Acta Pharmaceutica Sinica B 2024;14(2):821—835

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

Self-sufficient nanoparticles with dual-enzyme L)
activity trigger radical storms and activate
cascade-amplified antitumor immunologic

responses

Liping Bai', Jin Yang', Siting Yu, Zhongzheng Xiang,
Yuanyuan Zeng, Meiling Shen, Xiaorong Kou, Qinjie Wu™,
Changyang Gong™

Department of Biotherapy, Cancer Center and State Key Laboratory of Biotherapy, West China Hospital, Sichuan
University, Chengdu 610041, China

Received 9 May 2023; received in revised form 21 July 2023; accepted 8 August 2023

KEY WORDS Abstract Radiotherapy (RT) can potentially induce systemic immune responses by initiating immunogenic
cell death (ICD) of tumor cells. However, RT-induced antitumor immunologic responses are sporadic and
insufficient against cancer metastases. Herein, we construct multifunctional self-sufficient nanoparticles
(MARS) with dual-enzyme activity (GOx and peroxidase-like) to trigger radical storms and activate the
cascade-amplified systemic immune responses to suppress both local tumors and metastatic relapse. In addi-
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Radical storms; tion to limiting the Warburg effect to actualize starvation therapy, MARS catalyzes glucose to produce
Immunogenic cell death; hydrogen peroxide (H,O,), which is then used in the Cu™-mediated Fenton-like reaction and RT sensitization.
Tumor microenvironment; RT and chemodynamic therapy produce reactive oxygen species in the form of radical storms, which have a
Systemic immunity robust ICD impact on mobilizing the immune system. Thus, when MARS is combined with RT, potent sys-

temic antitumor immunity can be generated by activating antigen-presenting cells, promoting dendritic cells
maturation, increasing the infiltration of cytotoxic T lymphocytes, and reprogramming the immunosuppressive
tumor microenvironment. Furthermore, the synergistic therapy of RT and MARS effectively suppresses local
tumor growth, increases mouse longevity, and results in a 90% reduction in lung metastasis and postoperative
recurrence. Overall, we provide a viable approach to treating cancer by inducing radical storms and activating
cascade-amplified systemic immunity.
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1. Introduction

As one of the most mainstream cancer treatment strategies, radio-
therapy (RT) has been applied to over half of the tumor patients for
therapeutic and palliative purposes in clinical practice'. During
radiotherapy, high-energy ionizing radiation (e.g., X-ray, +y-ray,
etc.) and particle radiation (e.g., electrons, neutrons, protons, etc.)
directly or indirectly generate DNA damage to induce tumoricidal
effects”. The reactive oxygen species (ROS) generated by RT can
induce immunogenic cell death (ICD)*. The tumor-associated an-
tigens (TAAs) released by tumor cells undergoing ICD are inter-
nalized and processed by antigen-presenting cells (APCs) and
presented to T cells’. Meanwhile, the ICD-associated damage-
associated molecular patterns (DAMPs) as adjuvant analogs that
stimulate dendritic cells (DCs) maturation, cytotoxic T lympho-
cytes activation, and the secretion of various cytokines, thereby
initiating systemic immunity and leading to tumor regression in
non-irradiated patients (called the abscopal effect)**®. However,
the RT-mediated abscopal effect is unpredictable and insufficient
against metastatic tumors due to factors such as inefficient induc-
tion of ICD and immunosuppressive tumor microenvironment’ '
Therefore, multiple approaches to amplify RT-mediated systemic
immune responses and extend the application of RT remain an
essential focus in the field of cancer therapy.

Various ROS-mediated cancer treatment strategies have been
developed for tumor therapy, including chemotherapy, photody-
namic therapy (PDT) and sonodynamic therapy (SDT), etc'? ',
However, their therapy efficacies are severely constrained by
drawbacks, such as multidrug resistance, hypoxic tumor micro-
environment, shallow field penetration, and high equipment cost.
As a promising treatment modality, chemodynamic therapy (CDT)
can utilize endogenous excessive production of hydrogen peroxide
(H»0,) to generate more toxic hydroxyl radicals (+OH) via metal
jons (e.g., Cu™, Fe*", Mn*", Mo*", Ti*", etc.)-mediated Fenton/
Fenton-like reaction in a mild acidic medium'’ 2. Intratumoral
H,0, (~100 pmol/L) is significantly higher than that in normal
tissues but not enough to sustainably generate «OH. The glucose
oxidase (GOx) can catalyze glucose oxidation to generate H,O,
and gluconic acid, which disrupts glucose’s essential function in
tumor cell proliferation and metabolism'®'**'*%, Notably, this
procedure not only generates H,O, for CDT, but also limits the
Warburg effect of tumor cells, which facilitates starvation therapy
and dampens the suppressive function of regulatory T cells
(Tregs)™’. Therefore, ROS generated by CDT can enhance RT-
mediated ICD to activate robust systemic immune responses that
can inhibit tumor metastasis.

Toll-like receptors (TLRs)-mediated modulation of the tumor
microenvironment is another intriguing strategy for further
boosting RT-induced antitumor immunity>* >°. TLRs, expressed
mainly by DCs, B cells, natural killer cells, and macrophages, can
recognize ICD-associated DAMPs to trigger the antitumor im-
mune responses”’ . Resiquimod (R848) is a small-molecule TLR7/
8 receptor agonist that, upon binding to TLR7/8, releases multiple
immunomodulatory cytokines and triggers a cascade of signaling

pathways, all of which improve antigen processing and presenting
ability of APCs and polarize T-cell responses®>>*?°. It has been
reported that compared with RT alone, the RT combined with
R848 significantly facilitates DCs maturation and the CD8" T
lymphocyte infiltration, effectively inhibits tumor growth, and
prolongs the survival time of tumor-bearing mice®® *?. However,
the hydrophobicity of R848 severely restricts its applicability as
its bioavailability is poor when administered systemically.
Because of its high biocompatibility and physiological stability,
human serum albumin (HSA) makes a tremendous therapeutic
carrier for addressing the hydrophobicity of R848** >, Thus,
R848 is crucial for amplifying RT-mediated systemic immune
responses against metastatic relapse by activating the tumor im-
mune microenvironment.

Herein, we designed multifunctional self-sufficient nano-
particles (MARS) with dual-enzyme activity to initiate radical
storms and generate the cascade-amplified systemic immune re-
sponses for inhibiting tumor growth, metastasis, and postoperative
recurrence (Fig. 1). MARS was constructed via the albumin-
mediated biomineralization-like method, containing GOx natural
enzyme, Cu™ peroxidase-like nanozyme, and R848 agonist. When
reaching the tumor site, MARS oxidized glucose to gluconic acid
and H,0,, which not only restricted the Warburg effect of tumor
cells to achieve starvation therapy and reduced the inhibitory effect
of Tregs, but also achieved H,O, self-supplying to generate «OH via
Cu™"-mediated Fenton-like reaction. Meanwhile, ionizing radiation
could transform H,O, into more noxious ROS, which boosted RT-
mediated tumoricidal effects in tumor location®®. Then, radical
storms formed from ROS generated by RT and CDT could induce a
robust ICD effect to initiate systemic immune responses. The
combination with RT, the MARS facilitated the maturation and
migration of DCs, promoted the tumor-infiltrating T cells, and
reversed the immunosuppressive tumor microenvironment to
stimulate the potent systemic antitumor immune responses. Overall,
the collaborative treatment of RT and MARS was able to drastically
inhibit tumor growth, prolong mice’s survival time, and prevent the
recurrence and metastasis of triple-negative breast cancer (TNBC).
Therefore, our therapeutic approach can be a promising strategy to
trigger radical storms and cascade-amplified RT-mediated systemic
antitumor immune responses.

2. Materials and methods

2.1.  Materials and reagents

Copper (II) chloride dihydrate (CuCl,-2H,0), tannic acid (TA),
sodium hydroxide (NaOH), and acetone were supplied from
Aladdin Reagent Co., Ltd. (Shanghai, China). HSA was purchased
from CSL Behring (Marburg, Germany). R848 and 3,3,5,5'-tet-
ramethylbenzidine (TMB) were provided by Macklin Biochemical
Co., Ltd. (Shanghai, China). Soybean oil, 2',7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA), [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl] tetrazolium bromide (MTT) and GOx from
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The synergistic therapy of radiotherapy with multifunctional self-sufficient nanoparticles (MARS) containing the dual-enzyme

catalytic activity initiated radical storms and activated the cascade-amplified systemic immune responses against the local tumors, post-

operative recurrence, and pulmonary metastases.

Aspergillus niger were purchased from Sigma—Aldrich Chemical
Co., Ltd. (MO, USA). All chemical reagents were of analytical
quality and were utilized without purification. Adenosine
triphosphate (ATP) assay kit, 4,6-diamidino-2-phenylindole
(DAPI), H,O, assay kit, and glucose assay kit were obtained
from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) cell apoptosis kit was acquired from 4A Biotech. Co., Ltd.
(Beijing, China). All flow cytometry antibodies were purchased
from Biolegend (San Diego, CA, USA) or Bioss Co., Ltd. (Bei-
jing, China) (Supporting Information Table S1). The enzyme-
linked immunosorbent assay (ELISA) kits for cytokines were
obtained from Biolegend (San Diego, CA, USA).

2.2.  Preparation of MARS

First, HSA (40 mg) and GOx (0.2 mg) were dissolved in 4 mL of
deionized water and sonicated for 3 min using an ultrasonic probe
(Ningbo Xinyi Ultrasonic Equipment Co., Ltd., JY92-IIN, China)
with a power of 130 W. Then 100 pL of acetone containing R848
and 40 pL of soybean oil were added into the reaction system, and
it was sonicated for 6 min using an ultrasonic probe with a power
of 455 W. The obtained mixture was concentrated to remove
acetone. Finally, CuCl,-2H,O (1.7 mg) and TA (2 mg) were
introduced, and the resultant suspension was stirred overnight to
obtain MARS. The product was concentrated by ultrafiltration
(Sigma—Aldrich Chemical Co., Ltd., 30 kDa MWCO, MO, USA)
and washed multiple times with deionized water. The HAS-TA-
Cu?" (HTC) was prepared without GOx and R848, while all other
conditions remained unchanged.

2.3.  Characterization and instruments

The size and surface zeta potential of nanoparticles were character-
ized by dynamic light scattering measurement (Malvern, Zeta-sizer

NanoZS90, UK). Fourier transform infrared spectrometer (FT-IR)
measurements were taken between 4000 and 500 cm™! (Thermo
Nicolet Corporation, Nicolet 6700, USA). The transmission electron
microscope (TEM, Hitachi, HT7800, Japan) was used to observe the
morphology of nanoparticles. The R848 concentration in MARS was
measured by UV—Vis spectrophotometer (SHIMADZU, UV-2600,
Japan). The Cu ions content was measured by the inductively
coupled plasma optical emission spectrometer (ICP-OES,
PerkinElmer, Avio 220 Max, USA). The element mapping of MARS
was analyzed by TEM-EDS (JEOL, JEM2200FS, Japan).

2.4. Cell culture and animals

This study used murine mammary carcinoma (4T1) cells ob-
tained from American Type Culture Collection (ATCC, USA) as
a model cell. 4T1 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco Invitrogen, USA) sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin,
and 1% streptomycin at 37 °C in an atmosphere containing 5%
CO,.

Female BALB/c mice (6—8 weeks) were acquired from
HUAFUKANG Bioscience Co., Ltd. (Beijing, China). All animal
experiments were conducted following the guidelines established
by Sichuan University’s Institutional Animal Care and Treatment
Committee (Chengdu, China).

2.5.  pH-Responsive degradation of MARS in vitro

Dialysis bags containing MARS (1 mL, 45 mg/mL) were placed
into plastic tubes containing 9 mL of phosphate-buffered saline
(PBS, pH = 7.4, 6.5, or 5.5) to investigate the effect of pH on
MARS degradation. Then, the tubes were shaken at 37 °C under
100 rpm (ZHICHENG, ZHWY-211D, China). At given intervals,
9 mL of media was removed from the solution outside the bags
and replaced with fresh PBS with the same volume and pH.



824

Liping Bai et al.

Preliminary to the analysis, the sample must be nitrated with aqua
regia. A UV—Vis spectrophotometer (SHIMADZU) and an ICP-
OES (PerkinElmer) were used to measure the amounts of R848
and Cu ions in the collected solutions, respectively.

2.6.  Catalytic ability of MARS

MARS was added to the tubes and mixed with different amounts of
glucose solutions (0, 1, 5, or 10 mmol/L) at room temperature to
evaluate the catalytic capacity of MARS. The reaction solutions
were collected to detect H>O, concentrations by an H,O, assay kit
and pH values by a pH meter (F3-Standard, Mettler Toledo, China)
at different time points, respectively. The glucose consumption-
ability of MARS was measured with a glucose assay Kkit.

2.7.  Chemodynamic activity of MARS

MARS (360 pL, 45 mg/mL), TMB (20 pL, 50 mmol/L), and
various amounts of glucose in PBS (pH = 5.5) were mixed within
the tubes. The system had a 400 pL total volume. Then the so-
Iution was agitated at 37 °C in dark conditions for 10 h. The
respective concentrations of glucose in the final reaction system
were 0, 0.25, 0.625, 1.25, 2.5, and 5 mmol/L, respectively. The
generation of hydroxyl radical (-OH) was determined by
measuring the absorbance of the resulting suspension in the range
of 500—800 nm. MARS-treated TMB solution was used as a
control without glucose.

2.8.  Cell viability assessment

For in vitro cytotoxicity evaluations, 4T1 cells were inoculated in
96-well plates at a density of 4 x 10? cells per well and cultured at
37 °C for 12 h. The cell culture medium was substituted with a fresh
medium containing different R848, HTC, or MARS concentrations,
followed by an additional 24 h incubation. The relative cell viability
was measured by utilizing the standard MTT assay method. Each
plate received 5 mg/mL of MTT solution and was incubated for 3 h.
They were measured the absorbance at 570 nm, allowing for cell
viability assessment. The control group was established as the cells
without receiving pharmacological treatment.

4TI cells (4 x 10° cells per well) were seeded in 96-well plates
and incubated for 12 h to determine the glucose-dependent cyto-
toxicity of MARS. After that, we replaced the original media with
a fresh RPMI 1640 medium containing various concentrations of
MARS and glucose (0, 1, 5, or 10 mmol/L). The MTT assay was
performed after 24 h to determine the relative cell viability.

For the clonogenic assay, 4T1 cells were inoculated at a den-
sity of 1 x 10? cells/well in 6-well plates for 12 h. Then, the cells
were treated with PBS, HTC, or MARS. After 4 h of incubation,
the cells were exposed to 4 Gy of X-rays. These cells were
cultured at 37 °C with 5% CO, in a humidified atmosphere. When
evident cell colonies formed in the PBS group, the cell culture was
discontinued. The cells were fixed in 4% paraformaldehyde for
10 min, rinsed with cold PBS, stained with 0.1% crystal violet for
5 min, and rinsed with cold PBS once macroscopic cell colonies
formed. Cell colonies with more than 50 cells were counted.

The Annexin V-FITC/PI cell apoptosis reagent was used to
examine the effect of MARS+RT on cellular apoptosis/necrosis.
Briefly, 4T1 cells (5 x 10* cells per well) were seeded and incubated
overnight in 12-well plates. Then, each well was refilled with fresh
culture medium containing PBS, HTC, or MARS for 4 h incubation.
Then the cells were irradiated with X-rays at4 Gy. After another 20 h

of incubation, the cells were collected, rinsed with cold PBS,
sequentially stained with Annexin Vand PI, and then analyzed using
the flow cytometer (Agilent, NovoCyte, USA).

2.9.  ROS detection

To investigate the production of ROS following MARS+RT
treatment, 1 x 10° 4T1 cells per well were added to 12-well
plates. After overnight attachment, cells received treatment with
saline, HTC, or MARS for 4 h. After that, the cells were exposed
to 4 Gy of radiation. The cell culture medium was removed and
washed with PBS. H,DCFDA (10 pmol/L) was introduced and
incubated in the dark at 37 °C for 20 min. Then, the cells were
rinsed 3 times with cold PBS. At last, the expression of ROS was
investigated by flow cytometry (Agilent) and confocal microscopy
(Olympus, I1X73, Japan).

2.10. Invitro ICD assessment

Briefly, 2 x 10° 4T1 cells were inoculated into per confocal dish
(@ = 15 mm) and cultured for 12 h. The cells were then treated
for 24 h with PBS, HTC, MARS, RT, HTC+RT, or MARS+RT.
Next, the cells were washed 3 times with PBS, fixed with 4%
paraformaldehyde, and blocked for 30 min at room temperature.
Then the cells were incubated overnight at 4 °C with rabbit anti-
mouse CRT antibody (Abcam, Cambridge, UK). After rinsing
with PBS, the Alexa Fluro 488 conjugated goat anti-rabbit IgG
H&L (Abcam, Cambridge, UK) was used to stain the cells for 1 h
at 25 °C. Then cells were washed and stained with DAPIL. The
difference between rabbit anti-mouse high mobility group box 1
(HMGBI1) antibody (Abcam, Cambridge, UK) and anti-CRT
staining was that cells were incubated with 0.1% Triton X-100
at 25 °C for 10 min. The confocal laser scanning microscope
(CLSM, ZEISS, LSM880, Germany) was used to acquire the
images of all groups. Additionally, flow cytometry (Agilent) was
also utilized to measure the expression of CRT and HMGB1. After
different treatments, an ATP detection reagent measured the
concentration of ATP in the medium.

2.11. DNA damages

5 x 10° 4T1 cells per dish were seeded in confocal dishes
(@ = 15 mm) and incubated at 37 °C for 12 h. After 4 h of in-
cubation with PBS, HTC, or MARS, the cells were subjected to
4 Gy of X-ray radiation and incubated for another 1 h. The cells
were fixed with 4% paraformaldehyde for 10 min, permeabilized
with 0.2% Triton X-100 for 10 min, blocked for 30 min at room
temperature, and stained overnight at 4 °C with rabbit anti-mouse
v-H,Ay antibody (Bioss, Beijing, China). After that, the cells
were stained for 1 h at 25 °C with Alexa Fluor 555 conjugated
goat anti-rabbit IgG H&L (Abcam, Cambridge, UK) and DAPIL.
Eventually, these cells were imaged with CLSM (ZEISS).

2.12.  Bone marrow-derived dendritic cells (BMDCs)
maturation in vitro

The bone marrow cells were collected from the hind extremities
of 6- to 8-week-old C57BL/6 mice. Next, a red blood cell lysis
buffer was added to lyse the red blood cells. The obtained cells
were rinsed with serum-free RPMI 1640 supplemented and
then cultured in RPMI 1640 medium containing 10%
inactivated FBS, GM-CSF (20 ng/mL), rMulL-4 (10 ng/mL), and
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B-mercaptoethanol (50 nmol/L). The cultivated medium was
replaced every 2 days. On the 6th day, BMDCs were extracted and
co-cultured for 24 h with 4T1 cells subjected to various treat-
ments. Finally, the obtained cells were stained with maturation-
related markers (anti-mouse CD86 and anti-mouse CDS80) on
BMDCs and analyzed by flow cytometry (Agilent).

2.13.  Antitumor effectiveness in vivo

The antitumor efficacy of MARS with RT was evaluated on female
BALB/c mice in a subcutaneous tumor model of TNBC. Firstly,
subcutaneous injections of 4T1 cells (100 pL, 1 x 10° cells) were
made into the right flanks of the mice. The mice with tumor vol-
umes ~80 mm’ were randomized into 6 groups and given intra-
venous injections of saline, HTC, or MARS (HTC: 112.5 mg/kg,
GOx: 470 pg/kg, R848: 2 mg/kg) every 2 days for 4 times,
respectively. After 4 h following the second i.v. injection of saline,
HTC, or MARS, the mice were irradiated with X-rays at 4 Gy.
Each mouse’s tumor volume and weight were tracked every other
day. Tumor volumes were determined using the following Eq. (1):

Volume (mm®) = Length x Width® x 0.5 D

On Day 15, all mice were sacrificed, and their tumor tissues were
collected, photographed, and weighed immediately. In addition, the
tumor tissues were subjected to hematoxylin-eosin (H&E) staining,
terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining, and immuno-
histochemistry (IHC) to further evaluate the antitumor effect. The
collected primary organs (heart, liver, spleen, lung, and kidney)
were analyzed for system toxicity by H&E staining. In addition, the
survival time profiles of mice with tumors following therapy were
monitored until the conclusion of the experiment.

2.14.  In vivo antitumor immunity assessment

Mice with 4T1 tumors were randomly split into 6 treatment groups
(n = 3): saline, HTC, MARS, RT, HTC+RT, or MARS+RT. RT
was administered 4 h after the second intravenous injection at a
dose of 4 Gy. After completing the entire treatment, we euthanized
them and harvested their tumors, spleens, and tumor-draining
lymph nodes (TDLNs) to make a single-cell suspension. The
cell suspension was stained with anti-mouse CD11c, anti-mouse
CD86, and anti-mouse CD80 antibodies for flow cytometry
(Agilent) to investigate DCs at different maturation levels. The
tumor single-cell suspensions were labeled with fluorophore-
conjugated antibodies (anti-mouse CD3, anti-mouse CD4, anti-
mouse CD25, and anti-mouse FoxP3) and evaluated by flow
cytometry (Agilent) to identify Tregs. The TDLNs cell suspen-
sions were stained with anti-mouse CD3, anti-mouse CD8a, and
anti-mouse CD4 antibodies and then identified using flow
cytometry (Agilent) to assess T-cell activation. The cytokine levels
of interferon-gamma (IFN-vy) and tumor necrosis factor-a (TNF-
«) in the serum were analyzed using corresponding ELISA kits
according to the reagent instructions.

2.15.  Invivo lung metastasis and postoperative recurrence
inhibitory effects

Orthotopically injected luciferase-labeled 4T1 (Luc-4T1) cells
were used to imitate primary tumors in female BALB/c mice’s

fourth mammary fat pad. The recurrence model was built using
data from surgeries performed on 90% of primary tumors while
their tumor volumes reached ~100 mm>. Then, mice were
intravenously injected with 4T1 cells (1 x 10° cells per mouse)
before treatments to develop the pulmonary metastatic model and
randomly separated into four groups (n = 5): saline, MARS, RT,
and MARS+RT. D-luciferin (150 mg/kg) was given intraperito-
neally to the mice on Days 6, 12, and 18 after the treatments
began, and the bioluminescence was imaged using the IVIS im-
aging system (PerkinElmer). After being monitored for 18 days,
we euthanized the mice and collected, weighed, and photographed
their tumors and lungs. For histological analysis, the lungs were
paraformaldehyde-fixed and H&E-stained.

2.16.  Statistical analysis

The statistical analysis was conducted using GraphPad Prism 5.0
software. The results were expressed as mean values + standard
deviation (SD), and the differences were analyzed using one-way
ANOVA and two-way ANOVA. The level of significance was set
at probabilities of *P < 0.05, #**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1.  Synthesis and characterization of MARS

MARS was prepared based on the procedures described in
Fig. 2A. The solutions of HSA and GOx were mixed, added with
R848 solution and soybean oil, and sonicated to produce the oil-
in-water (O/W) emulsion. This method reduces the quantity of
organic reagent required for R848 hydrophobicity. Then, Cu**
was added to facilitate the biomineralization-like reaction. Next,
TA was added to the above mixture to form stable nanoparticles by
reacting with protein and Cu®*". The average hydrodynamic
diameter of MARS was approximately 165 nm, and it was
negatively charged with a potential of —39.3 mV, as determined
by dynamic light scattering (Fig. 2B and Supporting Information
Fig. S1). The MARS polydispersity index (PDI) for the nano-
particles was 0.178, indicating that they dispersed well in aqueous
water. In addition, MARS was stable in deionized water and PBS
at 4 °C for at least 7 days (Fig. 2C and Supporting Information
Fig. S2). Images captured with a TEM revealed that the MARS
had a regular spherical shape (Supporting Information Fig. S3).
Cu, O, C, N, and S elements were uniformly distributed in MARS,
as determined by the TEM elemental mapping (Fig. 2D and F).
The FT-IR spectra of MARS revealed characteristic peaks of TA
(1182 and 1090 cm~!, —OH vibration) and HSA (1647 and
1537 cmfl, —CO—NH- vibration), confirming the formation of
organic-inorganic composites (Fig. 2E)°"*®. The minor shift in
characteristic peaks in MARS indicates that Cu®* coordinated
with TA and interacted with the amide of HSA.

According to the UV—Vis spectrophotometer and ICP-OES
measurements, the encapsulation rates of R848 and Cu were
~85.6% and ~97.3%, respectively. Due to the protonation of
hydroxyl groups of TA, the coordination between Cu®" and TA
was destabilization when exposed to an acidic environment. As
observed by TEM images, the acidic conditions (pH = 5.5) could
trigger the degradation of MARS (Fig. 2G and Supporting Infor-
mation Fig. S4). Moreover, the acidic-responsive degradation
performance of MARS was evaluated by monitoring the concen-
tration of Cu ions and R848 in PBS at 37 °C with varying pH
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values. As anticipated, the release of Cu ions increased ~ 1.3- and
~2.5-fold at pH 6.5 and 5.5, respectively, relative to that at pH 7.4
(Fig. 2H). Within 48 h, the amount of R848 released at pH 5.5
(~68.5%) was considerably more significant than those at pH 7.4
(~22.8%) and 6.5 (~59.8%) (Fig. 21 and Supporting Infor-
mation Fig. S5). The drug release profiles of MARS were sus-
tained and acid-responsive. Therefore, it was foreseeable that
MARS could be a multifunctional nanocarrier capable of deliv-
ering antitumor medications to the tumor region via its acidic
responsiveness.

3.2.  The evaluation of MARS double enzymatic activity

According to numerous reports, GOx could facilitate glucose
consumption to generate H,O, and gluconic acid. In addition,
MARS with peroxidase-like catalytic activity was able to convert
H,0, to produce +OH via a Cu'-mediated Fenton-like reaction
(Fig. 3A). Therefore, we verified the H,O, self-sufficient cascade
catalytic performance of the MARS. First, the catalytic capability

of MARS was determined by measuring the glucose consumption,
H,0, production, and pH variation (Fig. 3B—D). The glucose
concentration gradually decreased progressively over time in the
MARS group, indicating that MARS consumed glucose in a time-
dependent manner. Moreover, MARS increased H,O, production
at high glucose levels. However, owing to the absence of GOx, the
glucose consumption and H,O, production in the HTC group
followed the same pattern as that of the control group. In the
MARS group, the pH variation caused by the generated gluconic
acid decreased significantly at high glucose concentrations (from
7.3 to 5.3 in 5 mmol/L glucose). Then, we further evaluated the
+OH generated by MARS-mediated Fenton-like reaction. TMB
was utilized to detect the production of <OH, as it could be
oxidized by *OH to produce a blue-green color and maximum
absorbance at 652 nm. The absorbance of TMB increased
considerably as glucose concentration increased (Fig. 3E and
Supporting Information Fig. S6). These results demonstrated that
MARS could generate +OH by Cu™-mediated Fenton-like reaction
in PBS (pH = 5.5) containing glucose.
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Figure 3

The cascade catalytic reaction by MARS. (A) Schematic illustration of H,O, self-supplying by MARS. (B) Glucose consumption in

NS, HTC, and MARS groups. (C) The concentration of H,O, generated in PBS with various glucose concentrations. (D) pH decrease arising from
generating lactic acid by the reaction between MARS and different glucose concentrations. (E) Absorbance spectrum and photograph (inset) of
TMB solution treated with MARS and various glucose concentrations (PBS, pH = 5.5). The glucose levels in the medium (F) and 4T1 cells (G) in
NS, HTC, and MARS groups. (H) The intracellular H,O, levels after being treated with MARS at different times. (I) The lactic acid concen-
trations in the medium after various treatments. Data are presented as mean £+ SD (n = 3). ***P < 0.001.

We further confirmed the H,O, self-sufficient cascade catalytic
reaction of MARS in 4T1 cells. As depicted in Fig. 3F and G,
MARS not only consumed glucose from the culture medium but
also depleted glucose from within the cells. Therefore, MARS
would play a crucial function in the tumor microenvironment and
tumor cells’ glucose consumption. Using an H,O, assay kit, the
concentration of H,O, was measured in 4T1 cells subjected to
MARS at various times (Fig. 3H). When 4T1 cells were treated
with MARS, the H,0O, levels in intracellular increased signifi-
cantly with prolonged incubation. However, the H>O, concentra-
tion decreased after being treated for 5 h, which could be
attributed to the Cu™ catalyzing H,0, decomposition at weakly
acidic conditions. Moreover, MARS could diminish lactic acid
production by inhibiting the Warburg effect of tumor cells. We
measured the lactic acid levels in the medium following various
treatments with the lactic acid assay kit. After MARS treatment,
the concentration of lactic acid decreased dramatically in the
culture medium (Fig. 31). The results above suggested that MARS
could initiate starvation therapy to accomplish H,O, self-
supplying and reduce the production of lactic acid, and trigger
Cu'-mediated Fenton-like reaction.

3.3.  Invitro cytotoxicity of MARS

The antitumor efficacy of MARS was determined using an MTT
assay on 4T1 cells. Firstly, the 4T1 cells were incubated with
various amounts of R848, HTC, Cu®*, and MARS in a serum-
containing standard RPMI medium. As shown in Supporting In-
formation Fig. S7, there were no significant inhibitions of prolif-
eration in the R848, HTC, or Cu*" groups at the same MARS
concentration. However, MARS exhibited significant cytotoxicity
with a half inhibitory concentration (IC50) value of ~7.0 pg/mL
(Fig. 4A)., The cytotoxic effects of MARS were subsequently
investigated in media containing different concentrations of
glucose (Fig. 4B). The results demonstrated a decrease in cell
viability as glucose concentration increased, indicating that the
toxicity of MARS was glucose-dependent. The uptake efficacy of
MARS was determined using flow cytometry (Supporting Infor-
mation Fig. S8). The MARS exhibited significant time-dependent
endocytosis and attained maximum intracellular uptake efficiency
after 4 h of incubation. Thus, the cells were irradiated after
receiving various treatments for 4 h in subsequent cell experi-
ments. Furthermore, the radiation dose was chosen as 4 Gy based
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on the statistical results of the number of cell clones following
different doses of radiotherapy (0, 2, 4, or 6 Gy) for untreated 4T1
cells (Supporting Information Fig. S9).

Next, the intracellular ROS level and DNA damage were
systematically analyzed on 4T1 cells treated with PBS, HTC, and
MARS without or with X-ray irradiation. Using H,DCFDA as a
fluorescence indicator, the intracellular ROS generation induced
by MARS was visualized. As shown in Fig. 4D, only the MARS
group exhibited weak green fluorescence in the absence of radi-
ation. Moreover, the 4T1 cells treated with MARS+RT exhibited
substantially stronger green fluorescence than RT or MARS alone,
which would be attributed to the improved ROS generation
combined with the Cu’-mediated Fenton-like reactions and RT.
Similarly, the flow cytometry results demonstrated a similar trend
(Fig. 4C and F). In addition, the synergistic therapy of MARS and
RT induced the highest foci density of y-H,Ax (the marker of
double-stranded DNA damage) in the nuclei of all groups, indi-
cating that MARS realized H,O, self-supplying for mediating
CDT and RT sensitization to facilitate oxidative stress (Fig. 4E).
Next, the 4T1 tumor cell clonogenic assay was performed to
evaluate the anti-proliferation effect of MARS with RT over an
extended period. As illustrated in Fig. 4G and I, compared to
MARS alone or X-ray irradiation alone, tumor cell clones were
significantly reduced in the MARS+RT group, indicating that
MARS+RT inhibited the proliferation of tumor cells effectively.
Furthermore, Annexin V-FITC/PI apoptosis assays were applied to
evaluate the apoptosis-inducing ability of the MARS+RT. As
shown in Fig. 4H and J, upon 4 Gy of irradiation, MARS treatment
elicited about 43.7 &+ 2.6% of the total apoptotic ratio, whereas
MARS treatment alone induced only 18.8 4+ 3.0%. Meanwhile,
the total apoptosis rates in HTC, RT, and HTC+RT groups were
below 10.0%. These results indicated that MARS could catalyze
glucose oxidation to generate abundant H,O,, which not only
blocked the nutrition supply for cell proliferation resulting in
starvation therapy, but also synergistically enhanced CDT and RT.
Subsequently, the generated H,O, was converted into highly toxic
ROS to form radical storms via the Cu'-mediated Fenton-like
reaction and RT, resulting in amplified intracellular oxidative
stress and inducing tumor cell damage.

3.4. ICD induction

It was known that ICD was a distinct form of cell death charac-
terized by the release of DAMPs from dying cells. Among the
DAMPs, CRT could be translocated and exposed to the tumor cell
surface under the endoplasmic reticulum stress and bind with the
CDO1 receptor as an “eat-me” signal to aid APCs in recognizing
TAAs®. Compared to RT or MARS alone, 4T1 tumor cells treated
with MARS plus irradiation exhibited significantly brighter green
fluorescence by the confocal microscopy and a rightward shift of
CRT fluorescence peak by flow cytometry (Fig. 5A, B, and E).
MARS+HRT drastically improved the cell-surface exposure of
CRT in comparison to other groups. The release of HMGB1 from
the nucleus interacted with TLR-4 to stimulate proinflammatory
cytokines production and DCs maturation*”*'. As depicted in
Fig. 5C, the PBS and HTC groups exhibited distinct green fluo-
rescence in the cell nucleus, whereas the MARS+RT group only
observed faint green fluorescence. Flow cytometric analyses
revealed that MARS+RT treatment relocated the HMGB1 fluo-
rescence peak of cells to the left (Fig. 5D and F). These phe-
nomena indicated that MARS+RT could release a greater quantity
of HMGBI1 into the extracellular space than other groups. In

addition, the secreted ATP by dying cells could bind to the P,X5
receptor to act as a “find-me” signal for recruiting phagocytes
(e.g., DCs, macrophages, monocytes, neutrophils, etc.)*>. We
evaluated ATP secretion using a luciferase-based ATP assay kit
and bioluminescence methodologies. The amount of extracellular
ATP treated with MARS+RT was 18.2 + 1.2 nmol/L, which was
about 1.3- or 4.5-fold more remarkable than that of MARS or RT
alone, respectively (Fig. 5G). These results demonstrated that
MARS efficiently facilitated RT-induced ICD effectively.

The ICD-released TAAs and DAMPs might initiate the matu-
ration of DCs, thereby triggering immune responses. In addition,
R848 binding to TLR7/8 could release multiple immunomodula-
tory mediators and initiate a cascade of signaling pathways, all of
which promoted antigen processing and presenting ability of
APCs. To verify the effects of the synergistic treatment of RT and
MARS on the DCs maturation, we acquired BMDCs from C57BL/6
mice and cultured them with GM-CSF and IL-4. After that, 4T1
cells undergoing various treatments were co-incubated with
BMDCs for another 24 h. The expressions of co-stimulatory
molecules CD80 and CD86 were then analyzed as the typical
markers of DC maturation by flow cytometry****. As shown in
Fig. 5H and I, and Supporting Information Fig. S10, the expres-
sion of CD80 and CD86 in BMDCs was unaffected by HTC, RT,
or HTC+RT. Significantly, MARS+RT significantly increased the
proportion of mature DCs (CD80: 39.8 + 1.1%, CDS86:
29.8 £ 0.7%), in comparison with MARS (CD80: 32.9 £+ 4.2%,
CD86: 23.3 + 3.5%) and RT (CD80: 26.7 £ 0.4%, CD86:
17.9 4+ 0.8%). Moreover, DCs maturation (CDI11c"CD80"
CD86") was up to 57.5 £ 1.2% in the MARS+RT group, the
highest of all groups (Supporting Information Fig. S11). These
results suggested that amplifying RT-triggered ICD could induce
potent maturation DCs to initiate systemic immunity against local
or metastatic tumors (Fig. 5J).

3.5.  The synergistic antitumor efficacy of RT and MARS in vivo

Following the encouraging in vitro results, we subsequently
evaluated the antitumor efficacy of MARS with irradiation in 4T1
tumor-bearing BALB/c mice. As depicted in Fig. 6A, when the
tumor sizes approached 80—100 mm?, the tumor-bearing mice
were separated at random into six groups, including saline, HTC,
MARS, RT, HTC+RT, and MARS+RT groups, and they were
intravenously injected every 2 days for 4 times. X-ray irradiation
was performed after the second intravenous injection of saline,
HTC, or MARS. In the saline group, the mice were sacrificed
when tumor volumes of mice reached 1773.8 & 145.9 mm°. The
significant inhibition effect of MARS plus irradiation could be
directly observed in tumor images (Fig. 6B). As could be observed
by the tumor growth curves in Fig. 6C and D, the tumor volumes
of mice failed to successfully prevent tumor growth following
HTC, RT, or HTC+RT treatment. In mice given MARS treatment,
the average tumor volume was approximately 638.5 + 48.8 mm?,
and tumor growth was inhibited by ~70.1%. In the MARS+RT
group, the average tumor volume was about 342.1 + 67.3 mm?,
and it exhibited a more substantial tumor suppression effect with
~ 83.2% inhibition of tumor growth than that of the MARS group
(P < 0.01), attributable to the cascade amplified systemic anti-
tumor immunity of the synergistic treatment of MARS and RT.
The same trend of tumor suppression was observed in the tumor
weights analysis (Fig. 6E). To evaluate further the antitumor ef-
ficacy of MARS and RT, tumor growth was measured in mice
treated with HSA+R848+TA (HRT), HSA+GOx-+Cu’"+TA
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(HGTC), HRT+RT and HGTC+RT, and the treatment schedule
was shown in Supporting Information Fig. S12A. As shown in
Supporting Information Fig. S12B, S13A and S13B, compared to
the rapid growth of controls, the MARS+RT group exhibited the
maximum tumor suppression with the smallest average tumor
volume (169.9 + 23.3 mm?®, P < 0.001), which was significantly
superior to HRT (7022 + 58.9 mm®, P < 0.001), HGTC
(404.1 £ 41.1 mm’, P < 0.001), HRT+RT (539.0 + 38.0 mm’,
P < 0.001) and HGTC+RT (374.8 + 7.6 mm>, P < 0.001). The
tumor weight provided additional evidence to support the
remarkable antitumor effect of MARS+RT (Supporting

Information Fig. S13C). Additionally, the mice treated with
MARS lived about 37 days, whereas mice in the MARS+RT
group had a significantly longer lifespan of 49 days (P < 0.1,
Fig. 6F).

Furthermore, there was negligible variation in the body weight
of mice among all treated groups, indicating that these treatments
had no discernible effect on the health of mice (Fig. 6G and
Supporting Information Fig. S13D). H&E staining of major organs
in the MARSHRT group revealed no substantial damage
compared to the other group, further confirming the safety of the
MARSHRT (Supporting Information Fig. S14). Afterward, tumor
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tissues were stained with H&E, Ki67, and TUNEL to evaluate cell
damage induced by various treatments. As shown in Fig. 6H, the
tumors flourished with densely arranged cells and normal nuclei in
the NS group. However, the tumor tissue morphology of mice
treated with MARS+RT was markedly different from that of the
other groups, with extensive nuclear shrinkage and disorganized
cell arrangement attributable to the synergistic effect of MARS
and RT on the inhibition of proliferation. The Ki67 assay further
confirmed that the MARS+RT group demonstrated the lowest cell
proliferation among all the groups (Fig. 6I). The TUNEL results
exhibited that the MARS+RT group’s tumor tissues had the
largest apoptosis region compared to those in the other treatments
groups (Fig. 6]). All the above research results confirmed that the

A

1 I v

MARS combined with X-ray irradiation exhibited robust anti-
tumor activity.

3.6.  Regulation of tumor microenvironment

Since MARS+RT exhibited excellent tumor suppression, we
further investigated the potential mechanism of MARS+RT syn-
ergistic antitumor efficacy in greater detail. Therefore, the various
groups’ tumors, TDLNS, and spleens were collected and evaluated
for immune response activation using flow cytometry. As exhibi-
ted in Fig. 7A and B, the percentage of CD11c¢*CD80"CD86™ in
TDLNs was substantially more remarkable in the MARS+RT
group (20.3 £+ 0.5%) compared with the other groups (NS:
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(B) quantification of DCs maturation in TDLNs. Flow cytometric plots (C) of CD4" and CD8™ cells in tumors after treatments and corresponding
quantification results (D, E). (F, G) The expression of Tregs in tumors and quantitative analysis. The flow cytometric analysis of CD8" T cells in
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83 £ 0.8%, HTC: 10.0 £ 0.7%, MARS: 16.1 = 0.8%, RT:
12.6 & 1.6%, HTC+RT: 12.3 4+ 0.5%). These results indicated
that MARS+RT-induced ICD could stimulate DCs maturation,
thereby improving antitumor immunity. Because the functions of
DCs, such as antigen recognition and cross-presentation, were
typically impaired in tumor microenvironments, we investigated
the activation of T lymphocytes at the tumor site. The percentages
of helper T lymphocytes (CD37CD4 ") and cytotoxic T lympho-
cytes (CTLs, CD3"CD8") in the tumor were much higher in the
MARS+RT group (46.9 £ 2.1% and 23.4 £ 1.9%) than that in
the MARS (43.9 £+ 7.4% and 17.5 £ 1.5%) or RT (31.9 + 5.3%
and 11.6 &+ 0.4%) group, further confirmed the crucial role of
MARS for cascade-amplified RT-mediated the infiltration of
T cell (Fig. 7C-E and Supporting Information Fig. S15).
Since Tregs could inhibit the antitumor immune response of
CTLs, we investigated the levels of immunosuppressive Tregs
(CD4"CD25"FoxP3™) following various treatments. The combi-
nation with RT, the MARS significantly decreased the proportion
of Tregs (3.6 = 1.7%) in comparison with other groups such as NS
(15.0 £ 1.7%), HTC (12.6 £+ 0.8%), MARS (7.3 £+ 0.8%,

i

P < 001), RT (183 £ 1.0%, P < 0.001), and HTC+RT
(11.8 £ 0.6%) (Fig. 7F and G).

In addition, we evaluated whether the MARS+RT could
induce systemic antitumor immune responses. After various
therapies, the activated CD3"CD8™" T effector cells in the TDLNs
were analyzed. The ratio of CD3*CD8" in the TDLNs was
significantly higher in the MARS+RT group (37.2 £ 0.3%) than
in the MARS (31.9 £+ 1.4%, P < 0.001) or RT (28.5 £+ 1.1%,
P < 0.001) group (Fig. 7H and I, and Supporting Information
Fig. S16). Intriguingly, A similar trend of CD3"CD8" was
observed in the spleens after treatment with MARS and RT
(Fig. 7J and K, and Supporting Information Fig. S17). These re-
sults indicated that MARS+RT successfully initiated system
antitumor immunity. Besides, based on the above positive regu-
lation, we further determined the concentration of IFN-y and
TNF-« in the serum of mice receiving various formulations. As
anticipated, the concentrations of IFN-y and TNF-« were highest
after being treated with MARS+RT, which were 2.5- and 2.2-fold
higher than the MARS group, respectively (Fig. 7L and M).
Collectively, these results indicated that the synergistic therapy of
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RT and MARS could induce cascade-amplification of systemic
immunologic responses to achieve a more potent antitumor effect.

3.7.  Effective inhibition of postoperative recurrence and
pulmonary metastasis by MARS+RT

Typically, postoperative recurrence was triggered by the prolifer-
ation and migration of residual tumor cells, which increased the
mortality rate*™*°. Based on the schematic diagram described in
Fig. 8A, we subsequently assessed the excellent antitumor efficacy
of MARS+RT on the 4T1 tumor postoperative recurrence model.
The orthotopic TNBC tumor model was established using 4T1-
Luc cells. Furthermore, to simulate the presence of residual
tumor cells that might be present during surgery, about 10% of
each mouse’s original tumor was retained when the tumor volume
reached about 200 mm®. Then, we utilized bioluminescence im-
aging to monitor the recurrence of tumors following surgery and
treatment with various formulations. As shown in Fig. 8B, the
fluorescence intensity of the NS group exhibited varying degrees
of tumor recurrence within the first 8 days, whereas the fluores-
cence intensity of the NS, MARS, and RT groups increased
gradually in a time-dependent manner up to 18 days. Intriguingly,
MARS+RT treatment maintained a low level of tumor fluores-
cence, indicating that MARS+RT effectively prevented post-
operative tumor recurrence. Moreover, the tumor weight was
consistent with the results of bioluminescence images, with the
highest tumor inhibition rate (~90.3%) in the MARS+RT group
among all groups (RT: ~29.1%, P < 0.001, MARS: ~77.3%,
P < 0.001) (Fig. 8C and Supporting Information Fig. S18). In the
4T1 pulmonary metastasis model, we further confirmed the ther-
apeutic efficacy of MARS+RT. Treatment with MARS+RT
restrained pulmonary metastasis most efficiently, and the
MARSHRT exhibited a significant suppression ratio (~93.2%)
compared to the RT group (Fig. 8D-F). In addition, H&E lung
staining of the MARS+RT group revealed the lowest number of
lung tumor nodules (Fig. 8G). Using flow cytometry, we quanti-
fied the percentage of memory T cells in the spleen to
determine whether the immunologic memory effect induced by
MARSHRT suppressed postoperative recurrence and pulmonary
metastasis. As depicted in Fig. 8H and Supporting Information
Fig. S19, the percentage of effector memory T (TEM,
CD3"CD8*CD447CD62L") cells in the MARS-+RT group
(13.9 + 2.3%) was higher than that of the MARS (8.9 £+ 1.2%,
P < 0.05) or X-ray radiation (5.6 £ 0.6%, P < 0.001) alone.
These results confirmed that the synergistic therapy of MARS and
RT could initiate cascade-amplified antitumor immune responses
that effectively inhibited postoperative recurrence and pulmonary
metastasis.

4. Conclusions

In summary, we fabricated multifunctional self-sufficient nano-
particles to trigger radical storms and activate the cascade-
amplified systemic immune responses against local tumors, post-
operative recurrence, and metastasis. The MARS was constructed
with dual-enzyme activity (GOx and peroxidase-like) and R848
agonist via an HSA-mediated biomineralization-like method.
Upon administration intravenously, the MARS aggregated at the
tumor site and disintegrated rapidly in the acidic microenviron-
ment, releasing GOx, Cu®", TA, and R848. The released GOx
could catalyze the consumption of glucose to generate H,O, and

lactic acid, which not only limited the Warburg effect of tumor
cells to achieve starvation therapy and diminished the inhibitory
effect of Tregs, but also achieved H,O, self-supplying to generate
+OH via Cu™-mediated Fenton-like reaction. Meanwhile, ionizing
radiation could convert generated H,O, into ROS to enhance RT-
mediated tumoricidal effects. Then, the ROS generated by RT and
CDT could form radical storms that induced a robust ICD effect
for initiating systemic immune responses. When MARS was
combined with RT to treat 4T1 tumors in vivo, the tumor sup-
pression rate reached ~ 83.2%, and the survival time of mice was
substantially extended to 49 days. MARS+RT promoted the
activation of DCs, amplified CD8" T cell response, and alleviated
the immunosuppressive tumor microenvironment to initiate the
cascade-amplified systemic immune responses, resulting in an
excellent therapeutic effect. Furthermore, MARS+RT could be
used as adjuvant therapy to inhibit postoperative recurrence and
exhibited a suppression ratio of ~93.2% in pulmonary metas-
tasis. Therefore, we provided an innovative strategy to trigger
radical storms to elicit a robust ICD effect and activate cascade-
amplified systemic immunity for cancer treatment.
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