn and Ca in the CMS sample was deter-
mined to be approximately 1:1.86 by inductively coupled plasma-optical
emission spectrometry (ICP-OES) (Table S1). Notably, CMS showed
acid-responsive release behavior for Ca and Mn, mainly due to the
acid-responsive performance of carbonate (Fig. S5). The release of Mn
was lower than that of Ca, possibly due to a stronger interaction between
Mn and the material matrix (much lower solubility product constant
(Ksp) value of MnCO3 (Kgp(MnC03) = 2.3 x 10’11), as compared to
CaCOs (Kgp(CaC03) = 2.8 x 10’9)). Moreover, as shown in Fig. S6,
obvious morphology change of CMS was observed after immersing CMS

a
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in PBS buffer at pH 5.5, implying the acid-responsive gradual decom-
position occur in CMS. The dynamic light scattering (DLS) profiles show
that the hydrodynamic size of CaCO3, CM and CMS were 200, 187 and
211 nm, respectively, all with a narrow size distribution (PDI <0.02)
(Fig. 1d). Besides, the surface zeta potentials of the nanoparticles
changed from +8.5 to —14.9 mV after silica incorporation (Fig. 1e), and
the obtained CMS showed better dispersibility in saline (Fig. S7), indi-
cating that the successful integration of silica is much beneficial to
improve the stability. The prepared CMS demonstrated an excellent
stability in both water and serum (Fig. S8). Moreover, no hemolysis (less
than 1.44 %) was observed in red blood cells incubated with the CMS
(Fig. S9), laying the foundation for possible biomedical applications of
CMS. In addition, the Fourier transform infrared (FTIR) spectrum further
confirms the coexistence of carbonated component (CO%_) and silica
framework (Si-O-Si and Si-O) in CMS (Fig. 1f). The X-ray diffraction
(XRD) patterns show the amorphous structure of NPs (Fig. S10). All the
above results confirmed the successful synthesis of CMS.

The X-ray photoelectron spectroscopy (XPS) survey spectrum in-
dicates that CMS is composed of Mn, O, Ca, C and Si (Fig. S11a).
Moreover, the Ca 2p exhibits two main fitting peaks at 347.3 eV (Ca 2ps,
2) and 350.9 eV (Ca 2pj/3), which are ascribed to Ca?t (Fig. S11b).
Besides, as shown in Fig. S11c, the Mn 2p shows two main fitting peaks
at 642.4 eV (Mn 2p3,5) and 653.9 eV (Mn 2p;,2). But it is difficult to
accurately analyze the valence of Mn, since the peak positions of Mn 2p
in the various chemical state of Mn are extremely approximate. Thus,
the Mn 3s spectrum was conducted for further information [25].

The average oxidation state (AOS) of Mn can be calculated from the
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Fig. 1. Synthesis and characterizations of CMS. a) Schematic illustration of the synthesis procedure of CMS. b) SEM image of CMS. c) Dark-field STEM image of CMS
and its corresponding EDS element mapping and element line scanning. d) Dynamic light scattering (DLS) results and e) {-potentials of CaCO3, CM and CMS. f) FTIR

spectrum of CMS. g) High-resolution XPS spectrum of Mn 3s of CMS.
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energy separation (AEs) in the Mn 3s multiplet splitting according to the
following relationship [50]:

AOS= 8.95 — 1.13AEs (eV)

Energy separation of 5.40 eV was obtained for CMS (Fig. 1g),
resulting in an AOS of 2.85, which indicates the mixed valence state of
Mn. And this mixed valence state of Mn may endow CMS a variety of
catalytic properties.

2.2. GSH depletion, O production and ROS generation properties of CMS

GSH is a significant importance and a large amount of antioxidant in
tumor cells, which maintains the redox balance and protects tumor cells
from damage caused by ROS, thereby promoting tumor growth [51].
Thus, the GSH depletion capacity of CMS was then studied. Ellman’s
reagent [5,5-dithiobis (2-nitrobenzoic acid), DTNB] was chosen as an
indicator based on its specificity to recognize sulfhydryl groups at 412
nm of UV-vis absorbance peak. As shown in Fig. 2a, 73.4 % of GSH was
consumed by CMS (200 pg/mL) within 4 h, in comparison with 95.4 %
of GSH depleted by H,O5 (3 mM) as a positive control group. Further-
more, the consumption of GSH by CMS increased significantly with
increasing incubation time, and 88.9 % of GSH was depleted after 12 h,
indicating excellent GSH-depleting ability of CMS ascribed to the pres-
ence of high-valent Mn in the CMS (Fig. 2b and Fig. S12).

Afterward, the O, generation capability of CMS was evaluated. As
shown in Fig. 2¢, the mixture of CMS with H05 solution resulted in a
significant increase in dissolved Oy concentration, implying the large
amount of O, generation. By contrast, no obvious Oy production was
detected in either the CMS alone group or the HyO2 alone group.
Moreover, the rate and amount of Oy production is found to be positively
correlated with HyO2 concentrations (Fig. 2d), which is attributed to the
fact that CMS can catalyze the decomposition of HyO, to produce O,.
This Oy generation capability endows CMS great potential to alleviate

a 0.5 b
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hypoxia in the tumor region.

Besides, the ROS generation capability of CMS was further verified

using a colorimetric method based on the decolorization of methylene
blue (MB) after selective -OH trapping. Bicarbonate (HCO3) species
functions as a ligand to chelate metal ions, resulting in the rate accel-
eration of the reaction with HyO9, which is indispensable for the Mn>*-
mediated Fenton-like reaction according to most of the literature
[52-55]. Thus, the test of UV-vis absorption spectra of MB in NaHCOs3
buffer under different treatments was conducted, as shown in Fig. 2e. It
is clearly found that significant decrease in MB absorbance is detected in
the CMS + H04 group, while negligible changes in MB absorbance are
found in the blank, HoOy alone and CMS alone groups. The kinetic
curves of MB degradation in Fig. 2f further show the degradation of MB
over time. In particular, the degradation rate of MB in the CMS + H04
group reaches as high as 85.0 % after 30 min, indicating that CMS can
effectively catalyze HyO5 to produce ROS. Moreover, the generation of
ROS was further verified by electron spin resonance (ESR) spectroscopy
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trapping
agent. The CMS + HyO, group shows distinct ESR signal with an in-
tensity ratio of 1: 2: 2: 1 confirming the production of -OH radicals
(Fig. 2g). These experimental results demonstrated that CMS can effec-
tively induce the decomposition of HyO, to produce -OH via the Mn
(II)-catalyzed Fenton-like reaction.

Taken together, the obtained CMS not only has the ability to deplete
GSH, but also has the potential to decompose H,O5 and exhibit excellent
catalytic activities to simultaneously generate Oy and -OH, showing
great promise for antitumor application (Fig. 2h).

2.3. Invitro therapeutic efficiency and underlying mechanism of CMS

Encouraged by the results mentioned above, we then investigated
the performance of CMS at the cellular level to further evaluate thera-
peutic outcomes against tumor cells. First, the effect of the materials on
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Fig. 2. GSH depletion, O, production and ROS generation assay. a) UV-vis absorption spectra of DTNB treated with GSH alone, GSH + CMS and GSH + H,0,
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the viability of 4T1 tumor cells was evaluated using the standard Cell
Counting Kit-8 (CCK8) assay. As shown in Fig. 3a, the Mn-free CS group
shows negligible cytotoxicity to 4T1 cells in the concentration range of
0-128 pg/mL. By contrast, the cell viability of 4T1 cells treated with
CMS decreased significantly with increasing concentration of CMS, and
even the cell viability was only 12 %, at CMS concentration of 128 pg/
mL, demonstrating the high therapeutic efficacy of CMS in inducing
tumor cell death. Excitingly, CMS has a negligible effect on the prolif-
eration of normal 3T3 fibroblasts (Fig. 3b) at the same concentrations of
CMS. Considering that the tumor microenvironment is a complex

Bioactive Materials 33 (2024) 483-496

environment with a lower pH, we further investigated the effect of CMS
on 3T3 fibroblasts in an acidic environment. As shown in Fig. S13, CMS
also has a negligible effect on the proliferation of 3T3 fibroblasts at pH
6.5 (cell viability >80 %). Besides, the toxicity evaluation of CMS on
immune cells DC2.4 (mouse dendritic cell lines) was also performed, and
no significant toxicity to DC2.4 was observed after CMS treatment with
the concentration ranging from 1 to 128 pg/mL (Fig. S14). These results
suggest that CMS has insignificant cytotoxicity to normal cells with good
biocompatibility. This tumor-specific eradication of CMS may be due to
the higher levels of endogenous HyOy and GSH in tumor cells as
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Fig. 3. Evaluations of CMS performance in cellular level. a) Cell viabilities of 4T1 cells after incubation with various concentrations of CMS and CS for 24 h (n = 5).
b) Cell viabilities of 4T1 cells and 3T3 cells after incubation with various concentrations of CMS for 24 h (n = 5). ¢) Intracellular GSH levels of 4T1 cells after
treatment with various concentrations of CMS (32, 64 and 128 pg/mL, n = 3). d) CLSM images and e) flow cytometer analysis of DCFH-DA-stained 4T1 cells after
treatment with different concentrations of CMS (scale bar = 30 pm). f) CLSM images of 4T1 cells stained with JC-1 after treatment with different concentrations of
CMS (scale bar = 20 pm). g) Changes of intracellular ATP contents of 4T1 cells after CMS treatment (n = 3). Data represented as mean values + SD. *, ** and ***
represent statistically significant differences at P < 0.05, P < 0.01 and P < 0.001, respectively.
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compared to normal cells. Afterward, the cellular uptake of CMS was
then evaluated by confocal laser scanning microscopy (CLSM). It is
found that FITC-labeled CMS can be effectively internalized by 4T1 cells
after 4 h co-incubation (Fig. S15). Based on the CCK8 results, the con-
centrations of CMS at 32, 64 and 128 pg/mL were selected to evaluate its
cellular performance. The inhibitory effect of CMS on tumor cell growth
was further confirmed by CLSM and flow cytometry, using Calcein-AM
(green)/propidium iodide (PI) (red) kit and Annexin V-FITC/PI kit,
respectively (Figs. S16 and 17).

To investigate the antitumor therapeutic mechanism of CMS, the
GSH depletion and ROS generation ability of CMS were evaluated in
vitro. GSH is an abundant endogenous antioxidant that maintains
cellular redox homeostasis and inhibits ROS-induced cellular damage.
Due to the unique growth and metabolism of tumor cells, the
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intracellular GSH level is significantly elevated compared to normal
cells. Fig. 3c shows the GSH-depleting ability of CMS in vitro. It is found
that the intracellular GSH levels in the CMS-treated groups decrease
significantly with the increase of CMS concentrations. Specifically, the
CMS (128 pg/mL) group remains only 25.4 % GSH content of that of the
control group, indicating super GSH-depleting ability of CMS, as
attributed to the redox reaction of high-valent Mn with GSH.

To characterize the intracellular ROS generation distinctly, 2,7-
dichlorofluorescein diacetate (DCFH-DA) was used as the detection
probe, as it can be oxidized by ROS to produce 2',7-dichlorofluorescein
(DCF) with a strong green fluorescence. The CLSM images in Fig. 3d
reveal the notably enhanced cellular green fluorescence signals by CMS
treatment (Fig. S18), illustrating the robust ROS generation, confirming
the ROS generation capability of CMS. Flow cytometry analysis further

Control 32 pg/mL. 64 pg/mL 128 pg/mL

o carpH D S S S

32 pg/mL 64 pg/mL 128 pg/mL

2%, GS GPX4
ﬁ\\\/\\‘, Gml—» \l
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Ca** overload
Ferroptosis

Tumor cell

Fig. 4. Intracellular ferroptosis evaluations. a) Relative GPX activities of 4T1 cells after incubation with various concentrations of CMS (32, 64 and 128 pg/mL, n =
3), and b) the corresponding Western blotting analysis of GPX4 protein in 4T1 cells after CMS treatment. ¢) MDA levels of 4T1 cells after CMS treatment (n = 3). d)
CLSM images of C11-BODIPY>®%! gtained 4T1 cells after CMS treatment (scale bar = 20 pm). e) The viabilities of 4T1 cells after co-incubation with CMS and varied
concentrations of Fer-1 (n = 3). f) Schematic diagram of CMS inducing ferroptosis in tumor cells by GSH depletion, ROS generation and Ca®>" overload. Data
represented as mean values + SD. *, ** and *** represent statistically significant differences at P < 0.05, P < 0.01 and P < 0.001, respectively.
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demonstrated the fluorescence intensity of intracellular ROS, which is in
consistent with the CLSM results (Fig. 3e). This increase in intracellular
ROS levels after CMS treatment is believed to result from the Mn(II)-
catalyzed Fenton-like reaction.

Furthermore, intracellular Ca?" concentrations were studied by
CLSM using commercially available Fluo-4 AM as a Ca®" fluorescent
probe. As displayed in Fig. S19, the CMS-treated group has an enhanced
fluorescence signal as compared to the control group, indicating that the
intracellular Ca®* content in 4T1 cells increases after CMS treatment. It
is reported that the intracellular Ca®* overload also contributes to the
upregulation of intracellular ROS levels [29,30]. In addition, the mito-
chondrial membrane potential probe JC-1 dye and ATP detection kit
were used to assess the changes in mitochondrial membrane potential
and intracellular ATP levels. As shown in Fig. 3f, g and Fig. S20,
compared with the control group, CMS-treated cells exhibit a significant
decrease in mitochondrial membrane potential and intracellular ATP
content with increasing concentration of CMS, confirming that CMS can
lead to mitochondrial damage, which may be attributed to Ca®* over-
load and ROS production [28,29]. In brief, as a Ca & Mn dual-ion hybrid
nanostimulator, the obtained CMS can increase intracellular ROS levels
through Mn(II)-catalyzed Fenton-like reaction and Ca%* overload,
facilitating the enhancement of intracellular oxidative stress.

Afterward, the deactivation of GSH-associated GPX was further
investigated, and the results showed much decreased activities upon
CMS treatments at different concentrations (Fig. 4a). Besides, the results
of Western blot analysis further indicated that CMS treatment resulted in
down-regulated expression of GPX4 protein (Fig. 4b and Fig. S21). Since
the decreased activity of GPX4 could inhibit the toxic LPO to non-toxic
hydroxyl compounds, the amount of malondialdehyde (MDA) fragment,
as one of the primary LPO end-products of unsaturated lipid, was
analyzed. As depicted in Fig. 4c, the MDA amount in the CMS-treated
groups increases notably with the increase of CMS concentrations, and
that of CMS (128 pg/mL) becomes 2.6 times as large as that in the
control group, illustrating the accumulation of LPO for activating fer-
roptosis. Further, C11-BODIPY>8V/ 591, an oxidation-sensitive and LPO-
specific fluorescent probe, was used to detect the level of LPO in cells.
Upon oxidation of C11-BODIPY*8/%! the maximum emission peak
shifts from 590 nm (red) to 510 nm (green) and retains its intrinsic
lipophilicity, facilitating the membrane LPO detection. As shown in
Fig. 4d and Fig. 522, the red fluorescence decays and the green fluo-
rescence increases with increasing therapeutic CMS dosage, demon-
strating the desired CMS-stimulated LPO. Furthermore, the effect of
ferrostain-1 (Fer-1, a classical ferroptosis inhibitor) on cell viability in
CMS treatment was also examined. As indicated in Fig. 4e, Fer-1
significantly inhibits the decrease in cell viability induced by CMS.
Thereinto, the cell viability is increased by 10.1 % with Fer-1 (400 nM),
indicating that CMS can trigger ferroptosis of tumor cells. Taken
together, the above results indicate that CMS exhibit marked GSH
depletion and ROS generation ability, which can obviously enhance the
ferroptosis activity by inducing GPX4 inactivation and lead to LPO
accumulation (Fig. 4f).

The ROS-ID hypoxia probe (ROS-ID® Hypoxia/Oxidative Stress
Detection Kit, Enzo) was further used to access the level of intracellular
O,, as the ROS-ID hypoxia probe can exhibit extremely weak fluores-
cence under high O, concentration. The CLSM images in Fig. S23 show
the notably decreased cellular red fluorescence signals by CMS treat-
ment, implying the increase of intracellular O3 level after CMS treatment
due to the CMS catalyzing intracellular Hy;O, to produce O, thereby
alleviating the intracellular hypoxia level. Meanwhile, the intracellular
H,0; levels in the CMS-treated groups decreased with the increase of
CMS concentrations (Fig. S24), ascribed to the decomposition of HoO5
by CMS. Besides, the intracellular pH level was detected by using BCECF
AM as a pH probe, which is a cell membrane-permeable compound
widely used as a fluorescent indicator of intracellular pH. As shown in
Fig. S25, a notably increase of cellular green fluorescence signals was
observed by CMS treatment, suggesting the increase of intracellular pH
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level after CMS treatment. The increase of intracellular pH level can be
attributed to the H' neutralizing ability of carbonate in CMS, which is
beneficial to alleviate tumor acidity.

2.4. In vivo evaluation of antitumor performance

Based on the satisfactory therapeutic effect of CMS in vitro, the
detailed antitumor effect in vivo was further investigated. To better study
the antitumor mechanism in vivo, we chose intratumoral injection which
can achieve more drug accumulation in the tumor than that of tail
intravenous injection. As depicted in Fig. 5a of the treatment protocol, a
bilateral 4T1 tumor model was established. Specifically, Balb/c mice
were subcutaneously inoculated with 1 x 108 4T1 cells in the right flank
(primary tumor) and then inoculated with 2 x 10° 4T1 cells in the left
flank (distant tumor). When the primary tumor size reached approxi-
mately 80 mm?, these 4T1-tumor-bearing mice were randomized into
four groups. Then, the primary tumors were administered intra-
tumorally with CS (10 mg/kg), CMS (10 mg/kg) or CMS (20 mg/kg) on
the 0, 3 and 6 days, while the distal tumors were left untreated. Body
weight and tumor volume were recorded every two days for all groups.
Tumor-bearing Balb/c mice in all groups showed no unusual changes in
body weight during the 14-day treatment process (Fig. 5b), and the
histological observation of major organs (heart, liver, spleen, lung and
kidney) displayed negligible acute pathological toxicities and adverse
effects during the treatment period for the control or treated groups
(Fig. S26), suggesting that the treatment in each group had no obvious
side effects on the mice. In addition, biochemical analysis of the blood of
treated mice shows that the level of detected indexes is consistent with
that of the control group (Fig. S27), which further indicates that CMS has
negligible toxicity to the liver and kidney with good biological safety.
The primary tumor volume changes of different groups during the
treatment period are shown in Fig. 5c. Compared with the control group,
a limited suppression of tumor growth was observed in the CS group,
implying a weak anti-tumor effect. By a sharp contrast, the tumor
growth was found to be significantly suppressed in the CMS groups,
especially for the CMS (20 mg/kg) group, indicating the excellent anti-
tumor effect of CMS. Moreover, the individual primary tumor growth
behaviors of mice in each group feature similar but notably distin-
guishable tendencies, demonstrating the effective anti-tumor efficacy of
CMS (Fig. 5d). After the evaluation process, intact primary tumor re-
sections were obtained and photographed (Fig. 5e), followed by the
analysis of primary tumor weights and tumor inhibition rates. As shown
in Fig. 5f and Fig. S28, consistent with the result of tumor volume
changes, tumor weights in the CMS (20 mg/kg) group were significantly
smaller than those in the other groups, with the tumor inhibition rates of
82.7 %, confirming the fulfilling therapeutic effect. Subsequently, H&E-
staining, terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL) staining and antigen Ki67 immunohistochemical
staining of primary tumor tissues were utilized for better understanding
the therapeutic efficacy. As displayed in Fig. 5g, compared with other
groups, tumor sections in the CMS (20 mg/kg) group exhibited obvious
deformation and shrinkage of clenuclei (H&E), remarkably enhanced
cell apoptosis (TUNEL) combined with dramatically inhibited cell pro-
liferation (Ki67), which further proved the effective tumor therapeutic
effect of CMS.

In addition, the GPX4 deactivation performance of CMS-stimulated
ferroptosis was further evaluated in vivo. As shown in the immunofluo-
rescence staining of GPX4 in Fig. S5h, compared with control and CS
group, obvious decrease in immunofluorescence expression is found in
the CMS groups, implying the expression of GPX4 in primary tumor
tissues was inhibited by CMS treatment. Besides, obvious decrease of the
HIF-1a level in primary tumor tissues after CMS treatment was also
found in Fig. 5h, owing to the O generation capability of CMS, since the
CMS can efficiently catalyze HyO2 to Og, thus inhibiting the expression
of HIF-1a.

More importantly, it is found that the CMS treatment exhibits
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Fig. 5. In vivo evaluation of antitumor performance. a) Schematic timeline for in vivo therapeutic process using 4T1-tumor-bearing mice. b) Body weight curves of
mice during the treatment period. (n = 4). ¢) Time-dependent changes of primary tumor volumes (n = 4). d) Growth curve of primary tumor recorded from each
mouse in all groups as noted. e) The digital photograph of primary tumor dissections from different groups on Day 14. f) Primary tumor weights of each mouse
afterdifferent treatments (n = 4). g) H&E, TUNEL and antigen Ki-67 immunohistochemical staining of primary tumor tissues after the above different treatments
(scale bar = 200 pm). h) Immunofluorescence staining of GPX4 and HIF-1a in primary tumor tissues after the above different treatments (scale bar = 200 pm). i)
Time-dependent changes of distant tumor volumes (n = 4). j) Distant tumor weights after different treatments (n = 4). Data are represented as mean values + SD. *,

** and *** represent statistically significant differences at P < 0.05, P < 0.01 and P < 0.001, respectively.

substantial inhibition not only in the primary tumors, but also in the in the CMS (20 mg/kg) group were also significantly smaller than those
distant tumors. As shown in Fig. 5i and Fig. S29, compared with the in the other groups (Fig. 5j and Fig. S30). These results indicate that CMS
control group and CS group, the distant tumor growth of CMS groups can also inhibit the growth of distant tumors, which may be attributed to
was significantly slower. Thereinto, the tumor weights of distant tumor the activation of the anti-tumor immune response.
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2.5. In vivo evaluation of anti-tumor immune responses

To reveal the mechanism of anti-tumor immune response by CMS,
detailed immunoassay evaluations in vivo were further conducted.
Fig. 6a shows the schematic timeline for the immunoassay of 4T1-tumor-
bearing TNBC models in vivo. Macrophages, as one of the main com-
ponents of innate immunity, involves crucial antitumor characteristics
which are essential for cancer immunotherapy. To investigate the
macrophage phenotypes in tumors, the tumor tissues were digested into
single-cell suspensions and the flow cytometry analysis was performed
(Fig. 6b—d and Fig. S31). The quantitative percentage of M2-type mac-
rophages (F4/807CD206™) in tumor tissue was 2.5-fold lower in the
CMS group than in the control group (Fig. 6b), while the percentage of
M1-type macrophages (F4/807CD80") in tumor tissue was 1.9-fold
higher in the CMS group than in the control group (Fig. 6¢). Overall,
the ratio of M1/M2 macrophages in tumor tissue was significantly
higher in the CMS group, increasing by 4.8-fold compared to the control
group (Fig. S32). These results confirm that the CMS can efficiently
polarize M2-type macrophages into M1-type macrophages, mainly
ascribed to the Op-generating capability of CMS. Meanwhile, it is
considered that alleviation of tumor hypoxia by CMS is an effective
method to modulate the phenotype of TAMs and “awaken” innate
immunity.

Furthermore, to investigate the alterations in the tumor immune
microenvironment after treatment, we analyzed the tumor tissues 6 h
after the last drug administration. By enzyme-linked immunosorbent
assay (ELISA), it is found that IFN-B level in tumor tissue is significantly
increased after CMS treatment, while no significant change is detected in
the CS-treated group (Fig. 6e). More interestingly, the messenger RNA
(mRNA) levels of Ifnbl and Cxcl10, which are induced by STING-
dependent signaling or play important roles in the signaling pathway
associated with STING and T-cell infiltration in breast tumors, were
found to be significantly upregulated in the tumor tissues of the CMS-
treated group, but negligibly changed in the CS group by quantitative
polymerase chain reaction (qQPCR) analysis (Fig. 6f). To better investi-
gate the activation of the STING signaling pathway, its related down-
stream indicators (p-TBK1, TBK1, p-IRF3 and IRF3) were performed by
Western blotting [38,56,57]. As expected, the expression of phosphor-
ylation of two key proteins in the STING pathway, TBK1 (p-TBK1) and
IRF3 (p-IRF3), were notably enhanced in the CMS-treated group
(Fig. S33). All the above results indicate that due to the incorporation of
Mn?*, CMS could activate the STING signaling pathway in situ in the
tumor, thereby promoting the production and secretion of IFN-I, which
could improve the immunosuppressive TME and awaken the innate
immune cells.

Considering the ferroptosis induction and innate immunity awak-
ening of CMS together, we further detected the response of immune cells
by flow cytometry. The matured DCs (CD11c"CD80"CD86™") are
implicated as a crucial competent APCs and regulate the adaptive im-
munity, thus cross-priming effector T cells. To investigate the matura-
tion of DCs, tumor draining lymph nodes were harvested after
treatments for flow cytometry analysis (Fig. 6g, h and Fig. S34). Notably,
treatment with CMS resulted in the highest percentage of matured DCs,
which increased by 2.3-fold compared to the control group, demon-
strating that CMS can effectively promote the maturation of DCs for the
subsequent adaptive immune response. The activation of anti-tumor
immune responses was then further confirmed by measuring the intra-
tumoral infiltration of the CLTs. The fractions of CD3"CD8™ T cells and
CD37CD4" T cells are shown in Fig. 6i, j and Fig. S35. Quantitative
analysis indicated that the number of CD3"CD8" T cells in the CMS
group was much higher than that in the control and CS groups. Mean-
while, the ratio of CD8" to CD4 " T cells was significantly higher with the
CMS treatment, increasing by 3.8-fold compared to that in the control
group (Fig. S36). In addition, as shown in Fig. 6k, the levels of various
pro-inflammatory cytokines in tumor tissues, including IFN-y, TNF-a
and IL-6, were significantly increased after CMS treatment. These results
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indicate that the CMS can effectively enhance anti-tumor immunity,
promoting the infiltration of CLTs at the tumor site (Fig. 61).

To further assess the immune-response inducing ability of CMS, the
immune cell population in both the distant tumors and spleen was
detected by flow cytometry. As shown in Figs. S37 and 38, an obvious
CD8™ T cell infiltration was observed in the distant tumors of the CMS
group, indicating the activation of anti-tumor immunity. Furthermore,
the flow analysis of memory T cells in the spleens of mice exhibited an
increase in the relative proportions of the effector memory T cells (Tgp,
CD37CD8"CD447CD62L7) and the central memory T cells (Tcy,
CD3"7CD8"CD441CD62L™) in the CMS group (Figs. S39 and 40). These
results confirm a successful initiation of an immune response and the
generation of immune memory after treatment with CMS, contributing
to the excellent inhibitory effect of CMS for distant tumor growth. Taken
together, all the above results demonstrate that this nanostimulator can
be served as an immunoadjuvant, which shows promising potentials in
tumor immunotherapy to effectively inhibit tumor recurrence and
metastasis of TNBC.

3. Conclusion

In summary, a Ca & Mn dual-ion hybrid nanostimulator was con-
structed to enhance the anti-tumor immunity of TNBC via ferroptosis
inducing and innate immunity awakening, which could be served as a
ferroptosis inducer and immunoadjuvant for TNBC concurrently. Mn
and silica components are integrated onto CaCOs nanoparticles by
cation exchange and heterogeneous nucleation, respectively, to obtain
the final Ca & Mn dual-ion hybrid nanomaterial (denoted as CMS). The
obtained CMS was found to be beneficial for simultaneous GSH deple-
tion and ROS generation, which was mainly due to the mixed valence
state of Mn in CMS. Moreover, as an exotic Ca®* supplier, CMS can boost
intracellular Ca®* level, leading to mitochondrial Ca%t overload, further
amplifying the oxidative stress. Significantly, the synergy of GSH
depletion and ROS bursts further lead to the accumulation of LPO and
subsequent ferroptosis in tumor cells. More impressively, CMS can act as
an immunoadjuvant to awaken innate immunity by alleviating intra-
tumor hypoxia and Mn?*-induced activation of the STING signaling
pathway, which promotes polarization of TAMs from M2 to M1
phenotype and efficient activation of DCs for antigen presentation and
subsequent infiltration of tumor-specific CTLs into tumor tissues. Both in
vitro and in vivo results confirm that CMS not only significantly inhibit
the growth of primary tumor, but also effectively activate the anti-tumor
immunity and inhibit distant tumor growth. Overall, this work high-
lights an inorganic hybrid nanostimulator to enhance tumor immuno-
genicity and reverse the immunosuppressive TME by inducing
ferroptosis and awakening innate immunity, thereby boosting the anti-
tumor immunity, offering a new perspective for effective tumor immu-
notherapy of TNBC.

4. Experimental section
4.1. Materials

Calcium chloride dihydrate (CaCly-2H20), manganese chloride tet-
rahydrate (MnCly-4H;0), ammonium carbonate ((NH4)2CO3), and
methyl blue (MB) were purchased from Sigma-Aldrich. Tetraethyl
orthosilicate (TEOS) was purchased from Shanghai Ling Feng Chemical
Reagent Co., Ltd. Sodium bicarbonate (NaHCOg3), Elliman reagent
(DTNB), and reduced glutathione (GSH) were purchased from Shanghai
Yien Chemical Reagent Co., Ltd. Hydrogen peroxide (HyO2) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. DMPO was pur-
chased from Japan Tongren Chemical Research Institute. Cell Counting
Kit-8 (CCK8) and Annexin V-FITC/PI Apoptosis Detection Kit were
purchased from Shanghai Qihai Futai Biotechnology Co., Ltd. Calcein
AM/PI Double Stain Kit was purchased from Shanghai Maokang
Biotechnology Co., Ltd. DCFH-DA, Fluo-4, JC-1, ATP Assay Kit, GSH
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Assay Kit, Lipid Peroxidation MDA Assay Kit, and BCA Protein Assay Kit
were purchased from Beyotime Biotechnology. Glutathione Peroxidase
(GPx) Assay Kit was purchased from Regen Biotechnology. Ferrostain-1
(Fer-1) was purchased from MedChemExpress. C11-BODIPY®81/591 was
purchased from GLPBIO. GPX4 Monoclonal antibody was purchased
from Proteintech. APC/CY7 anti-mouse CD45, PE anti-mouse CD3, FITC
anti-mouse CD8, PerCP/CY5.5 anti-mouse CD4, PE/CY7 anti-mouse
CD11b, BV421 anti-mouse F4/80, AF647 anti-mouse CD206, BV650
anti-mouse CD80, Percp-cy5.5 anti-mouse CD45, BV421 anti-mouse
CD80, PE anti-mouse CD86, and PE-CY7 anti-mouse CD11c were pur-
chased from Shanghai Universal Biotech.

4.2. Characterizations

Transmission electron microscope (TEM) images and element map-
ping were obtained on a JEM-2100F electron microscope with an
operating voltage of 200 kV. Scanning electron microscope (SEM) image
was obtained on a Zeiss Gemini 450 electron microscope. XPS analysis
was conducted on a Thermo ESCALAB 250Xi X-ray photoelectron
spectrometer. Hydrodynamic diameter and {-potential of materials were
measured on a Zetasizer Nanoseries (Nano ZS90). UV-vis absorption
spectra were obtained on a UV-2600 spectrometer. Element content was
determined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Agilent 725). ESR spectra were acquired on an electron
spin resonance paramagnetic wave spectrometer (JEOL-FA200). Dis-
solved oxygen concentration was completed on JPBJ-610L portable
dissolved oxygen meter. Confocal laser scanning microscopy (CLSM)
images were obtained on FV1000 system (Olympus Company). Quan-
titative analysis of cell apoptosis and immune cells were performed on a
flow cytometer (BD LSRFortessa).

4.3. Synthesis of CMS

CaCOj3 nanoparticles were synthesized via the gas diffusion method
[58]. Then, CM and CMS nanoparticles were synthesized via a modified
method based on our previous work [49], in which the final Mn/Ca
molar ratio was controlled to be approximately 0.5. In brief, 40 mg of
CaCOj3 nanoparticles dispersed in 40 mL of ethanol, then 20 mL of MnCl,
ethanol solution (1 mol/L) was added into this dispersion and stirred for
24 h at 25 °C. The final product (CM nanoparticles) was collected by
centrifugation and washed with ethanol, then redispersed in ethanol for
further use. For the synthesis of CMS nanoparticles: 3.4 mL of ammo-
nium solution was added into 75 mL of CM nanoparticles ethanol
dispersion and stirred for 1 h at 25 °C. Then, 20 pL of TEOS was added to
the above mixture and string for another 24 h. The final product (CMS
nanoparticles) was collected by centrifugation and washed with ethanol,
then redispersed in ethanol for further use.

4.4. Ca and Mn release of CMS

CMS was dissolved in PBS buffer at 5.5, 6.5 and 7.4. At different time
points (10, 30, 60, 120, 240 and 360 min), the supernatants were
collected by centrifugation. The release of Ca and Mn was determined by
ICP-OES.

4.5. Hemolytic analysis of CMS

1.5 mL of fresh blood collected from 2 five-week-old female Balb/c
mice was transferred to EDTA k2 anticoagulant tubes. The supernatant
was removed by centrifugation at 2000 rpm for 10 min. After several
washes with saline, 200 pL of the suspension was added to 2 mL of saline
containing 0.016, 0.031, 0.062, 0.125, 0.25, 0.5 and 1 mg/mL CMS.
Ultrapure water and saline were used as positive and negative controls,
respectively. After 2 h of incubation, an image was taken after centri-
fugation (2000 rpm, 10 min), the supernatant was measured for absor-
bance at 540 nm. Hemolysis rate of red blood cell was then calculated.
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HemOlySiS rate (%) = (ODsample'ODsaline)/(ODwater'ODsaline) x 100 %

4.6. GSH depletion capacity of CMS

The GSH amount was detected by DTNB at the absorbance of 412
nm. CMS (200 pg/mL) was con-incubated with GSH (0.5 mM) for 4 h.
Then DTNB (0.5 mM) was added to detect the residual GSH, and H,O5
(3 mM) as a GSH depletion inducer was also evaluated. The time (0.5, 1,
2, 4, 6 and 12 h)-dependent GSH depletion was also determined.

4.7. Fenton-like-mediated -OH production of CMS

-OH was detected through UV-vis absorption spectroscopy and ESR
spectroscopy. For UV-vis method, MB was used as the detection probe.
In detail, MB (10 pg/mL), NaHCO3 (25 mM), H2O2 (10 mM), and CMS
(100 pg/mL) were mixed and reacted for 30 min. The MB degradation
was detected by the characteristic absorption change at 664 nm. For the
ESR assay, DMPO was used as the -OH trapping agent. Typically, CMS
(100 pg/mL), NaHCOs3 (25 mM), Hy05 (200 pM), and DMPO were
mixed. Then, the mixture was transferred into a quartz capillary for
measurement on the ESR spectrometer.

4.8. Og generation performance of CMS

Oxygen (O2) generation of CMS was evaluated by dissolved oxygen
analyzer (JPBJ-610L). Specifically, CMS was dispersed in 5 mL water
with the concentration of 100 pg/mL, followed by the addition of HoO5
with the concentration of 1 mM. Then, the O production was recorded
by the instrument. Afterward, various concentrations of HyO5 (1, 0.5,
0.25 and 0.125 mM) with CMS (100 pg/mL) were further evaluated the
O, generation.

4.9. Cellular culture

Mammary carcinoma cell lines (4T1), normal fibroblast cell lines
(3T3) and mouse dendritic cell lines (DC2.4) were obtained from Na-
tional Collection of Authenticated Cell Cultures. The cells were incu-
bated with RPMI 1640 medium, including 10 % FBS, 0.5 % penicillin,
and 0.5 % streptomycin under humidified condition with 5 % CO, at
37 °C.

4.10. Cell viability assay

The 4T1 cells were seeded in 96-well plates (8 x 10° cells per well).
After culture for 24 h, medium was replaced by fresh complete RPMI
1640 medium containing CMS or CS at difference concentration (0, 1, 2,
4, 8, 16, 32, 64 and 128 pg/mL). After further incubation for 24 h, cells
were washed by PBS for twice, and then the cell viability was measured
by CCK8 assay. To verify the biocompatibility of CMS, 3T3 cells and
DC2.4 cells were incubated with CMS for 24 h, and other procedures are
the as above. For the killing mechanism study of CMS to 4T1 cells, 4T1
cells were con-incubated with CMS (64 pg/mL) and Fer-1 (0, 100, 200
and 400 nM) for 24 h, and the cell viability was measured by CCK8
assay.

4.11. Cell uptake of CMS

Confocal laser scanning microscopy (CLSM) was employed to
analyze cell uptake of CMS. 4T1 cells were seeded on 35 mm CLSM-
specific dishes (2 x 10° cells per dish). After culture for 24 h, medium
was replaced by fresh RPMI 1640 medium with FITC-labeled CMS (128
pg/mL). After incubation for 0, 1 and 4 h, cells were washed with PBS
and observed by CLSM.
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4.12. Cell apoptosis analysis

CLSM and flow cytometer were employed to analyze cell apoptosis.
For CLSM observation, 4T1 cells were seeded on 35 mm CLSM-specific
dishes (2 x 10° cells per dish). After culture for 24 h, medium was
replaced by fresh RPMI 1640 medium with CMS (32, 64 and 128 pg/
mL). After incubation for 18 h, dishes were washed with PBS and then
Calcein AM/PI dye was used to stain cells for CLSM observation. For
flow cytometer analysis, procedures were similar to the above except
that cells were cultured in 6-well plates and incubated with CMS for 8 h.
At the end of co-incubation, cells were treated with Annexin V-FITC/PI
dye for flow cytometer analysis.

4.13. Intracellular ROS and LPO measurement

4T1 cells were planted in 35 mm CLSM-specific dishes (2 x 10° cells
per dish) and incubated overnight. Then, the cells were incubated with
CMS (32, 64 and 128 pg/mL) for 4 h. Subsequently, the culture medium
was replaced by fresh DCFH-DA-containing medium (10 pM) for 30 min,
followed by washing with PBS buffer. Finally, the ROS fluorescence was
observed by CLSM. For flow cytometer analysis of intracellular ROS
levels, procedures were similar to the above except that cells were
cultured in 6-well plates. For LPO assay, procedures were similar to the
above except that cells were incubated with CMS for 6 h and stained by
C11-BODIPY*®/5° probe for 30 min. Finally, the fluorescence was
observed by CLSM.

4.14. Intracellular GSH, GPX, and MDA assay

The 4T1 cells were seeded in 6-well plates (2 x 10° cells per well)
and incubated overnight. Then cells were co-incubated with CMS (32,
64 and 128 pg/mL) for 6 h. The intracellular GSH amount was evaluated
using GSH Assay Kit; the GPX activity was measured using Glutathione
Peroxidase (GPX) Assay Kit; and the MDA amount was monitored using
Lipid Peroxidation MDA Assay Kit. In addition, the protein concentra-
tion of cellular sample was assayed using BCA Protein Assay Kit.

4.15. Western blot analysis of intracellular GPX4 expression

The 4T1 cells were seeded in 6-well plates (2 x 10° cells per well)
and incubated for 24 h. Then cells were co-incubated with CMS (32, 64
and 128 pg/mL) for 10 h. Subsequently, GPX4 antibody was applied to
stained the collected cells, and GPX4 expression levels were detected
using electrophoresis.

4.16. Evaluation of accumulation of intracellular Ca®" and changes of
intracellular mitochondrial membrane potential and ATP content

For intracellular Ca®>* measurement, 4T1 cells were planted in 35
mm CLSM-specific dishes (2 x 10° cells per dish) and incubated over-
night. Then, the cells were incubated with CMS (32, 64 and 128 yug/mL)
for 4 h. Subsequently, the cells were washed with PBS and stained with
Fluo-4 AM. Finally, the stained cells were imaged using CLSM. For
intracellular mitochondrial membrane potential assay, procedures were
similar to the above except that cells were incubated with CMS for 18 h
and stained by JC-1 probe. For intracellular ATP content measurement,
4T1 cells were seeded in 6-well plates (2 x 10° cells per well) and
incubated for 24 h. Then, the cells were incubated with CMS (32, 64 and
128 pg/mL) for 24 h. Finally, the ATP content was measured using ATP
Assay Kit.

4.17. Intracellular O assay, intracellular H,0 measurement and
intracellular pH detection

The ROS-ID hypoxia probe (ROS-ID® Hypoxia/Oxidative Stress
Detection Kit, Enzo) was used to assay the intracellular O, level. The
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cells were incubated with CMS (32, 64 and 128 pg/mL) for 6 h. Subse-
quently, the cells were washed with PBS and stained with hypoxia
probe. Finally, the stained cells were imaged using CLSM. For intracel-
lular H,0, measurement, the cells were incubated with CMS (32, 64 and
128 pg/mL) for 6 h, and the intracellular HoO; level was evaluated using
Hydrogen Peroxide (H202) Content. For the detection of intracellular
pH, BCECF AM was used as a pH probe. The cells were incubated with
CMS (32, 64 and 128 pg/mL) for 24 h. Afterward, the cells were washed
with PBS and then stained with BCECF AM. The stained cells were
imaged using CLSM.

4.18. Animal models

All animal experiments were approved by the Animal Center of
Tongji University, and conducted following the Guide for Care and Use
of Laboratory Animals (TJLAC-020-228).

4.19. In vivo antitumor efficacy

To establish a bilateral tumor model, female Balb/c mice (5 weeks)
were subcutaneously inoculated with 4T1 cells (=1 x 10° cells) in the
right flank (primary tumor) and then inoculated with 4T1 cells (~2 x
10> cells) in the left flank (distant tumor). The growth of tumors was
monitored daily. Tumor volume was calculated using the equation: V =
(ab®)/2, where a represents the length of the tumor and b represents the
width of the tumor. Then, 4T1-bearing Balb/c mice were randomly
divided into four groups (n = 4) and treated with intratumoral injection
for the primary tumor and no treatment for the distant tumor. Consid-
ering the therapeutic efficacy and pain reduction in mice, we chose to
administer three intratumoral injections once every 3 days to replenish
the drug concentration at the tumor site and to avoid infection and
leakage at the injection site. Group I received no treatment (control).
Group Il received intratumoral CS (10 mg/kg) on day 0, day 3 and day 6.
Group III received intratumorally CMS (10 mg/kg) on day 0, day 3 and
day 6. Group IV received CMS (20 mg/kg) intratumorally on day 0, day
3 and day 6. Tumor volume and body weight were recorded every 2 days
for 14 days. After 14 days, all mice were sacrificed, and tumors were
harvested for photography and weight recording, and one mouse from
each group was randomly selected for H&E staining of major organs
(heart, liver, spleen, lung, kidney). In addition, 24 h after the last
treatment, one mouse from each group was randomly selected and its
primary tumors were harvested for H&E sections, antigen Ki-67, TUNEL,
GPX4, and HIF-1a assays.

4.20. In vivo immune activation analysis

4T1 cells (~1 x 10° cells) in 100 pL PBS were subcutaneously
injected into the right flank of the Balb/c mice (female, 5 weeks). 4T1-
bearing Balb/c mice with tumor volume of 80 mm® were randomly
divided into three groups (n = 3). Group I received no treatment (con-
trol). Group II received intratumoral CS (10 mg/kg) on day 0, day 3 and
day 6. Group III received CMS (10 mg/kg) intratumorally on day 0, day
3 and day 6. Then, 6 h after the last treatment, the mice were euthanized
and the tumors were harvested to determine the cytokines release of
IFN-B, IL-6, IFN-y and TNF-a, the expression of Ifnbl and Cxcl10 mRNA,
and the protein expression of p-TBK1, TBK1, p-IRF3 and IRF3. In addi-
tion, 8 days after the last treatment, the mice were euthanized and the
tumors and lymph nodes were collected and digested into single cell
suspension in PBS solution, which were further measured by flow
cytometry.

The tumor single cells were stained with fluorophore conjugated
anti-CD45, anti-CD11b, anti-F4/80, anti-CD206, anti-CD80, anti-CD3,
anti-CD4 and anti-CD8 and further measured by flow cytometry to
demonstrate the expression of tumor associated macrophages (TAMs)
and the existence of T cells. Moreover, the lymph single cells were
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stained with fluorophore conjugated anti-CD45, anti-CD11c, anti-CD80
and anti-CD86 to illustrate dendritic cells (DCs) by flow cytometry.

For the immunoassays of the distant tumors and spleens, a bilateral
tumor model was established. Female Balb/c mice (5 weeks) were
subcutaneously inoculated with 4T1 cells (~1 x 10° cells) in the right
flank (primary tumor) and then inoculated with 4T1 cells (=2 x 10°
cells) in the left flank (distant tumor). Bilateral 4T1-bearing Balb/c mice
with primary tumor volume of 80 mm® were randomly divided into
three groups (n = 3) and treated with intratumoral injection for the
primary tumor and no treatment for the distant tumor. Group I received
no treatment (control). Group Il received intratumoral CS (10 mg/kg) on
day 0, day 3 and day 6. Group III received CMS (10 mg/kg) intra-
tumorally on day 0, day 3 and day 6. Finally, the mice were euthanized
and the distant tumors and spleens were collected and digested into
single cell suspension in PBS solution, which were further measured by
flow cytometry. The distant tumor single cells were stained with fluo-
rophore conjugated anti-CD45, anti-CD3, anti-CD4 anti-CD8 and further
measured by flow cytometry to demonstrate the existence of T cells.
Moreover, the spleen single cells were stained with fluorophore conju-
gated anti-CD3, anti-CD8, anti-CD44 and anti-CD62L to illustrate
memory T cells by flow cytometry.

4.21. Statistical analysis

The significant difference of experimental data was evaluated
through one-way analysis of variance (ANOVA). The calculated proba-
bility (P) was distinguished between *P values < 0.05, **P values < 0.01
and ***P values < 0.001. Date was taken as mean + standard error.
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