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ABSTRACT

The therapeutic efficacy of radioimmunotherapy against triple negative breast cancer (TNBC) is largely limited
by the complicated tumor microenvironment (TME) and its immunosuppressive state. Thus developing a strategy
to reshape TME is expected to achieve highly efficient radioimmunotherapy. Therefore, we designed and syn-
thesized a tellurium (Te)-driven maple leaf manganese carbonate nanotherapeutics (MnCOs@Te) by gas diffu-
sion method, but also provided a chemical catalytic strategy in situ to augment ROS level and activate immune
cells for improving cancer radioimmunotherapy. As expected, with the help of HyO2 in TEM, MnCO3@Te het-
erostructure with reversible Mn®>*/Mn?" transition could catalyze the intracellular ROS overproduction to
amplify radiotherapy. In addition, by virtue of the ability to scavenge H™ in TME by carbonate group,
MnCOs@Te directly promote the maturation of dendritic cells and macrophage M1 repolarization by stimulator
of interferon genes (STING) pathway activation, resulting in remodeling immuno-microenvironment. As a result,
MnCO3@Te synergized with radiotherapy and immune checkpoint blockade therapy effectively inhibited the
breast cancer growth and lung metastasis in vivo. Collectively, these findings indicate that MnCOs;@Te as an
agonist, successfully overcome radioresistance and awaken immune systems, showing promising potential for
solid tumor radioimmunotherapy.

1. Introduction

develop novel therapies for TNBC targeted therapy.
In recent years, cancer immunotherapy aims to remodel the patient’s

Due to the risk factors related to modern lifestyles, the incidence rate
of cancer has increased rapidly worldwide [1]. Breast cancer is the
cancer with the highest incidence rate among women [2]. And then
triple negative breast cancer (TNBC), which accounts for 10-20% of
breast cancers relative to other breast cancers, lacks estrogen, proges-
terone, and human epidermal growth factor receptor 2 (HER-2), leading
to its highly malignant, aggressive nature and tendency to relapse after
chemotherapy [3]. Therefore, there is still no effective and specific
therapy in clinical practice, which encourages scientists to discover and

own immune system and realize the recognition and destruction of
cancer cells, has made a major breakthrough in the field of oncology,
especially immune checkpoint blockade therapy (ICB) [4,5]. Although
the application of CTLA-4 and anti-PD-1 therapy have produced
impressive clinical effects, the effectiveness of these methods still de-
pends on the presence of tumor inflammation and the activation of the
patient’s immune system [6,7]. Unfortunately, TNBC is considered to be
a typical immune "cold" tumor, in which the suppressed tumor micro-
environment (TME) makes it impossible for cytotoxic T cells to be
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effectively activated, thus unable to trigger a strong anti-tumor immune
response [8,9]. So it is of great significance to develop an strategies to
reshape TME from "cold tumor" to “hot tumor, so as to restore the
anti-tumor T cell response [10,11].

Meanwhile, radiotherapy is currently the mainstream clinical strat-
egy for 70% of cancer patients including TNBC patients, that is utilize
high intensity ionizing radiation to induce DNA damage or generate
reactive oxygen species (ROS) to induce tumor inhibition [12-15].
However, radiation resistance and toxic side effects are the important
culprit in reducing efficiency of radiotherapy [16-18]. Of note, recent
studies indicated that the combination strategy of RT and ICB provides
an opportunity to augment immune responses against tumors [19,20].
Sun et al. designed a stabilized theranostic NIR-II nanoprobe
(QD-Cat-RGD) and found that under the action of QD-Cat-RGD probe,
the synergistic effect of radiotherapy and immunotherapy can improve
the inhibition of immunogenic radiotherapy and inhibit cancer metas-
tasis [21]. Impressively, this combination strategy has also been
implemented in many clinical trials and was exhibits superior thera-
peutic effects [22-24]. Unfortunately, even under this strategy, the
stimulation efficiency of cytotoxic T cells still limited by suppressive
tumor immune microenvironment (TIME) that is caused by the acidity of
tumor [25-28]. Specifically, the acidity in tumor tissue can lead to the
immune tolerance of cytotoxic T lymphocytes (CTLs) and induce the
massive infiltration of immunosuppressive cells including
myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs)
etc [29-31]. Therefore, relieving acidic microenvironment of tumor
plays an important role in enhancing tumor immune response by
recovering of functions of antitumor T cells [32].

Nowadays, with the rapid development of nanotechnology, scientists
have developed many nanosystems to enhance radiosensitivity of tumor
cells or achieve antiacid therapy for tumors [33]. Tellurium (Te) belongs
to the oxygen group, which was found to be similar to the element se-
lenium (Se), has antioxidant and antitumor properties [34-36]. For
example, Wu et al. found Te nanowires (TeNWs) triggered by hydrogen
peroxide (H205) in TME to produce toxic Teog’ that could be used as
prodrug for highly selective cancer chemotherapy [37]. Moreover, Te
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semiconductor including Te nanorods (TeNDs), nanostars, nanosheets
and nanodots have been successively applied in photothermal therapy,
photodynamic therapy, radiotherapy and immunotherapy [38-40].
Nevertheless, these Te-based nanosystems remain plagued by short
blood circulation time, weak biocompatibility and rapid clearance by
reticuloendothelial system (RES).

Manganese carbonate (MnCOs3) semiconductor is widely used in ul-
trasound/magnetic resonance imaging (MRI)-mediated tumor ultra-
sound therapy/photodynamic therapy due to its widely bandgap,
excellent biocompatibility and pH responsiveness etc [41-43]. More
excitingly, it is recently showed that Mn element is an innate immune
activation adjuvant by activating stimulator of interferon genes (STING)
pathway [44,45]. Besides, it is worth noting that like calcium carbonate
and calcium phosphate, MnCO3 nanosystem may possess unique ad-
vantages in neutralizing tumor acidity in theory [46-48]. However, the
complex synthesis method and the large size after synthesis greatly limit
its wide application in the field of biomedicine.

Therefore, considering the above research background, we not only
introduce a gas diffusion method to synthesize a Te-driven maple leaf-
shaped manganese carbonate nanotherapeutics (MnCOs@Te), but also
provide a catalytic strategy in situ to remodel the TME and enhance ROS
overproduction for achieving simultaneous radioimmunotherapy. As
illustrated in Scheme 1, the nanosystem has several important features:
(i) the reasonable design of MnCOs-coated Te has greatly changed the
diameter and morphology of MnCOs crystal and realized the control-
lable transformation of morphology. (ii) in the TME, MnCOs@Te real-
ized the burst release of Mn?* and then triggered the intracellular ROS
generation by Fenton-like reaction, thereby realizing precision radio-
therapy with invisible side-effects. (iii) MnCO3@Te scavenged H' in the
TME, allowing the maturation of dendritic cells and macrophage M1
repolarization by STING pathway activation, thereby relieving sup-
pressive TIME. (iv) with the assistance of the anti-PD-L1 checkpoint
blockade, MnCO3@Te synergized with radiotherapy effectively inhibi-
ted the breast cancer growth and lung metastasis in vivo. Collectively,
this study provides a valid tactic for facile synthesis of shape-
controllable MnCO3 nanosystems for solid tumor radioimmunotherapy.

A: Tellurium-driven the synthesis of MnCO,@Te
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Scheme 1. Schematic illustration of Te-driven MnCOj3; nanotherapeutics synthetic procedure and its mechanism for anticancer and antimetastasis activity in

radioimmunotherapy via reshaping tumor microenvironment.
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2. Result and discussion

2.1. Design, synthesis, and characterization of MnCOz@Te
nanotherapeutics

Here as illustrated in Scheme 1, we provide a simple one-pot strategy
for the synthesis of maple leaf-shaped Te-loading manganese carbonate
nanotherapeutics that can be serve as radiosensitizers and immuno-
therapeutic boosters to simultaneous enhance radioimmunotherapy by
remodeling TME. Firstly, TeNDs with bovine serum albumin (BSA)
surface decoration were synthesized as previously described [38].
Transmission electronic microscope (TEM) images in Fig. S1 showed the
size of TeNDs was between 10 and 30 nm. Then, the acquired TeNDs was
added to MnCl; solution for mixed for 30 min. Next, the mixture was put
into enclosed chamber containing NH4HCO3 solution for 1.5 h to obtain

MnCl,4H,0
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Y
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]
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MnCO3@Te composite nanosystem. As shown in Fig. 1a-d, unlike bare
MnCOs3 nanosystem synthesized in ethanol phase, which exhibited a
tridimensional rhomboid morphology with an average diameter of
about 600 nm, the obtained MnCO3@Te in the aqueous phase presented
a shape similar to a maple leaf, with a diameter of about 220 nm under
observation by TEM and scanning electron microscopy (SEM). As
analyzed by elemental mapping and EDX (Fig. le and Fig. S2), Mn, Te,
N, C and O elements were found to be homogeneously distributed in the
MnCOs@Te nanosystems, demonstrating TeNDs were successfully
wrapped in MnCOg3 nanosystems.

To demonstrate the key role of TeNDs on the synthesis of MnCO3, we
allowed the growth of TeNDs within MnCOs for various reaction times,
followed by TEM imaging. As shown in Fig. 1f, after 0.5 h of reaction,
most of the products appear in the form of nanospheres and TeNDs could
be clearly observed in the middle. 1 h later, the edge of the ball grew a
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Fig. 1. Schematic, synthesis and characterization of MnCOs;@Te. (a) Synthetic scheme including TeNDs, MnCO3 and MnCO3;@Te. TEM images of MnCOs (b) and
MnCO3;@Te (c) nanosystems under different scales. (d) SEM image of MnCO3;@Te. (e) Elemental mapping analysis of MnCO3;@Te. (f) TEM images of MnCO;@Te
obtained at different reaction times to show the reaction progress. (g-h) Hydrodynamic diameters and zeta potentials of MnCO3, TeNDs and MnCOz@Te. (i) Digital
photograph of MnCO3, TeNDs and MnCO3;@Te in water solution. (j) XRD analysis of MnCO3, TeNDs and MnCO3;@Te. (k) Whole XPS spectrum of MnCO3, TeNDs and
MnCO3;@Te. (I-n) High-resolution XPS spectrum of Mn3s, Mn 2p and Te3d in MnCO3 and MnCO3;@Te nanomaterials.
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"rhombus", similar to a tridimensional rhomboid. At 1.5 h, the
morphology evolved into maple leaf in shape, and finally at 2 h, the
crystal continued to grow longitudinally to form “nanorod”. Meanwhile,
we investigated the influence of BSA on the morphology of MnCOs3 by
using BSA to replace TeNDs. From Fig. S3, we observed similar phe-
nomenon to MnCO3@Te reaction for 2 h, but the size of MnCO3@BSA
was more than 1000 nm. As previous studies showed, BSA can partici-
pate in the synthesis of nanomaterials to achieve the goal of modifying

a
0, e-
0, e
TeNDs MnCO4
-OH
N
H,O h+
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and stabilizing nanoparticles [49]. Therefore, based on these results we
acquired, we conclude that BSA modified on the surface of TeNDs has
key influence on the morphology and diameter of MnCO3@Te nano-
systems. This may be due to the preferential coordination between the
chemical groups on the BSA and Mn?*, which affects the crystal for-
mation. Moreover, dynamic light scattering (DLS) results revealed the
average hydrodynamic sizes of TeNDs, MnCOs and MnCOs;@Te were
about 67.4, 644 and 214 nm, respectively and the corresponding
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Fig. 2. Responsive behaviors of MnCO3;@Te improve ROS generation through fenton-like reaction and realizes efficient MR imaging and ultrasonic
imaging in vitro. (a) Schematic illustration reflecting the MnCOs@Te heteronanostructures and its bioresponsibility in TME. (b) TEM image of MnCO3 and
MnCO3;@Te after incubation in PBS solution with different pH values for different times. (c—d) Release behaviors of Mn?* from MnCO;@Te in pH 7.4 and 5.0
environment within 72 h. (e) The absorbance spectra of MB solutions containing MnCO3;@Te at different time periods under X-Ray radiation for detection of eOH.
(f-g) With/without X-Ray irradiation, the degradation curves of MB probes at 655 nm after incubation under various treatments. (h) ESR spectra of detection of ¢OH
of MnCO3;@Te immersed in H,O5 solution under X-Ray irradiation. (i) Intracellular ROS levels in MDA-MB-M231 cells, determined by DHE probe. (j) Representative
fluorescence images of ROS level in MDA-MB-M231 cells after different treatments. T1-weighted MR imaging (k) and T1 relaxation rates (1) of MnCO;@Te with
different concentrations after incubation with different conditions. (m-n) Ultrasound imaging and statistical data of MnCO3;@Te in acid buffer.
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zeta-potentials were —21.6, —41.5 and —25.3 mV, respectively (Fig. 1g
and h). This phenomenon was due to changes in reactive solvents
affecting the particle size of MnCO3 nanomaterials. On the other hand,
in order to prove the universality of this synthesis strategy, we
attempted to prepare CaCO3@Te nanosystem by using the same prep-
aration method as MnCO3@Te nanosystem. As shown in Fig. S4, TeNDs
were highly homogeneous and monodispersed in CaCO3 nanomaterials,
which revealed the method was suitable for the synthesis of various
carbonate nanomaterials.

Moreover, we could observe that after loading TeNDs, the color of
MnCO3@Te solution changes from milky white to light brown (Fig. 1i).
Besides, according to the powder X-ray diffraction (XRD) pattern anal-
ysis, the diffraction peak of MnCO3@Te was well matched with that of
bare MnCO3 and TeNDs (Fig. 1j). Furthermore, the X-ray photoelectron
spectroscopy (XPS) was introduced to analysis the chemical composition
and valence. As shown in Fig. 1k, characteristic peaks of Te 3d, Mn2p,
Cls and O1s were clearly observed. Then, the high-resolution spectra of
Mn3s, Mn2p and Te3d were further analyzed as presented in Fig. 11-n. In
general, the valence state of manganese in nanosystem can be deter-
mined by the multiple splitting of Mn3s [50]. The separation of peak
energies (AE) in MnCO3 and MnCO3@Te Mn 3s spectra were 6.0 eV and
6.3 eV, which indicated that the valences of Mn in MnCOsz and
MnCOs;@Te nanosystems mainly belong to Mn?". Besides, the peaks at
641.7,647.2, and 653.5 eV were attributed to Mn>" 2p3/9, satellite peak,
and Mn2* 2p; o, respectively. Moreover, Te 3d peaks could be sub-
divided into four peaks located at 572.9, 576.0, 583 and 586.2 eV, which
attributed to Te® 3ds/, Te™" 3ds/2, Te® 3ds/; and Te™" 3ds,,. Overall,
these experiments commonly indicate that the MnCO3@Te formulation
with changeable morphology was conducted successfully.

2.2. Response performance of MnCOs@Te in TME

It is known that MnCOs is stable at neutral and alkaline pH envi-
ronment, but it can be decomposed into Mn?* and CO, gas in acid buffer
(s 2a) [51]. Therefore, we recorded the morphology changes and the
release of Mn?* after incubation of MnCOs and MnCOs@Te in PBS with
different pH values (7.4 and 5.3) in different treatment time via TEM
and inductively coupled plasma mass spectrometry (ICP-MS). As shown
in Fig. 2b-d, although the morphology of MnCO3 and MnCOs;@Te
exhibited no obvious change in pH 7.4 solution, we found MnCO3 and
MnCO3@Te could rapidly be degraded by time-dependent manner.
Meanwhile, quantitative analysis also proved that weak acidic envi-
ronment promoted the release of Mn?* rapidly. The results suggested
that the MnCO3@Te is excellent acidity-responsive nanocarriers.

Previous studies have shown that the Mn?*/Fe3* would be promote
genernation of highly cytotoxic hydroxyl radical (eOH) by triggering
Fenton/Fenton-like reactions in tumor cells [52,53]. Hence, to investi-
gate the effect of MnCO3@Te on generate ¢OH, we used methylene blue
(MB) to examine the generation of ¢OH [54]. Meanwhile, to simulate the
actual catalytic situation in tumor cells, MnCO3@Te was incubated in
pH 5.3 PBS solution containing 10 mM Hy05. As shown in Fig. 2e, from
the absorption spectra of MB, under X-Ray irradiation, the characteristic
absorption peak gradually decreased with time in the presence of HyO5
at pH 5.5, indicating eOH production. It was worth noting that without
X-Ray irradiation, MnCO3@Te + H30, generated the signal intensity of
eOH was obvious lower than that of MnCO3@Te + H02+X-Ray, indi-
cating X-Ray irradiation can promote the MnCO3;@Te to generate «OH
(Fig. 2f and g). Electron spin resonance (ESR) further demonstrated that
the characteristic peak intensity of ¢OH was highest for MnCO3@Te +
X-Ray + Hy03 groups, which was consistent with MB analysis (Fig. 2h).
Meanwhile, we employed 1,3-diphenyl-isobenzofuran (DPBF) probe to
monitor the overproduction of 10, radicals induced by the combination
of MnCO3@Te and X-Ray irradiation in different mediums. As shown in
Fig. S5, with the increase of time, the absorption of DPBF at 410 nm
gradually decreased, which revealed that under the X-Ray stimulation,
MnCO3@Te could generate 102 radicals. We also found that in the
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environment containing H202, MnCO3@Te exhibited a much higher
oxidation rate compared with pH5.3 PBS solution. Above results
commonly indicated that MnCO3@Te was mainly stimulated by the
Fenton-like reaction to produce free radicals. Subsequently, cellular ROS
level was examined qualitatively and quantitatively with dihydroethi-
dium (DHE) as a probe. As expected, for the four groups (Control, X-Ray,
MnCO3;@Te, MnCOs3@Te + X-Ray), the gradual increase in red fluo-
rescence reveals more generation of ROS (Fig. 2i and j). Besides,
increased evidence showed semiconductor heterostructures can pro-
mote the separation of h™-e” pairs and then improve the catalysis ability
to produce ROS. According to literature reported [38,41], the valence
band (VB) and conduction band (CB) of MnCO3 semiconductor were
2.43 eV and —0.82 eV, which could oxidize H0 to form eOH (Ex20/.0u
= 1.99 eV) and stimulate the transition of O to ¢O3 (Ep2/.02- = —0.33
eV). The VB and CB of TeNDs with narrow band gap semiconductor were
0.72 eV and —0.23 eV. The above results proved the between MnCOs3
and TeNDs is easy to form heterojunction to promote ROS production
(Fig. 2a). All these results showed that MnCO3@Te have good ability
and probably used to sensitized tumor radiotherapy by mediating the
excessive generation of ROS.

The metabolism and transformation of Te nanomedicine in the body
directly affect its toxicity, which is a scientific issue worthy of in-depth
exploration. Hence we introduced high-resolution mass spectrometry
(HR-MS) to detect the potential metabolites of TeNDs in the medium of
GSH in vitro. As shown in Fig. S6, after mixing TeNDs and GSH, the GSSG
peak increased obviously and a new GSTeSG peak appeared. The results
indicated that Te nanomaterials may be metabolized as metabolic in-
termediates of GSTeSG in the body, which was consistent with the
previous results [55].

Moreover, it is widely known that Mn?* with five unpaired electrons
is an effective T1 contrast agent in MR imaging [56]. To confirm the MR
contrast capabilities, we used 3.0-T clinical MR scanner to capture the
MR imaging of MnCOs@Te incubated in buffer solutions with different
pHs. As presented in Fig. 2k-1, from the T1 MR imaging, the significant
concentration-dependent brightening effect of MnCO3;@Te were
observed. Importantly, the relaxation rate of MnCO;@Te at pH7.4
buffer was 1.801 mM~'s™!, while the relaxation rate was measured to be
2.645 mM~'s~! after incubation in pH 5.3 solution. Meanwhile, after the
injection of MnCO3@Te into the tumor of mice, decreased T1 signal
intensity was observed in the tumor tissue, which also confirmed the
feasibility of MRI in vivo (Fig. S7). Furthermore, the generation CO, gas
induced by MnCO3@Te can be used as ultrasound imaging agent [57].
As expected, the MnCOs@Te showed obvious imaging signal in the pH
= 5.3 solution (Fig. 2m-n). These results proved that MnCO3@Te can act
as a good MRI and ultrasound contrast agent to guide tumor treatment at
specific tumoral acidic pH.

2.3. Synergistic radiosensitization effects between MnCO3@Te and X-Ray
in vitro

Encouraged by excellent ROS generation ability of MnCO3@Te, we
next evaluate the anticancer efficacy and radiosensitization effects of
MnCO3@Te in breast cancer cells (4T1 and MDA-MB-M231) by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.
Firstly, without X-Ray irradiation, the viabilities of MnCO3@Te, MnCO3
and TeNDs with different concentrations were showed in Fig. 3a—c. As a
results, TeNDs did not exhibit notable toxicity to 4T1 and MDA-MB-
M231 cells even at the concentration of 50 mg/L, but MnCO3 and
MnCOs;@Te displayed concentration dependent cytotoxicity toward 4T1
and MDA-MB-M231 cells, reflecting the high antitumor activity of Mn-
based nanosystems. Notably, the result of isobologram analysis
showed the anticancer efficacy between TeNDs and MnCOs3 on 4T1 and
MDA-MB-M231 cells was synergetic effect, as evidenced by the location
of the data points far below the line defining additive effect (Fig. S8).
Moreover, it was found that the cell viabilities and ICsq value of 4T1 and
MDA-MB-M231 cells further decreased after incubation with
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Fig. 3. Synergistic effects of MnCO3@Te and X-Ray on killing breast cancer cells. Without X-Ray irradiation, cell viabilities of MDA-MB-M231 and 4T1 cells
treated with different concentrations of MnCO3@Te (a), MnCO3 (b) and TeNDs (c). With different dosage of X-Ray irradiation, cell viabilities of MDA-MB-M231 (d)
and 4T1 cells (g) treated with different concentrations of MnCO3;@Te (calculated by Te). ICsq value of MnCO3 and MnCO3;@Te (calculated by Mn) with or without X-
Ray on MDA-MB-M231 cells (e) and 4T1 cells (f) after 72 h-incubation. Isobologram analysis of the synergistic antitumor effects of MnCO;@Te combined with X-Ray
in MDA-MB-M231 (f) and 4T1 (i) cells. (j—k) Representative photographs of stained colonies of MDA-MB-M231 cells treated with PBS, PBS + X-Ray, TeNDs, TeNDs +
X-Ray, MnCO3, MnCO3+X-Ray, MnCO3@Te and MnCO3@Te + X-Ray after 7 days.

MnCOs@Te followed by X-Ray irradiation (Fig. 3d and e and 3g-h). In
specific, the ICsq values of the combination treatment of MnCO3@Te and
X-Ray (2 Gy, 4 Gy and 6 Gy) toward 4T1 cells were 12.583, 10.332, and
4.842 mg/L, respectively, obviously superior to bare MnCOs@Te
(31.023 mg/L). In addition, we also carried out isobologram analysis to
examine the connection between MnCOs@Te and X-rays. As expected,
the synergistic effect could be found in both 4T1 cells and MDA-MB-
M231 cells (Fig. 3f and i). Finally, MnCO3@Te also inhibited the colony
formation of MDA-MB-M231 cells after X-ray radiation at a significantly
higher level than TeNDs and MnCOg3 (Fig. 3j and k). Taken together,
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MnCO3;@Te mediated good radiosensitization effect and hold a good
application prospect in reversing radioresistance at the cellular level.

2.4. Action mechanism of MnCO3@Te cooperating with radiotherapy for
killing cancer cells

The intracellular mechanism of synergistic effect of MnCO3@Te and
radiotherapy on killing tumor cells was evaluated by confocal fluores-
cence imaging and flow cytometry. Generally, anticancer effect of the
nanosystem prerequisites its effective cellular uptake, thus, we analyzed
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the cellular uptake of MnCO3;@Te with different concentrations in
different incubation times. The results in Fig. 4a and b showed
MnCO3@Te could rapidly enter tumor cells and continuous increased
with incubation time prolonged. Since the damage of mitochondria and
DNA caused by ROS produced in cancer cells is the main reason for X-
rays to kill cancer cells, thus we further carried out y-H2AX detection
and mitochondrial determination to explain the mechanism of
MnCO3@Te sensitizing X-ray [58]. We could observe from Fig. 4c that
MnCOs;@Te + X-ray group induced largest number of fluorescent spots
of y-H2AX, which reflected the most serious DNA damage. Consistently,
western blotting results (Fig. S9) also showed MnCOs@Te + X-ray group
induced the strongest DNA damage. In addition, Mito-tracter and
Hoechst 33342 probes were used to label mitochondria and nucleus of
MDA-MB-231 cells. For cells treated with X-Ray/MnCO3s@Te alone, only
slight fragmentation could be observed. In contrast, when X-ray was
used simultaneously, MnCOs3@Te caused scattered visual spots
throughout cytoplasm (Fig. 4d). Moreover, JC-1 fluorescent probe was
used to measure mitochondrial membrane potential (A¥m). Consistent
with the above results (Fig. 4d), compared with X-Ray group, the per-
centage and intensity of A¥m with J-aggregate was significantly
increased in the MnCOs@Te + X-Ray group (Fig. 4e and f). Furthermore,
to explore the death mode of MDA-MB-231 cells induced by MnCOs@Te
and X-Ray, PI staining and Annexin V-FITC/PI double staining assay
were performed. As shown in Fig. 4g-i, apoptosis and S-phase arrest
were the main mode of cell death caused by MnCO3@Te and X-Ray in
combination. For example, when concentration of MnCO3@Te was 100
pM, under X-Ray radiation, the total apoptosis rate of MDA-MB-231 cells
was 62.33%, higher than that of bare MnCO3@Te (44.64%) and X-Ray
(13.48%). PARP are vital characteristic hallmarks of apoptosis of cell
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apoptosis. The results (Fig. S9) showed treatment with MnCOs@Te
combined with X-Ray activated the proteolytic cleavage of PARP,
further confirming the important role of apoptotic in MnCO3@Te-in-
duced cell death. Overall, the mechanism of cell death revealed that
MnCO3@Te cooperating with radiotherapy triggered ROS over-
production in cancer cells and then caused DNA damage and mito-
chondrial dysfunction, thereby inducing cancer cell cycle arrest and
apoptosis to kill cancer cells.

2.5. Immune activation effect of MnCOs@Te nanosystem based on
STING pathway

The latest results have indicated that Mn?* play an key role in im-
mune activation, which can serve as a potent STING agonist to effec-
tively promote the maturation of DCs and the polarization of M1
macrophages [59,60]. Hence, we evaluated the effects of the
MnCO3@Te nanosystem on the immune activation by introducing a
series of experiments in vitro (Fig. 5a). Firstly, we extracted
bone-marrow-derived macrophages (BMDMs) and bone
marrow-derived dendritic cells (BMDCs) from BALB/c mice. Then, the
abilities of MnCO3@Te nanosystem to activate DC maturation and
induce macrophage repolarization were investigated by flow cytometry.
As shown in Fig. 5b and c and 5e-f, compared with PBS group, there were
no obvious changes in the percentage of matured DCs (CD1llc +
CD80"CD86™) and M2-type macrophage (CD11b 4 F4/804+CD206+) in
TeNDs group, indicating that the TeNDs had little effect on immune
activation. Notably, the treatment of MnCO3@Te significantly increased
the level of matured DCs from 28.3% to 50.21% and decreased the
percentage of M2 macrophage from 69.3% to 46.69%, both of which
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Fig. 4. Anticancer action mechanism of combination treatment of MnCO3@Te and X-Ray to MDA-MB-231 cells. (a-b) Cellular uptake of different concen-
trations MnCO3@Te for different time points, determined by flow cytometry. (c) Representative fluorescence images of DNA fragmentation of MDA-MB-231 cells
treated with MnCO3@Te and X-ray radiation. (d) Representative images of mitochondrial dysfunction caused by MnCO;@Te and X-ray radiation. (e-f) JC-1 assay for
illustrating the depletion of mitochondrial membrane potential in MDA-MB-231 cells treated with MnCO3;@Te and then X-Ray irradiation. (g-h) Flow cytometric
analysis of the cell cycle of MDA-MB-231 cells after introduction MnCO3@Te with or without X-rays (2 Gy). (i) Annexin V-FITC/PI staining kit detected the apoptosis

of MDA-MB-231 cells treated with MnCO3;@Te followed by X-Ray exposure.
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Fig. 5. MnCO3@Te as immunomodulator to promote immune activation effect via STING pathway. (a) Schematic illustration of experimental design for
detection of DC maturation and macrophage M1 repolarization. (b, e) Representative flow cytometry images and its corresponding statistical data of mature DCs
(CD11c + CD86"CD80*, gated on CD11c + cell) after different treatment for 12 h. (c, f) Representative images and statistical data to show the M2-type tumor-
associated macrophage (CD11b + F4/80+CD206+, gated on CD11b+). (d) Confocal fluorescence images of CD206 stained-DC2.4 cells after treatment with PBS, LPS,
TeNDs, MnCO3; and MnCO3;@OVA for 12 h. Related cytokines expression secreted by BMDCs (g) and BMDMs (h) in the medium after treatment with different
conditions for 12 h. (i-j) qPCR analysis to examine the relative gene expression of cGAS-STING in BMDCs with different treatments for 24 h. (k) IFN-a level in the
culture supernatant of BMDCs after different treatments.

were better than the single MnCO3 nanosystem. Meanwhile, the results been changed to a certain level (Fig. 5g and h).

of CD206 immunofluorescence in BMDMs further proved that Furthermore, we would like to investigate the ability of MnCOz@Te
MnCO3;@Te could promote the polarization of macrophages (Fig. 5d). to activate the cGAS-STING pathway by real-time quantitative PCR (RT-
Moreover, relevant cytokines secreted by BMDCs and BMDMs have also gqPCR) assay. As shown in Fig. 5i and j, MnCO3@Te group trigger the
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expression of cGAS-STING axis genes in BMDCs, which was much
stronger than TeNDs and MnCO3 groups. Additionally, Enzyme-linked
immunosorbent assay (ELISA) assay revealed MnCOs@Te nanovaccine
potently enhanced the expression levels of cytokines of IFN-a in the
culture supernatant of treated BMDCs. Taken together, these findings
argued that MnCO3@Te could promote DCs maturation through the
activation of cGAS-STING pathway, and induce the secretion of type I
IFN, which may be indispensable for the activation of adaptive immu-
nity against tumors.

2.6. Invivo anticancer effects of MnCOs@Te evaluation by remodeling
immuno-microenvironment

After confirming the immunostimulating efficacy in vitro, we next
evaluated the antitumor effect of the MnCO3@Te-based radiotherapy
combined with anti-PD-L1 checkpoint blockade in vivo. Here, we
established BALB/c orthotopic breast tumor model with 4T1 cells. Ac-
cording to the regime in Fig. 6a, the mice were randomized into five
groups: (1) PBS, (2) X-Ray, (3) MnCO3@Te, (4) MnCO3@Te + X-Ray and
(5) MnCO3@Te + X-Ray + anti-PD-L1. Then, on the first and third days
of treatment, mice were injected with MnCO3@Te intratumorally. Then,
on the second and the fourth days, the mice received radiotherapy (2 Gy)
and immunotherapy (anti-PD-L1). Firstly, during the treatment, the
body weight of mice did not change significantly, suggesting biosafely of
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MnCO3@Te in tumor treatment (Fig. 6b). The therapeutic efficacy was
presented in Fig. 6¢-g. As expected, these results of tumor weight, tumor
volume and of tumor growth curves commonly demonstrated that the
tumor growth in MnCOs;@Te + X-Ray + anti-PD-L1 group was most
significantly inhibited, followed by MnCOs@Te + X-Ray group. For
example, tumor weight after dissection in MnCO3@Te + X-Ray group at
21 days of treatments was 0.90 g, much lower than that of X-ray treat-
ment (1.69 g) and MnCO3@Te (1.37 g), reflecting that the excellent
radiosensitization ability of MnCO3@Te in vivo (Fig. 6¢). Correspond-
ingly, no obvious necrosis could be observed in the hematoxylin and
eosin (H&E) staining of tumor slices from the mice treated with PBS or
X-Ray. However, combined treatment of radiotherapy and immuno-
therapy based on MnCO3@Te caused serious cell necrosis and hemor-
rhagic inflammation (Fig. 6g). Moreover, survival rate of mice was
assessed over the course of 30 days. As shown in Fig. S10, the group of
control and free MnCO3@Te exhibited 33.3% and 35.5% of survival,
while the (4) and (5) groups remains 81.8% and 77.9% within 30 days.
The results showed our developed “MnCOs;@Te + X-Ray” and
“MnCO3@Te + X-Ray + anti-PD-L1” combination strategy could
enhance the survival of tumor-bearing mice than single modality. Taken
together, MnCO3@Te helps to enhance the sensitivity of tumor cells to
X-rays and achieve the synergistic effect of radiotherapy and
immunotherapy.

It is well known that TME is immunosuppressive, which may largely
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Fig. 6. Anticancer immunity of MnCOs;@Te-mediated radiotherapy in combination of anti-PD-L1 in vivo. (a) Schematic illustration showing the experiment
design using MnCO3;@Te-based RT and anti-PD-L1 to treat mice bearing 4T1 tumors. (b) Average tumor weight of various groups after treatment. (c) Photographs of
tumors excised from Balb-c mice. (d) Relative tumor growth curves in different treatment groups. (e) Growth curves of tumor volume for individual Balb-c mice
following various treatments. (f) Mice weight changes within treatment period. (g) H&E-stained images of tumor tissues collected from mice post various treatments.
Quantification analysis of the infiltration of T lymphocytes including CD8CD3™ T cells (h) and CD3*"CD4" T cells (i) after various treatments. Quantification analysis
of decline of intratumoral immunosuppressive cells including Treg cells (j) and MDSC cells (k) in tumor tissues. (1) Flow cytometry analysis of the proportion of M2-
phenotype tumor associated macrophages within tumor tissues from different immunized mice.
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offset the impact of anti-tumor immunity [61]. Thus the influence of
MnCO3@Te on the tumor immuno-microenvironment was explored to
uncover the mechanisms underlying the observed antitumor efficacy.
Firstly, we soaked Mn in an acidic environment with pH = 5.3, and
found that the pH value of the solution gradually increased, close to that
of normal tumor tissue, demonstrating MnCO3@Te has the potential to
neutralize acidic TME (Fig. S11) The infiltration of immune cells
including CTLs, CD4" helper T lymphocytes, MDSCs, Tregs and M2-like
macrophage in the tumor sites was measured using a subset of the tested
mice on day 21. Firstly, the levels of CD37CD8" CTL cells and the
CD3"CD4" helper T cells in the MnCO3@Te -+ X-Ray -+ anti-PD-L1 group
were significantly increased to 15.66% and 14.27% compared with the
controls (Fig. 6h-i and Fig. S12). Meanwhile, immunofluorescence
staining of tumor slices from different treatment groups was carried out.
As shown in Fig. S13, green (CD8" T cells) fluorescence of MnCO3;@Te
and X-Ray plus anti-PD-L1 group were significantly stronger than that of
other groups, which ultimately in line with the results of flow cytometry.
Therefore, the combined radiotherapy and immunotherapy with syn-
thesized MnCO3@Te can trigger infiltration of CTLs in tumor tissues,
thus triggering immune responses. In addition to immune-activated
cells, M2-phenotype macrophages, MDSCs and Tregs were the typical
immunosuppressive cells in TME. The results showed the frequency of
M2-phenotype macrophages, M2-MDSCs and Tregs in mice received
MnCO3@Te + X-Ray + anti-PD-L1 treatment was significantly lower
than control and X-Ray groups (Fig. 6j-1 and Fig. S12). Overall, the
combination of radiotherapy and immunotherapy based on MnCOs@Te
could induce strong antitumor immunity and remodel
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immuno-microenvironment.

2.7. MnCOs;@Te-mediated radiotherapy and anti-PD-L1 combination
therapy prevent lung metastasis

Tumor metastasis is the main cause of high tumor mortality, and it is
also a challenge for clinical tumor treatment [62]. As one of the most
invasive cancers, breast cancer is most likely to metastasize to lung
tissues through circulatory system with epithelial-mesenchymal trans-
formation [63,64]. Hence to explore the ability to prevent lung metas-
tasis, according to the experimental design in Fig. 7a, after primary
tumor generation, mice were intravenous injected 4T1 cells to build lung
metastatic tumor model. First of all, the therapeutic effect of 4T1
tumor-bearing mice on primary tumors after various treatments was
consistent with the above tumor model (Fig. 7b-d). After 21 days of
treatment, mice were dissected and their lung tissues were taken out,
fixed, stained with ink. Finally, the number of nodules on the surface of
lungs were counted. As shown in Fig. 7e-f, a large number of lung me-
tastases were seen in PBS group. Importantly, the most significant
reduction in the number of lung lesions was observed in the fifth com-
bined treatment group. Correspondingly, the results of H&E staining of
lung slices were consistent with those observed in lung photographs
(Fig. 7g). These results revealed that combination treatment with
MnCOs@Te + X-Ray + anti-PD-L1 was much more effective in pre-
venting lung metastasis than MnCO3@Te or X-Ray alone. Based on those
result, we concluded that the therapeutic strategy using MnCO3@Te
combined with X-Ray and anti-PD-L1 has the advantage of preventing

Fig. 7. MnCO;@Te-based radiotherapy in combi-
nation with aPD-1 for boosting antimetastasis
activity. (a) Schematic of the experimental procedure
of MnCO3;@Te combined with X-Ray and anti-PD-L1
on metastatic melanoma model. (b) Tumor growth
curves from different group. (¢) Tumor weight pro-
files of each group at the 21st day post treatment. (d)
Mice weight changes within treatment period. (e)
Images of metastatic nodules in lungs after different

T
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treatments. (f) The quantification of metastatic nod-
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stained images of lung tissues collected from mice
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tumor metastasis, which probably attributed to the strong systemic
immune response.

Metabolism and toxic side effects of nanomedicines are another key
issue of concern to researchers except its anticancer effect. Firstly, we
performed pharmacokinetics analysis of MnCO3@Te to quantify the
metabolism behavior. After intravenous injection (i.v.) of the
MnCO3;@Te, plasma concentration of Te from mice in different group at
various times were examined by inductively coupled plasma mass
spectrometry (ICP-MS). As shown in Fig. S14, the plasma concentration
of MnCO3@Te gradually decreased with time. In an analysis of phar-
macokinetic parameters, we found MnCO3@Te exhibited an elimination
half-life (t;,2p) of 36.59 h and area under the curve of 214.32 pg/mL*h,
which was higher than that of TeNDs reported in previous literature
[38]. The results confirmed that the packaging of MnCO3 nanosystem
helps to improve and prolong the blood circulation life of TeNDs.
Furthermore, we carried out H&E staining of major organs of mice to
analysis their status and then confirm biosafely. As shown in Fig. S15,
obvious tumor metastasis could be observed in the liver tissues in the
groups treated PBS, X-Ray and MnCOs;@Te. However, the slices of major
organs including heart, liver, spleen and kidney could hardly detect
obvious inflammation or other pathological change induced by
MnCO3;@Te nanosystems even after the X-Ray irradiation plus
anti-PD-L1 treatment, which verified its high safety and low toxicity as
agonist.

3. Conclusion

An increasing number of studies found radiotherapy is closely asso-
ciated with immune system in the treatment of breast cancer. Thus the
combination of radiotherapy and immune checkpoint therapies have
received considerable attention in the application of various tumor
therapies. However, radioresistance and immunosuppression in TME
have limited its therapeutic effectiveness across patients. Therefore, it is
urgent to develop a nanoplatform to simultaneous overcome radio-
resistance and reprogram tumor immune microenvironment, so as to
realize the efficient combination of radiotherapy and immunotherapy.
Hence, in this work, we successfully designed and developed a Te-
directed maple leaf MnCO3 nanotherapeutics for the radio-
immunotherapy of cancer to inhibit tumor progression and lung
metastasis.

In detail, the conclusions can be summarized as follows. (a) The
reasonable design of MnCO3 wrapped Te greatly affects the diameter
and morphology of MnCOs crystal, including the transformation from
spherical to maple leaf to rod. (b) MnCO3 nanomaterials can release a
large number of Mn?" and react with H,O to generate free radicals such
as eOH under the acidic environment of tumor, therapy realizing the
anti-tumor activity of CDT through changing the fenton-like reaction of
Mn valence. (c) MnCOs@Te exhibits excellent radiosensitization effi-
cacy by inducing cellular apoptosis and mitochondrial fragmentation,
which was higher than Te/MnCOj3 alone. (d) Increased the pH value of
TME to create a favorable environment for immune activation, realizing
strong inhibitory efficacy on the tumor growth containing primary
tumor and metastatic tumor. Overall, our study not only provides a
facile way to synthesize different morphology MnCOs systems but also
highlights the potential of MnCO3@Te as radiosensitizers and immu-
nomodulator for the therapy of breast cancer lung metastases by
combining with immunotherapy.

4. Experimental section
4.1. Materials

Manganese chloride tetrahydrate (MnClye4H,0), ammonium bicar-
bonate (NH4HCOs3), sodium tellurite (NayTeOs), sodium borohydride

(NaHB,), BSA, phosphate-buffered saline (PBS), DMEM medium, fetal
bovine serum (FBS) and paraformaldehyde were purchased from Sigma.
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propidium iodide (PI) and Mito-Tracker Red were purchased from
Thermo Fisher Scientific. All flow cytometric antibodies were obtained
from Biolegend. Anti-PD-L1 monoclonal antibody was purchased from
Neobioscience. Ultrapure water used in the experiments was supplied by
a Mili-Q water purification instrument from Millipore.

4.2. Preparation of TeNDs

TeNDs was obtained based on previous explorations [38]. In detail,
25 mg/mL BSA (10 mL) was mixed with 20 mM NayTeOs (2 mL) under
mild stirring. Then, adjust the pH value of the above mixed solution to
10-12 with NaOH solution. Subsequently, NaHB,4 with a concentration
of 100 mM was quickly added to the above mixed solution for reaction 4
h at 50 °C. Finally, the acquired solution was dialyzed against Milli-Q
water for 24 h using a dialysis bag (50000 Da).

4.3. Preparation of MnCOs@Te nanotherapeutics

The solution of 1 mL MnClye4H50 (6.25 mg/mL) and TeNDs (4 mL)
was mixed and placed into an airtight container containing ammonium
bicarbonate, reacted for 1.5 h until the solution appeared obvious
turbidity. The material was obtained after washing three times by
centrifugation (12000 rpm) with ultrapure water. Meanwhile, to anal-
ysis the formation progress of maple leaf-shaped MnCO3@Te nano-
therapeutics, we changed the synthesis time in the reaction system
under other unchanged conditions. In addition, we also prepared
CaCOs@Te nanotherapeutics with the synthesis strategy of MnCOs@Te
by using CaCl, to replace MnClye4H50.

4.4. Characterization of MnCO3@Te nanotherapeutics

The structure and chemical composition of the prepared MnCO3@Te
were characterized by high resolution transmission electron microscope
(HRTEM, JEM-2100) equipped with energy-dispersive X-ray spectros-
copy (EDS), field emission scanning electron microscope (FESEM,
ULTRA-55), X-ray diffraction (XRD, miniflex 600) and X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha+). The size dis-
tribution and zeta potential of nanomaterials were characterized by
using Zetasizer Nano ZS particle analyzer (Malvern Instruments
Limited). Concentration of the MnCO3@Te were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS, Thermo UltiMate
3000+iCAP RQ). Meanwhile, in order to explore the formation process
of the nanosystem, the changes in MnCO3@Te morphology at different
reaction times were characterized by HRTEM.

4.5. Response performance of MnCOs@Te nanotherapeutics

To detect the acid sensitivity of nanomaterials, MnCO3; and
MnCO3@Te were placed in PBS solution with pH = 7.4 and pH = 5.3,
respectively. Then, the morphology changes of MnCO3 and MnCO3@Te
in an acidic environment for 6 h, 12 h, and 24 h were obtained from the
transmission electron microscopy. Meanwhile, the content of Mn in the
supernatant after centrifugation was detected by ICP-MS to understand
the decomposition of the MnCO3 and MnCO3@Te.

4.6. MR imaging and ultrasound imaging

To evaluate the MR imaging effect of the MnCO3 and MnCO3@Te, we
scanned MR imaging of the MnCO3@Te sample dispersed in pH 7.4 and
5.3 conditions at various concentrations. Meanwhile, in vivo MR imaging
preformed on 4T1 tumor-bearing BALB/c mice before and after
administration with MnCO3@Te, which were detected on 3.0T clinical
MRI scanner. Moreover, ultrasound imaging in vitro of MnCO3@Te at
different concentrations was performed after incubation in acid envi-
ronment (pH = 5.3).



W. Huang et al.
4.7. Generation of reactive oxygen species

Methylene blue (MB) was mixed with MnCO3@Te nanomaterial
containing 10 mM H30; followed by X-Ray irradiation 2 Gy. Then, the
sample was scanned at 500-750 nm with a UV-vis spectrophotometer to
prove the ¢OH generation. Meanwhile, the absorbance value at 670 nm
under different conditions was measured to evaluate the yield of ¢OH. In
addition, the eOH induced by MnCO3@Te were detected by ESR tech-
nique by using DMPO capture agent (A300, Bruker). The detection of
eOH produced by MnCO3@Te combined with X-ray and H,O5 was
similar to those measured above. Similarly, DPBF probe was introduced
to monitor the overproduction of 10, radicals.

The level of intracellular ROS produced by MnCO3@Te and X-Ray
was detected by DHE fluorescent probe, and the fluorescence intensity
changes were photographed by fluorescence microscope (EVOS), the
absorbance (510 nm) of DHE in the culture medium was measured with
a plate detector (cytation5, BioTek).

4.8. Metabolite analysis of TeNDs in vitro

Previous studies have reported that telluride could react with
glutathione (GSH) in vivo to form trisulfide telluride (GSTeSG), and then
converted to hydrogen telluride, eventually excreted from the body
through methylation metabolism [55]. For this reason, we speculate
whether TeNDs could produce metabolites of GSTeSG. Hence, the
TeNDs were dispersed in 1 mL the buffer with GSH (10 mg/mL), fol-
lowed by HR-MS detection.

4.9. Cell culture and cytotoxicity assays

The MDA-MB-231 cell line and the 4T1 cell line were derived from
American Type Culture Collection (ATCC). In short, MDA-MB-231 and
4T1 cells were seeded in 96-well plates with 2000 cells in each well.
After cell attachment, a series of concentrations of the material were
incubated with the cells, and the cell survival rate was evaluated by MTT
assay. At the same time, in order to study the effect of the material to
enhance RT, after the material was incubated with cells, different doses
of X-rays (2, 4 and 6 Gy) were used to evaluate the effect by MTT assay.
In addition, the isobologram method previously described was intro-
duced to analyze the synergy effect between MnCO3@Te and X-ray.

Similarly, to evaluate the synergistic effect of MnCO3@Te and X-ray
on cancer cells, MDA-MB-231 cells were seeded in 6-well plates with
2000 cells per well. After cell adherence, the cells were incubated with
the material and irradiated with 2 Gy of radiation for 7 days, washed
lightly with PBS, and fixed with 4% paraformaldehyde. Then, the spots
were stained with crystal violet and analyzed for number of spots.

4.10. Cellular uptake

To evaluate uptake of MnCO3@Te in cells, intracellular uptake as-
says were performed according to the fluorescence intensity of
coumarin-6-labeled MnCOs@Te. MDA-MB-231 cells were incubated
with MnCOs@Te (2.5 pM, 5 pM, 10 pM, 20 pM) for 1 h, 4 h, 6 h, 8 h. The
relative uptake of MnCO3@Te was then measured by flow cytometry to
obtain the cellular uptake relationship of MnCO3@Te with times and
concentrations.

4.11. Action mechanism of MnCO3@Te cooperating with radiotherapy

To evaluate the damage of MnCO3@Te on cancer cells, the cell cycle
was analyzed by flow cytometry after labeling the cells with propidium
iodide (PI) staining, and the protein expression of p-histon which asso-
ciated DNA damage in the treated cells was analyzed by immunofluo-
rescence staining and western blotting. Besides, to evaluate the
apoptosis of the treated group, the apoptosis states of the cells were
stained by labeling PI and annexin-V FITC dyes and analyzed by flow
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cytometry. Moreover, the expression level of PARP protein of MDA-MB-
231 cells after different treatments was further determined by western
blotting as previously described [65].

To analyze the mitochondrial damage after MnCOs@Te treatment,
the turnover of cell membrane potential in the drug-treated groups was
evaluated by flow cytometry and fluorescence microscopy analysis of
cells labeled with JC-1 fluorescent probe. The intracellular mitochondria
were labeled with Mitotrack red, to analyze the mitochondrial
morphology changes in the cells after drug treatment were observed by
confocal fluorescence microscopy (LSM 700).

4.12. DC maturation, macrophage polarization, and cytokines

Bone Marrow-Derived Dendritic Cells (BMDCs) and bone marrow-
derived macrophages (BMDMs) were isolated according to the method
reported previously [66]. To measure the maturation of DCs induced by
MnCO3@Te, the isolated BMDCs were incubated with MnCOs@Te,
MnCOs, TeNDs and LPS for 24 h, respectively, and then the cells were
washed by PBS and labeled with flow antibody against CD11c, CD80,
CD86, at the same time, the proportion of these antibodies in the cells
was measured by flow cytometry. Similarly, the polarization of macro-
phages was further analyzed by flow cytometry with CD11b, F4/80 and
CD206 labeled antibodies.

To further analyze the effect of MnCO3;@Te and MnCOs3 in immune
cells, cytokines (IL-6, IL-12, TNF-a) in the supernatants of different
treated group’s BMDC were detected with ELISA kits according to ven-
dors’ protocols (obtained from Biolegend). Similarly, cytokines (IL-10,
IL-12, IFN-a1) in the supernatants of different treated group’s mouse
BMDM were detected with ELISA kits according to vendors’ protocols
(obtained from Biolegend).

4.13. Rt-qPCR

The RT-qPCR assay was introduced to detect the gene expression of
cGAS-STING in the treated cells. Briefly, the treated cells were each
washed three times with cold PBS solution, total RNA was then extracted
using TaKaRa MiniBEST Universal RNA Extraction Kit and transcribed
to ¢cDNA by Quantscript RT Kit (Tiangen Biotech Co., LTD, China) ac-
cording to the manufacturer’s instructions. Finally, qPCR assay was
done using SYBR® Premix Ex Taq™ II (Takara, Japan) performed with
CFX Connect™ Real-Time PCR Detection System (Bio-rad, USA)
following the manufacturer’s instruction. The relative gene expression
was determined by the 2AAC method after normalization to the in-
ternal control gene of GAPDH.

4.14. Tumor immunotherapy in vivo

The work performed in BALB/c mice (6-8 weeks of age) was pur-
chased from the Animal Center, Guangdong Province All animal ex-
periments were conducted in strict accordance with national guidelines
for the care and use of experimental animals and were approved by the
Ethics Committee of Jinan University (Guangzhou, China) for animal
experiments. 107 4T1 cells were injected into the breast of each BALB-c
mice. After successful establishment of BALB/c orthotopic breast tumor
model, the mice were equally divided into five groups: (1) PBS, (2) X-
ray, (3) MnCOs@Te, (4) MnCO3@Te + X-Ray, (5) MnCO3@Te + X-Ray
+ anti-PD-L1. Among them, the mice in group 1 and 2 were injected with
PBS solution. The mice in group 3, 4 and 5 administered with
MnCOs@Te by intratumoral injection. In addition, the group of 2, 4 and
5 were given radiotherapy on the 2, 4 days after the administration.
Anti-PD-L1 (15 pg each mouse) was administered intravenously on 2nd
and 4th day. Mice weight was recorded every 2 days. The width and
weight were measured with a vernier caliper, calculated by the formula
(tumor volume = length x width?/2), and analyzed to obtain daily
maintenance detection. The relative tumor volume was calculated ac-
cording to the tumor volume after treatment (Vgay) divided by the tumor
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volume before treatment (Vp). In addition, according to the feeding
protocol, the mice were killed when the tumor volume was more than
1000 mm?. After 21 days of treatment, the tumors were dissected,
weighed and fixed for H&E staining.

4.15. Flow cytometry was used to analyze the infiltration of tumor
immune cells

After the tumor cells were ground, the dispersed tumor cells into a
single cell state were labeled with a series of flow antibodies (Tregs
(CD45"CD3*CD4"CD25+FOXP3+), MDSCs (CD45°CD11b + Gr-1+4),
Ml-type TAM (CD45'CD11b  +  F4/80+CD206+), CTLs
(CD457CD37CD8™), Helper T Lymphocytes (CD457CD3'CD4™) to
detect the proportion of infiltrating immune cells in the tumor cells, and
the proportion of infiltrating immune cells was analyzed by flow
cytometry (Antibodies were from biolegend). The MnCO3@Te + X-Ray
+ anti-PD-L1-induced CTLs infiltration in tumor tissues was examined
by immunofluorescence assay.

4.16. Antimetastatic activity in 4T1 tumor mice model

To evaluate the antimetastatic ability of MnCO3;@Te, the lung met-
astatic breast tumor model of BALB/c mice was established [67]. In
brief, on the 14th day of primary tumor formation, 10° 4T1 cells were
injected from the tail vein of the mice. Then, Similar to above treatment
method, mice were randomly divided into five groups and treated with
PBS, PBS + X-Ray, MnCO3@Te, MnCO3@Te + X-Ray and MnCOs3@Te +
X-Ray + anti-PD-L1. Finally, mice were perfused with India ink 21 days
later, and the number of lung nodules on the BALB/c mice was counted.
And the degree of lung metastatic from different group was evaluated by
H&E staining of lung sections. Similarly, for evaluating the biosafely,
H&E staining of major organs was studied.

4.17. In vivo pharmacokinetic assay

Female SD mice (about 200 g) were administered with MnCO3;@Te
(0.5 mg/kg, calculated by Te) by intravenous (i.v.) injection. Then, at
specific times, blood of mice in different group was collected and
centrifuged to obtain plasma. The Te concentration dispersed in plasma
was determined using ICP-MS.

4.18. Statistical analysis

All tests were conducted at least three times and all data are
expressed as mean G standard deviation (SD). Statistical analysis was
performed with the SPSS statistical package (SPSS 13.0 for Windows;
SPSS, Chicago, IL) and differences of p < 0.05 (*), p < 0.01 (**), andp <
0.01 (***) were considered statistically significant.
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