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ABSTRACT

Depleting tumoral lactate is a promising strategy to enhance the immune response and thereby

suppressing tumorigenesis. However, the direct use of lactate oxidase (LOx), the most
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straightforward lactate-eliminating agent, faces several issues including low stability, no targeting
capacity. To solve these problems, a “carrier-free” nanodrug LOx@manganese sulfide
(LOx@MnS) was facilely prepared via biomineralization. This way, all the constituents integrated
in the nanodrug, including LOx, Mn?*, and hydrogen sulfide (H2S), could be readily delivered into
tumor cells and exert their effects. LOx combined with Mn?* to convert lactate to cytotoxic reactive
oxygen species (ROS) through the cascade reaction, meanwhile the crosstalk between H>S and
ROS induced metabolism suppression to further augment the therapeutic efficacy. Consequently,
the multi-mode therapeutic modalities led to effective immune activation and tumor suppression,
suggesting the great potential for tumor treatment. We believe this strategy opens a new avenue to

construct functional materials from frangible biomolecules and expand their applications.

INTRODUCTION

Generated by hyperactive glycolysis, lactate, a signaling molecule in tumor microenvironment
(TME), plays an important role in promoting tumor invasion, metastasis as well as
immunosuppression.'” Accumulated lactate has been proven to upregulate the secretion of
vascular endothelial growth factor (VEGF), prevent the activation of T lymphocytes, and induce
M2 polarization of macrophages.* Hence, the depletion of lactate seems to be a promising strategy
for tumor therapy.>!" Among various approaches, the most effective and straightforward way is
the elimination of lactate by exogenous lactate oxidase (LOx) directly. LOx is a bacteria-sourced
oxidase with flavin mononucleotide (FMN) prosthetic groups, which uses oxygen as the electron
transfer substrate, and generates cytotoxic hydrogen peroxide (H20.) through catalysis.'? In terms
13-15

of these aforementioned, LOx could be an ideal dual-functional enzyme for tumor therapy.

However, the application of LOx faces several practical issues including low stability, no targeting
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capacity. Therefore, appropriate carriers are required for stability protection and targeting delivery,
meanwhile additional therapeutic adjuvants are generally needed to boost the effect of LOx in the
hypoxic TME. These obstacles result in the complicated preparation of most LOx-based

formulations, which may bring extra metabolism burden and safety risk.

To solve these problems, a concise but powerful strategy called biomineralization has been
adopted in the past few years. Inspired from nature biomineralized materials (e.g., bones and teeth),
therapeutic ingredients could be facilely loaded into mineralized nanoparticles via a simple co-
precipitation process.!®!® Thus, the resultant materials possess some unique merits: they are
generally biocompatible and biodegradable; payloads could be released through the dissolution in
acidic conditions; the bioactivity of payloads could be well-preserved.!” Moreover, the mineral
itself could also work as the supplemental therapeutic agent if proper metal ions are intergraded.
As for LOX, it is especially suitable for combining with manganese sulfide (MnS), because y-MnS
has a moderate aqueous solubility (Ksp =3 x 10!! at 25 °C) and a high propensity to crystalize
via the metathesis reaction under neutral or alkaline condition. These features allow MnS to
combine with temperature-sensitive proteins to form hybrid nanoparticles. Therefore, the as-
prepared nanoparticles could keep stable in neutral condition but decompose in acid environment
and release therapeutic agents, Mn>" and hydrogen sulfide (H>S).2°?* Mn?** could catalyze H,O to
form hydroxyl radical (*OH) via Fenton-like reaction (so-called chemodynamic therapy, CDT);**"
26 concurrently, H>S could suppress many heme-assisted enzymes, such as catalase (CAT), through

2729 meanwhile the crosstalk between HaS and H>O» would even

binding to their catalytic centers,
trigger the S-persulfidation and deactivate many aspiration-related proteins to induce

hypometabolism.**3? Collectively, rational combination of LOx and MnS would form a simple

but self-adaptable system with multi-mode therapeutic activities.
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Herein, in the present study, LOx was co-precipitated with MnS to construct “carrier free”
nanodrug LOXx@MnS nanoparticles (NPs) for tumor theranostic through in situ biomineralization
(Figure 1). LOx not only worked as the therapeutic reagent, but also functioned as the template of
nanoparticles during the preparation. Meanwhile, MnS acted as the H>S donor and the catalyst for
the cascade reaction of ROS generation. Upon internalization by tumor cells, NPs would degrade
in acidic lysosome to unleash LOx, Mn?", and HS. Intracellular H2O, was then accumulated under
the synergy of LOx and H»S, and finally converted into *OH. Moreover, reduced lactate and
increased HS level would inhibit the cellular metabolism and relieve the immunosuppression.
Beside tumor suppression, NPs also served as a contrast reagent of magnetic resonance imaging
(MRI) due to the intratumoral release of Mn?*, which further expanded the NPs’ performance.
Overall, this is an elaborate nanodrug realizing multi-functions (combination of enzyme therapy,
CDT, gas therapy, and MRI monitoring) through simple design, i.e., one-step preparation from

two ingredients.
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Figure 1. A schematic diagram of the preparation process (A), administration (B), and

pharmacological mechanism (C) of LOx@MnS NPs.

RESULTS AND DISCUSSION

The preparation of LOx@MnS NPs followed a one-step biomineralization method. Since the
formation of hybrid NPs relied on the in situ crystallization of minerals on the surface of proteins,
we firstly checked the crystallization capability of chosen minerals at normal temperature and
pressure. Besides MnS mentioned before, another typical mineral H>S donor, zinc sulfide (ZnS),
was also prepared using the same method to verify the feasibility of biomineralization.

Surprisingly, although ZnS had the similar pH-responsive degradation property with MnS, the
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metathesis reaction between Zn>* and HS™ under neutral condition could only afford fragmented
and subcrystalline ZnS aggregates regardless of presence of the template (Figure S1A and Figure
S1B). The possible reason was that ZnS carried superfluous water during the precipitate process
at low temperature. The necessary process to get uniform ZnS particles was the re-crystallization
of ZnS under high pressure and temperature (e.g., the hydrothermal method used in most studies
for ZnS)*-% (Figure S1C). Nevertheless, MnS exhibited much better crystallization capability, i.e.,
the metathesis reaction at low temperature could lead to the formation of compact small crystals
even without any template or stabilizer (Figure S1D). Notably, the morphology of MnS could be
further optimized when suitable templates were applied (e.g., LOx used in the present study)
(Figure S1E), suggesting the unique advantages of MnS in the application of biomineralization.
MnS could also be prepared via the hydrothermal method,*® but the co-precipitate way was much
simpler and more easily to operate. Importantly, it realized the direct encapsulation of fragile
proteins during the preparation of mineralized nanoparticles, exhibiting great potential as a
nanoplatform for protein-based nanodrugs. As shown in Figure 2A, the as-prepared LOx@MnS
NPs were spherical-like with a coarse surface, and main elements representing LOx and MnS (C,
N, O, S, and Mn) were uniformly distributed inside the NPs (Figure 2B), suggesting that NPs were
formed via the aggregation of LOx-MnS nanocomposites. It should be noted that the crystallization
rate of MnS was positively related to the pH value and bigger particle size was generated at higher
pH (Figure S2). The co-precipitation at pH 7.4 endowed the best morphology (average
hydrodynamic size = 191.7 nm, polydispersity index (PDI)=0.061) (Figure 2C) and good colloidal
stability (zeta-potential = -25.1 mV) (Figure S3) of NPs, thus these reaction parameters were used
for the large batch synthesis of NPs. X-ray diffraction (XRD) pattern of NPs confirmed that the

crystal form of MnS was y-phase (Figure 2D). In addition, the spectra of ultraviolet-visible
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spectroscopy (UV-vis) and Fourier transform-infrared spectroscopy (FT-IR) containing
characteristic absorption bands of LOx further verified the encapsulation of LOx in NPs (Figure
S4 and Figure 2E). The secondary structure of encapsulated LOx was also proved to kept stable
after mineralization according to circular dichroism (CD) spectra (Figure 2F). Thus, we could

preliminarily verify the successful preparation of NPs.

Subsequently, the activities of both ingredients in NPs were tested. As for pH-responsive H>S
releasing behavior, NPs (50 png / mL) were incubated in 25 mM acetate buffer at different pHs (7.4
or 5.5). NPs showed little degradation at pH 7.4 but sustainably release H>S in 1 h at pH 5.5, and
the maximum concentration of H>S reached to ~60 uM (Figure 2G). The enzymatic activity of
loaded LOx was then checked via detecting generation of pyruvate and H2O,. Surprisingly, the
catalytic activity of loaded LOx nearly emerged no attenuation compared with free LOx. No
significant difference was shown in the generation kinetics of pyruvate (Figure 2H and Figure S5)
and H>O> (Figure 21, Figure 2J and Figure S6). Given that both groups were well fitted to
Michaelis-Menten kinetics and Lineweaver-Burk plot of enzyme catalysis, it indicated that MnS
mineralization could effectively maintain the enzyme activity of LOx. As the last step of cascade
reaction to generate cytotoxic ROS, Mn?*-mediated Fenton-like reaction was then investigated by
the methylene blue (MB) decolorization. Coexistence of NPs and H>O; could rapidly generate
*OH and fade the color of MB, meanwhile similar results were also obtained when H2O> was
replaced with lactate (Figure 2K and Figure S7), demonstrating the feasibility of NPs as a cascade
reagent. Lastly, the MRI capacity of NPs was verified (Figure 2L). The T;-weighted signal
displayed well positive correlation with the concentration of released Mn?*, and the longitudinal
relaxation rate (r1) was calculated to be 12.54 mM™! s’!. Collectively, the theranostic potential of

NPs for cancer treatment was carefully validated in vitro.
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Figure 2. Characterization of LOX@MnS NPs. (A) Representative transmission electron
microscope (TEM) image and elemental mappings of NPs. (B) Energy dispersive spectroscopy
(EDS) of NPs. (C) Dynamic light scattering (DLS) curve and Tyndall effect of NPs in water. (D)
XRD pattern of NPs, compared with standard y-MnS. (E) FT-IR spectra of NPs and free LOx. (F)
CD spectra of NPs and free LOX. (G) H.S release curves of NPs in 25 mM acetate buffer (pH 7.4

or 5.5). (H) Pyruvate generation from different concentrations of lactate in 3 h. (I) Michaelis-
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Menten kinetics and (J) Lineweaver-Burk plots of NPs and free LOx based on H202 generation
from different concentrations of lactate in 3 h. Vmax: maximum initial velocity, Kn: Menten
constant. (K) UV-vis spectra and image of MB degradation incubated with 10 mM of lactate and
/ or NPs for 2 h. NPs =50 ug / mL, LOx =15 ug/ mL for F-K. (L) In vitro MRI and T relaxation

rate (1/ T1) of NPs at pH 5.5.

With NPs in hands, we then investigated the catalytic performance of NPs and its effect on anti-
tumor activity (Figure 3A). The cytotoxicity of NPs was initially explored on mouse breast cancer
4T1 tumor cells. After being internalized into cells (Figure 3B), NPs exhibited remarkable and
selective cytotoxicity (Figure 3C), which was due to higher intracellular lactate level of 4T1 cells
compared with normal human umbilical vein endothelial cells (HUVEC) (Figure 3D). Meanwhile,
the cytotoxicity and pro-apoptosis effect of NPs were significantly higher than either bare MnS or
LOx, further verifying the importance of rational combination of both components. It would ensure
the cascade reaction of ROS generation (Figure 3E-Figure 3G). As mentioned above, the
internalization of NPs into cells would lead to their degradation and H.S release. After co-
incubation with cells for 4 h, both MnS and NPs demonstrated strong intracellular green
fluorescence (by HS probe) (Figure 3H), which were able to reduce CAT activity (Figure 31). At
last, the product from the synergized interaction from LOx and H2S, reactive oxygen species (ROS,
including H20> and *OH), were detected using 2', 7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) probe (Figure 3J). It could be seen that although MnS itself did not significantly induce the
generation of ROS, it served as a good CDT sensitizer and remarkably amplified the ROS
generation by LOx. Obviously, the ROS generation capacity of NPs contributed to the excellent

anti-proliferation activity in vitro and anti-tumor ability in vivo (discussed below).
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Figure 3. In vitro antitumor capability of LOX@MnS NPs. (A) Illustration of ROS generation by
NPs. (B) Cellular uptake of NPs incubated with different times (NPs were labeled with Rhodamine
B). (C) Cell viability of 4T1 and HUVEC cells treated with NPs at different concentrations for 24
h. (D) Intracellular lactate levels of native 4T1 and HUVEC cells. (E) Cell viability of 4T1 cells
with different treatments for 24 h. (F) Calcein-AM / propidium iodide (PI) fluorescent staining of
4T1 cells with different treatments for 24 h. (G) Annexin V-fluorescein isothiocyanate (FITC) / Pl
flow cytometry analysis of 4T1 cells with different treatments for 24 h. (H) Washington State

Probe-5 (WSP-5) fluorescent staining of 4T1 cells with different treatments for 4 h. (I) Relative
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CAT activity of 4T1 cells with different treatments for 4 h. (J) DCFH-DA fluorescent staining of
4T1 cells with different treatments for 4 h. (1) Control, (2) MnS (60 uM), (3) LOx (3 ug/ mL), (4)
LOX@MnS NPs (10 pg / mL). * P <0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, analyzed

by one-way analysis of variance (ANOVA).

The mechanism of inhibiting tumor cell proliferation was then further elucidated through a series
of biochemical analysis (Figure 4A). Considering that lactate is the end product of glycolysis, and
H>S has been reported to impact some metabolism-related enzymes, the influences of NPs on
glycolysis were then analyzed. Intracellular detection lactate assay affirmed LOx could deplete the
lactate (Figure 4B). Meanwhile, the key enzyme of glycolysis, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), was found to be deactivated by NPs treatment (Figure 4C). Compared
with native 4T1 cells, NPs treated cells exhibited over 80 % inhibition rate on GAPDH activity,
yet which of MnS and LOx treated ones were only ~15 % and ~45 %. This may be attributed to
the S-persulfidation of GAPDH driven by the crosstalk between H>S and H>0,.3” Besides, the
depletion of lactate and suppression of glycolysis would lead to the accumulation of intracellular
glucose and pyruvate. Glucose detection confirmed this hypothesis that NPs treated cells showed
a ~1.7-fold increase in glucose level compared with native cells, implying glucose consumption
was attenuated (Figure 4D). Concurrently, pyruvate accumulation was indirectly verified using the
pH probe 2', 7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM).
Because of the stronger acidity of pyruvate (pKa = 2.50) compared with lactate (pKa = 3.86), the
extensive conversion from lactate to pyruvate would decline the intracellular pH, which quenched
the fluorescence of BCECF-AM (representing the pH decrease) in cells treated with LOx or NPs
(Figure 4E). Additionally, the depletion of lactate also inhibited the lactate efflux pathway, which

in turn resulted in the increment of medium pH (Figure S8).
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Besides glycolysis suppression, the effect of NPs on damaging respiratory chain in mitochondria
was also studied. Nicotinamide adenine dinucleotide (NAD) was the key coenzyme for the electron
transport in oxidative phosphorylation (OXPHOS), and the ratio of oxidized NAD (NAD") to
reduced NAD (NADH) reflected the status of respiratory chain. Approximately 1.5 or 2-fold
increase of [NAD'] : [NADH] ratio was found for cells treated with LOx or NPs respectively,
manifesting that NADH-generating reactions in these cells were disturbed (Figure 4F and Figure
S9). Due to NADH exhaustion, generation of adenosine triphosphate (ATP) was also constrained
by ~50 % for LOx treated group and ~64 % for NPs treated one (Figure 4G). Clearly, interruption
of these biochemical reactions somehow confirmed the mitochondrial dysfunction. Fluorescent
imaging by JC-1 probe was then proceeded to observe the change on mitochondrial membrane
potential (MMP). The red fluorescence (representing JC-1 aggregates in high MMP) was
substantially shifted to the green fluorescence (representing JC-1 monomers in low MMP) when
cells were treated with LOx or NPs, with NPs inducing a more thorough change (Figure 4H).
According to numerous existing studies and the result of ROS detection (Figure 3J), it was easy to
draw a conclusion that ROS caused oxidative stress which further induced the mitochondrial
damage and thereby blocking the respiratory chain. However, NPs could disturb the respiratory
chain through another pathway. It has been reported that H>S could inhibit many heme-assisted
enzymes, including the key enzyme complex in respiratory chain, complex IV (COX V). Hence,
we further monitored whether the released H>S from NPs could suppress COX IV and enhance the
blockade of the respiratory chain. As demonstrated by the COX IV immunofluorescent imaging,
the COX IV expression was significantly decreased after NPs treatment (Figure 4I). Collectively,

these results confirmed that NPs could synchronously suppress both glycolysis and OXPHOS via
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lactate depletion, ROS generation as well as H»S release, and finally transforming tumor cells into

a hypometabolic phenotype, which would be beneficial for the suppression of cancer cell growth.
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Figure 4. In vitro metabolism suppression effect of LOX@MnS NPs. (A) Schematic illustration
of the metabolism suppressing pathways. (B) Intracellular lactate levels of 4T1 cells with different
treatments for 12 h. (C) GAPDH activities of 4T1 cells with different treatments for 12 h. (D)
Intracellular glucose levels of 4T1 cells with different treatments for 12 h. (E) BCECF-AM
fluorescent imaging of 4T1 cells with different treatments for 12 h. (F) Intracellular [NAD™] :
[NADH] ratios in 4T1 cells with different treatments for 12 h. (G) Intracellular ATP contents of
4T1 cells with different treatments for 12 h. (H) JC-1 fluorescent imaging of 4T1 cells with

different treatments for 12 h. (I) COX IV immunofluorescent imaging of 4T1 cells with different
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treatments for 12 h. (1) Control, (2) MnS (60 uM), (3) LOx (3 ug/ mL), (4) LOX@MnS NPs (10

ug/mL). * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001, analyzed by one-way ANOVA.

As mentioned above, accumulated lactate in TME would result in immunosuppression and induce
polarization of macrophages to M2 subtypes, whereas NPs could reverse the dilemma by
decreasing the lactate level as well as inducing immunogenic cell death (ICD) of tumor cells
(Figure 5A). As demonstrated in Figure 5B, LOx alone was capable of reducing the secreted lactate
of 4T1 cells from 4 mM to less than 0.5 mM, which eliminated one of major inducing factors of
immunosuppression. Furthermore, NPs treatment caused the excessive ROS accumulation and
metabolism suppression, which would promote ICD.*-** Besides, ATP acted as a “find me” signal
for antigen-presenting cells (APCs), and ATP was not generally released to the extracellular
environment for native tumor cells. Nevertheless, LOx or NPs treatment could effectively break
the homeostasis and increase the release of ATP to 0.6 mM or 1.3 mM, respectively (Figure 5C).
Translocation of Calreticulin (CRT) from endoplasmic reticulum to cell surface was another
typical damage-associated molecular pattern (DAMP) to trigger the antigen uptake and
phagocytosis. Immunofluorescent staining of surface CRT indicated that only NPs treatment
successfully stimulated the translocation (Figure 5D), further validating the antigen exposure
effect endowed by NPs. The third typical factor was the high mobility group box 1 (HMGB1), a
nuclear cytokine with immune activating capacity. Although HMGB1 kept binding with nuclear
DNA in native 4T1 cells, LOx or NPs treatment would induce its leakage to cytoplasm and even
extracellular environment, thereby causing the diffusion and quenching of the immunofluorescent
signals of HMGBI1 (Figure 5E). Strikingly, cells treated with NPs showed the most evident antigen
exposure, encouraging us to further investigate whether treatment of NPs could practically

generate the immune response.
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The in vitro assessment was then proceeded through co-incubation of 4T1 tumor cells with
different treatments and mouse macrophage RAW264.7 cells, and the macrophage polarization
was tested via monitoring cluster of differentiation 86 (CD86, M1 marker) as well as CD206 (M2
marker) through flow cytometry. As demonstrated in Figure S10 and Figure 5F, high concentration
of tumor-sourced lactate induced a higher ratio of M2 (CD86'°" / CD206"¢") macrophages (from
17.9 % to 38.7 %), while pre-treatment of MnS on 4T1 cells could reduce the ratio to 25.9 %.
Notably, lactate depleting and ICD inducing capacity endowed by LOx and NPs further reduced
the ratio of M2 macrophages to 5.86 % and 3.78 %, respectively (Figure S11A). Correspondingly,
the ratio of anti-tumoral M1 (CD86"&" / CD206'°") macrophage was elevated from 5.82 % (control)
and 8.23 % (MnS treated) to 25.1 % (LOx treated) and 30.3 % (NPs treated) (Figure S11B). The
level of several pro-inflammatory molecules secreted by M1 macrophages, including nitric oxide
(NO) (Figure 5G), tumor necrosis factor-o. (TNF-a) (Figure 5H), and interleukin-6 (IL-6) (Figure
51), kept consistent with the macrophage polarization test, with LOx pre-treatment on 4T1 cells
stimulating their secretion, meanwhile NPs leading to a significantly higher up-regulation.
Moreover, the remarkable decline of the typical anti-inflammatory cytokine IL-10 (mainly
produced by M2 macrophage) observed in MnS, LOx, and NPs treated groups further strengthened
the trend (Figure 5J). Relying on these results, we could deduce that NPs were able to reprogram

the TME and reinforce the immune response.
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Figure 5. In vitro immune activating effects of LOX@MnS NPs. (A) Schematic illustration for the
mechanism of immune modulation by NPs. (B) Lactate levels in medium of 4T1 cells with

different treatments for 12 h. (C) Leaked ATP levels in medium of 4T1 cells with different

treatments for 12 h. (D) CRT immunofluorescent imaging of 4T1 cells with different treatments

for 12 h (without permeabilization treatment). (E) HMGB1 immunofluorescent imaging of 4T1

cells with different treatments for 12 h. (F) Flow cytometry analysis on CD86 / CD206 of

RAW264.7 cells after co-incubation with 4T1 cells for 24 h. (G) NO, (H) TNF-a, (1) IL-6, and (J)

IL-10 levels in medium of RAW264.7 cells after co-incubation with 4T1 cells for 24 h. (1) Control,

(2) MnS (60 uM), (3) LOX (3 pg / mL), (4) LOX@MnS NPs (10 pg / mL). * P < 0.05, ** P < 0.01,

*** P <0.001, **** P < 0.0001, analyzed by one-way ANOVA.

https://doi.org/10.26434/chemrxiv-2024-kgf9g ORCID: https://orcid.org/0000-0001-6729-7230 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

16


https://doi.org/10.26434/chemrxiv-2024-kgf9g
https://orcid.org/0000-0001-6729-7230
https://creativecommons.org/licenses/by-nc-nd/4.0/

Encouraged by the excellent outcomes of cell killing, metabolism inhibition, and immune
activation in vitro, the therapeutic effects of NPs were then analyzed on 4T1 tumor-bearing mice
(Figure 6A). First, the accumulation of NPs in the tumor site was evaluated utilizing their MRI
contrast feature. The strengthened MRI signal could be clearly observed in the tumor site in 6 h
post-intravenous injection (up to 1.97-fold enhancement at 6 h), then the signal gradually
weakened with the prolonged time but still kept strongly contrasting to the pre-injection (1.68-fold
at 24 h) (Figure S12). These results proved that NPs could effectively accumulate in the tumor site
for a long time. As expected, treatment with NPs achieved the most remarkable tumor inhibition
rate (72.0 %) after 14 d. In contrast, treating with MnS or LOx alone could only inhibit the tumor
growth by 37.0 % or 30.9 %, respectively. The possible reason for this phenomenon might be the
insufficiently intracellular H>O> content (Figure 6B, Figure 6C, and Figure S13). The tumor
weights on day 14 showed the consistent results, with NPs treatment reducing the average tumor
weight from 1.68 g to 0.28 g. However, the weights of MnS or LOx treated group were 1.02 g or
0.88 g (Figure 6D). Besides, no significant body weight loss was observed in all 4 groups during
the treatment (Figure 6E). Combined with the ultra-low hemolysis rate (Figure S14) and
pathological examinations (including H&E staining of main organs, routine blood tests, and blood
biochemical indexes) (Figure S15 - Figure S17), we could conclude that NPs had excellent
biocompatibility. Pathological analysis of tumor slices further verified the superior anti-tumor
effect of NPs. The hematoxylin & eosin (H&E) staining and terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL) exhibited that tumors treated with NPs
underwent severe cell apoptosis and necrosis, accompanying with the down-regulation of

proliferation-related antigen Ki67 (Figure 6F).
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Finally, the immune activation status on the tumor-bearing mice was synchronously checked. Parts
of mice were sampled on day 7 to investigate the in vivo lactate depletion capability of NPs. It was
found that only NPs treatment could effectively lower the intratumoral lactate content for 64.8 %
(Figure 6G), whereas LOx alone severely reduced serum lactate but did not show apparent effect
in tumor site (Figure S18). Obviously, the targeted lactate elimination would help to reshape the
immunosuppressive TME. A typical indicator for the anti-tumor immune response, interferon-y
(IFN-y), was up-regulated by 1.73-fold in the serum of mice with NPs treatment, suggesting that
the immune response was activated (Figure 6H). The immune cells infiltrated in tumors were then
investigated via the flow cytometry. NPs treatment could up-regulate the population of CD8"
cytotoxic T lymphocytes (CTLs) by 2.22-fold (Figure 61 and Figure S19A). In the meantime, the
percentage of forkhead box protein P3 (FoxP3)" regulatory T lymphocytes (Treg cells) in CD4"
helper T lymphocytes (T cells) was greatly decreased by 57.9 % (Figure 6J and Figure S19B),
and the population of infiltrated M1 macrophages raised from 16.7 % to 21.6 % (M1 / M2 ratio
increased by 1.36-fold) (Figure 6K and Figure S19C), indicating the successful reverse of immune
inhibition in TME. Beside the terminal tumor-killing immune cells, both lactate depletion and ICD
induction by NPs also triggered the activation of immune response and immune memory. The
percentage of CD80" / CD86" maturated dendritic cells (DCs) was lifted from 14.0 % to 21.9 %
after NPs treatment (Figure 6L and Figure S19D), implying the effective antigen presentation
enhancement endued by NPs. Increased population of CD44" / CD62L" effector memory T cells
(Tem cells) was also found in spleens of mice treated with NPs, which represented that their immune

systems had successfully gained the anti-tumor immune memory (Figure 6M and Figure S19E).

To inspect whether the immune memory induced by NPs treatment could prevent tumor metastasis,

parts of mice were intravenously injected with 4T1 cells after 14 d treatment to build the lung
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metastasis model. After growth for 14 d, the metastasized tumor cells colonized the full lungs and
resulted in the “fried” appearance of the surface. Mice with MnS or LOx treatment showed fewer
metastasis nodules on the surface of their lungs, yet the H&E staining of lung slices declared that
these lungs were still severely damaged by infiltrated tumor cells (Figure 6N). Only NPs treatment
protected these mice from tumor metastasis that almost no metastasis nodule could be observed
either on the surface or inside the lobes (Figure 60 and Figure 6P). Hence, the anti-tumor immunity

activated by NPs could be maintained and prevent mice from tumor metastasis.
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Figure 6. In vivo anti-tumor and immune activation capabilities of LOX@MnS NPs. (A) Treatment

protocol for the in vivo studies. (B) Tumor volume variations within 14 d. (C) Representative

photographs of tumors on 14 d post-treatment. (D) Tumor weights on 14 d post-treatment. (E)

Body weights of mice during the 14 d. (F) Histopathological staining of tumor slices (H&E,

TUNEL, and Ki67). (G) Lactate contents in tumor tissues at day 7. (H) Serum IFN-y levels of mice

at day 7. (1) Population of CTLs / Tn cells infiltrated into the tumor sites. (J) Population of Treg
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cells. (K) Population of M1/ M2 macrophages in the tumor site. (L) Population of mature DCs in
spleen. (M) Population of Tem cells in spleen. (N) Representative photographs and H&E staining
of lungs with different treatments. (O) Number of metastatic nodules in lungs with different
treatments. (P) Replacement area (%) of metastatic nodules in lungs with different treatments. * P

<0.05, ** P <0.01, *** P <0.001, **** P <0.0001, analyzed by one-way ANOVA.

CONCLUSION

In the present study, we reported a facile “carrier free” nanodrug, LOx@MnS NPs, for multi-mode
tumor treatment. The design and preparation of NPs utilized the easy-to-crystallize and pH-
responsive degradation characters of MnS to realize the in situ mineralization with LOx. Thus, the
as-prepared NPs could simply encapsulate LOx without suppressing its activity, keep stable in the
neutral condition and directly release LOx, Mn?", and H,S in the TME via acid-responsive
degradation. These released ingredients could simultaneously induce strong oxidative stress
through the lactate - H2O2 - *OH cascade reaction, and further achieve metabolism inhibition by
deactivation of multiple enzymes contributed by the crosstalk between H>S and H20.. The
synergistic multi-pathway finally led to the effective tumor killing as well as the reverse of
immunosuppressive TME. These features endowed NPs with excellent anti-tumor and immune
activation capabilities, demonstrating the considerable therapeutic potential. Moreover, along with
the deeping of researches on therapeutic proteins and other biomacromolecules, the pattern of
constructing mineral-based nanodrugs by biomineralization could be further expanded to cope

with various diseases.
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