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ABSTRACT

The induction of immunogenic cell death (ICD) is an attractive strategy for generating in situ autologous tumor
cell-based vaccines and thus has great potential in cancer prevention and personalized immunotherapy. How-
ever, the effectiveness of ICD in tumor immunotherapy has been greatly limited, mainly by low induction effi-
ciency and the immunosuppressive tumor microenvironment (TME). Herein, we report a new strategy for chemo-
photothermal therapy-induced ICD by employing photothermal MnO, nanoparticles loaded with doxorubicin
(DOX) in tumor immunotherapy to overcome the low efficiency of traditional ICD inducers and the immuno-
suppressive TME. Specifically, we prepared photothermal bovine serum albumin (BSA)-templated MnO; NPs
(BSA/MnO;, NPs) with good aqueous dispersibility and high biocompatibility through the direct reduction of
KMnO,4 with BSA, and we then efficiently loaded DOX, an ICD inducer, onto the MnO; NPs through coordination
(DOX-BSA/MnO, NPs). The DOX-BSA/MnO2 NPs achieved high photothermal conversion efficiency, highly
efficient tumor targeting, TME-responsive DOX release and modulation of the hypoxic TME. Notably, a marked in
vivo synergistic therapeutic effect was achieved in a triple-negative breast carcinoma-bearing mouse model by
combining chemo-photothermal therapy-induced ICD with amelioration of the immunosuppressive TME. Our
research highlights the great promise of modulating the TME with photothermal MnO, nanosystems to enhance
ICD-induced antitumor immunotherapy.

1. Introduction

can induce ICD (Galluzzi et al., 2020). However, the effectiveness of ICD
for tumor immunotherapy and thus its clinical application are limited,

The induction of immunogenic cancer cell death (ICD) can be used to
obtain in situ autologous tumor vaccines that produce neoantigens and
enhance immunogenicity rapidly and inexpensively (Duan et al., 2019).
In response to ICD inducers, dying tumor cells can expose calreticulin
(CRT) and secrete damage-associated molecular pattern molecules
(DAMPs), such as high mobility group box-1 (HMGB-1) and adenosine
triphosphate (ATP) (Heshmati Aghda et al., 2020). These DAMPs recruit
dendritic cells (DCs) into the tumor tissue, trigger the uptake and pro-
cessing of tumor antigens by DCs, and promote antigen presentation by
DCs to T cells, and these effects ultimately lead to lasting antitumor
immunity (Li et al., 2019; Zheng et al., 2021). Traditional tumor treat-
ments; such as some chemotherapeutic agents (e.g., doxorubicin (DOX),
oxaliplatin, and mitoxantrone), radiation therapy, and phototherapy,

mainly by the low efficiency of ICD induction and the immunosup-
pressive tumor microenvironment (TME) (Zhang et al., 2021).

The nanodelivery of ICD inducers is one of the solutions developed
for the above mentioned problems (Sun et al., 2021; Janicka and
Gubernator, 2017). Among the nanodelivery systems reported, MnO,
nanostructures have attracted substantial attention as a unique type of
TME-responsive delivery vehicle for ICD inducers with many unique
advantages: (1) MnO, nanostructures can react with either H" or
glutathione (GSH) in the TME to generate Mn>" ions that can function as
potent adjuvants (Hou et al., 2020), and (2) MnO2 nanostructures
degrade Hy0, present in the TME into O, to relieve tumor hypoxia,
which results in the transformation of tumor-associated macrophages
(TAMs) from M2-type TAMs to M1-type TAMs and inhibition of the
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proliferation of regulatory T cells (Tregs) to reprogram the immuno-
suppressive TME (Ding et al., 2021; Xu et al., 2021). However, despite
all benefits, the synthesis of MnO5 nanostructures is usually complex and
time consuming and requires relatively harsh conditions. To combine
multiple ICD induction modalities, multiple drugs need to be coloaded
on MnOs; nanoparticles, which increases the cost and complexity of the
synthesis and thus results in low reproducibility (Qian et al., 2020).
Compared with conventional MnOs; nanoparticles, protein-templated
MnO; nanoparticles have unique advantages, such as fast and facile
synthesis, green synthesis conditions, and good biocompatibility, and
these particles have been thoroughly investigated as nanotheranostic
agents (Pan et al., 2017; Xiao et al., 2018; Xiao et al., 2021). However,
despite these discoveries, there are few known methods for the sys-
tematic development of protein-templated MnO- as an ICD nanoinducer
with the capability of high-performance photothermal conversion and
the ability to modulate the hypoxic TME to enhance antitumor
immunity.

In this study, we therefore designed and prepared an intelligent
platform based on bovine serum albumin (BSA)-templated MnO,
nanoparticles using a simple, rapid and efficient method of reducing
KMnO,4 with the amino and sulfthydryl groups of BSA. The ICD inducer
DOX was then efficiently loaded onto the generated BSA/MnO, NPs
(DOX-BSA/MnO; NPs) through coordination between MnO, and DOX.
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We subsequently demonstrated that the DOX-BSA/MnO, NPs exhibited
high-performance photothermal conversion and could achieve tumor-
targeted drug delivery, the TME-triggered controllable release of DOX,
and the TME-responsive generation of Oz to overcome tumor hypoxia.
Importantly, we also demonstrated that chemo-photothermal therapy
mediated by DOX-BSA/MnO3 NPs resulted in effective growth inhibition
of primary tumors. In addition, we found that combination therapy with
this novel nanoagent could effectively regulate the immunosuppressive
TME through the upregulation of Ml-type TAMs and the down-
regulation of Tregs, which resulted in the elicitation of robust antitumor
immunity and the inhibition of distant tumor growth via a remarkable
abscopal effect (Scheme 1).

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA) was purchased from Sigma-Aldrich.
KMnO4 was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Doxorubicin (DOX) was obtained from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. Indocyanine green (ICG) was
purchased from Tokyo Chemical Industry Co., Ltd. (Shanghai, China).
Alexa Fluor 488-CRT antibody was purchased from Beijing Biosynthesis
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Scheme 1. Schematic illustration of (A) BSA/MnO; NPs synthesized through a facile in situ redox reaction involving the simple mixing of KMnO,4 and BSA solutions.
To obtain the DOX-BSA/MnO, NPs, DOX was loaded on BSA/MnO; NPs through the coordination between Mn and the anthraquinone rings of DOX. (B) DOX-BSA/
MnO, NP-mediated chemo-photothermal therapy can inhibit the growth of primary tumors and effectively shape the immunosuppressive microenvironment to favor
antitumor immunity, which exerts an abscopal effect to inhibit the growth of distant tumors through the regulation of immune cell composition. (abbreviations: EPR:
enhanced permeability and retention; DOX: doxorubicin; GSH: glutathione; ICD: immunogenic cell death; CRT: calreticulin, HMGB-1: high mobility group box-1;
ATP: adenosine triphosphate; DC: dendritic cell; TAM: tumor-associated macrophage; Treg: regulatory T cell).
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Biotechnology Co., Ltd. (Beijing, China). A mouse high mobility group
protein box-1 (HMGB-1) ELISA kit was purchased from Wuhan Huamei
Biological Engineering Co., Ltd. (Wuhan, China). An ATP content assay
kit was obtained from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Fetal bovine serum (FBS) was obtained from Elite
(Marburg, Germany). An Annexin V-APC/7-AAD apoptosis detection kit,
Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial
Institute 1640 (RPMI 1640) and 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Keygen
Biotech Corp., Ltd. (Jiangsu, China). All the antibodies used in the flow
cytometry assay and the Cytometric Bead Array (CBA) Kit were pur-
chased from BD Biosciences (California, USA). Water was purified using
a Milli-Q system (Millipore, USA). The antibodies used for immunoflu-
orescence analyses were purchased from Wuhan Servicebio Technology
Co., Ltd. (Wuhan, China). Other chemicals of analytical grade were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used
without further purification unless otherwise indicated.

2.2. Methods

2.2.1. Synthesis of DOX-BSA/MnO, NPs

BSA/MnO; NPs were synthesized through a facile one-step method
using BSA as a template and reductant as described in a previous report
with some modifications (Wang et al., 2019). Briefly, 20 mg of KMnO4
was fully dissolved in 5 mL of deionized water, and 5 mL of BSA solution
(20 mg/mL) was then added dropwise into the KMnOy4 solution in a
water bath sonicator (100 W, KQ-800KDE, Kunshan, China). Continuous
ultrasonication of the mixture for 1 h yielded the BSA/MnOy NPs.
Subsequently, 1 mL of the obtained BSA/MnO, NPs was mixed with 1
mL of DOX-HCI solution (2 mg/mL) under stirring for 5 h to obtain the
DOX-BSA/MnO; NPs. The DOX-BSA/MnO, NPs were purified by dial-
ysis against deionized water for 24 h using a dialysis bag (MD44, Vis-
kase, USA) with a 14-kDa molecular weight cutoff (MWCO). The
purified DOX-BSA/MnO, NPs were then stored at 4 °C for further use.
ICG-BSA/MnO;, NPs were prepared using the same method as that used
for the DOX-BSA/MnO; NPs with the exception that 1 mL of ICG solution
(2 mg/mL) was used instead of DOX-HCI solution.

2.2.2. Characterization

A dynamic laser scattering instrument (Litesizer 500; Anton-Paar,
Graz, Austria) was used to measure the size, polydispersity index
(PDI), and zeta potential of the obtained nanoparticles. The morphology
of the nanoparticles was characterized by transmission electron micro-
scopy (TEM, JEM-2100; JOEL, Tokyo, Japan). The concentration of
Mn** was determined by inductively coupled plasma-—optical emission
spectrometry (ICP-OES, iCAP7000, Thermo, USA). The chemical state of
MnO; was measured by inductively coupled X-ray photoelectron spec-
troscopy (XPS, Xi250, Thermo, USA). The ultraviolet-visible (UV-vis)
spectra of the nanoparticles were obtained by a UV-vis spectropho-
tometer (TU-1901, Puxi, China).

For measurement of the encapsulation efficiency (EE%) and loading
efficiency (LE%), the DOX-BSA/MnQO, NPs were ultrafiltered at 5000
rpm for 6 min with a Centriprep® 100 K centrifuge tube (MWCO = 100
kDa, EMD Millipore Corporation, Billerica, MA, USA). The filtrate was
collected and analyzed by high-performance liquid chromatography
(HPLC) to determine the content of free DOX-HCI (m¢). The HPLC-based
quantification of doxorubicin is described in the Supplementary
Methods. The filtrate was lyophilized and weighed (my). The EE% and
LE% of DOX-BSA/MnO; NPs were calculated according to Egs. (1) and
(2), respectively, where m, represents the dosing amount of DOX-HCI.

EE% = (1 —mg/m,) x 100% @

LE% = (m, — my) /m, x 100% 2

The stability of the DOX-BSA/MnO; NPs was investigated by
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measuring the changes in their particle size and PDI in saline medium
containing 10% FBS over a 7-day period at 37 °C. The stability of the
DOX-BSA/MnO, NPs after irradiation was also investigated. Briefly, 1
mL of the DOX-BSA/MnO3 NPs (MnO2 dose of 100 pug/mL) in saline
medium was irradiated at 1.5 W/cm? for 10 min (635 nm), and the
variation in the particle size and PDI over a 7-day period at 37 °C was
recorded.

2.2.3. Invitro photothermal performance of BSA/MnOz NPs

The photothermal performance of the BSA/MnO, NPs was evaluated
by irradiating a 96-well culture plate containing aqueous dispersions of
the BSA/MnO, NPs at different concentrations (MnO-, doses of 0, 50,
100, 150, and 200 pg/mL) with a 635-nm semiconductor laser (Hi-Tech
Optoelectronics Company, China) at a power density of 1.0 W/cm? for
10 min. Another experiment was performed to study the effect of power
density on the photothermal performance of the BSA/MnO3 NPs. A 96-
well culture plate containing a solution of the BSA/MnO; NPs (MnO,
dose of 100 pg/mL) was irradiated with a 635-nm semiconductor laser at
power densities of 0.5, 1, 1.5 and 2 W/cm? for 10 min. Purified water
was used as a control. The pre- and postirradiation temperature changes
were measured and recorded using an infrared thermal imaging camera
(Fotric 325, China).

To evaluate the photothermal stability, the BSA/MnO, NPs (MnO,
dose of 100 ug/mL) were irradiated at 635 nm (1.5 W/ cmz, 10 min;
laser on) and then cooled to room temperature without irradiation (laser
off). The laser on/off cycles were repeated four times, and the temper-
ature was monitored.

2.2.4. In vitro release studies

The in vitro release experiment was conducted using the dialysis
method. Briefly, 1 mL of the DOX-BSA/MnO; NP suspension was added
to a dialysis bag (MWCO = 14 kDa), and the bag was subsequently
incubated in 15 mL of PBS (10 mM, pH 7.4 or 5.5) solution containing
300 mg of BSA with stirring (100 rpm) at 37 °C. Another control
experiment was performed to study the effects of HyO2 and GSH on the
release of DOX from the DOX-BSA/MnO; NP suspension. The experi-
mental method was the same as that used in the DOX release experi-
ments with different pH conditions with the exception that HyO, and
GSH were added to the release solution at final concentrations of 100 uM
and 5 mM, respectively. The concentrations of HyOy and GSH were
determined according to previous research (Zhuang et al., 2020). To
investigate the influence of the photothermal effect on DOX release, the
DOX-BSA/MnO, NPs were first irradiated for 10 min with a 635-nm
laser (1.5 W/cm?) before addition into the dialysis bag. At scheduled
time points, 1 mL of release solution was collected, and an equal volume
of fresh release solution was supplied. The amount of DOX in the release
solution was measured by HPLC.

2.2.5. In vitro Oy production

The O, generated by the DOX-BSA/MnOy NPs under different con-
ditions at 37 °C was measured in a sealed chamber coupled with a
portable dissolved oxygen meter (AZ-8402, Guangdong, China). Briefly,
2 mL of DOX-BSA/MnO; solution (MnO; dose of 100 pg/mL) was
dispersed in 12 mL of PBS (10 mM, pH7.4 or 5.5), and the initial value of
the dissolved Oz was detected by immersing the electrode in the medium
for 10 min-H,0, was then injected into the chamber to a final concen-
tration of 100 puM, and the amount of generated O, at predetermined
time points was recorded.

2.2.6. Cell culture

The 4T1, LO2, and HEK 293T cell lines were all purchased from the
Shanghai Institute for Biological Sciences Cell Resource Center. For cell
culture, 4T1 and LO2 cells were incubated in RPMI 1640 with 10% FBS,
80 units/mL penicillin, and 80 pg/mL streptomycin at 37 °C under 5%
CO,. HEK 293T cells were incubated in DMEM with 10% FBS, 80 units/
mL penicillin, and 80 pg/mL streptomycin at 37 °C under 5% COo.
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2.2.7. Cytotoxicity of the BSA/MnO2 NPs

The cytotoxicity of the BSA/MnOy NPs was assessed through the
MTT assay. Briefly, LO2 and HEK 293T cells were seeded in 96-well
plates at densities of 1 x 10* cells/well. After overnight incubation,
the medium was replaced with fresh medium containing different con-
centrations of the BSA/MnQO, NPs, and the cells were incubated at 37 °C
for 24 h. Finally, the cell viability was measured by the MTT assay.
Briefly, 20 pL of MTT reagent (5 mg/mL) was added to each well, and
the plate was incubated for 4 h at 37 °C. Subsequently, 150 pL of DMSO
was added to each well to completely dissolve the formazan crystals. The
absorbance of each well at 570 nm was measured using a microplate
reader (Model 680, Bio—Rad, USA). The results are representative of six
independent experiments.

2.2.8. Cytotoxicity of the DOX-BSA/MnOy NPs

The cytotoxicity of DOX-BSA/MnO, NP-mediated chemotherapy was
measured by the MTT assay. 4T1 cells were seeded in a 96-well plate at
densities of 5 x 10° cells/well. After overnight incubation, the medium
was replaced with fresh medium, and free DOX solution and various
concentrations of the DOX-BSA/MnO5 NPs were added. After incubation
for another 24 h, the absorbance of each well at 570 nm was measured
using a microplate reader. The data shown are representative of six in-
dependent experiments. The half maximal inhibitory concentration
(IC50) values were calculated with GraphPad Prism 8.3.0.

The cytotoxicity of DOX-BSA/MnO, NP-mediated chemo-photo-
thermal therapy was also evaluated by the MTT assay. 4T1 cells were
seeded in a 96-well plate at a density of 5 x 103 cells/well and incubated
overnight to allow cell attachment. The medium was then replaced with
fresh medium containing different formulations of the BSA/MnO2 NPs
or DOX-BSA/MnO5 NPs. The final concentrations of DOX and MnOs in
all media containing these compounds were 5 pM and 100 pg/mL,
respectively. The cells were then incubated at 37 °C under 5% CO» for
another 4 h and then treated with laser irradiation at a power density of
1.5 W/em? (635 nm) for 0, 1, 3, 5, 7 and 10 min. After incubation for
another 20 h, the cell viability was measured by the MTT assay.

2.2.9. Invitro cell uptake

4T1 cells were seeded in laser confocal dishes (15 mm in diameter) at
a density of 1 x 10° cells/well and incubated overnight to allow cell
attachment. The medium was then replaced with fresh medium con-
taining the DOX-BSA/MnO; NPs (5 uM DOX) for different incubation
times (0.5, 2, 4, and 6 h). After three washes with PBS, the cells were
fixed with 4% formaldehyde for 30 min. Subsequently, the cell nuclei
were labeled with 4',6-diamidino-2-phenylindole (DAPI) for 10 min, and
the cells were washed three more times with PBS. The fluorescence of
DAPI and DOX were imaged with a confocal laser-scanning fluorescence
microscope (CLSM, SP5, Leica, USA). The cellular uptake of the DOX-
BSA/MnO, NPs was quantified by flow cytometry (FACSVerse, BD, US)
to measure the DOX fluorescence. The acquired data were analyzed
using FlowJo software (Version 7.6, Tree Star, Ashland, OR, US).

2.2.10. Invitro cell apoptosis detection

Cell apoptosis was detected using the Annexin V-APC/7-AAD
Apoptosis Detection Kit. Briefly, 4T1 cells were seeded in a 6-well plate
at a density of 3 x 10° cells/well. After overnight incubation, the me-
dium was replaced with fresh medium containing free DOX, BSA/MnO,
NPs or DOX-BSA/MnO, NPs. To obtain comparable data, the final
concentrations of DOX and MnO; in all media containing these com-
pounds were 5 pM and 100 pg/mlL, respectively. After incubation at
37 °C under a 5% CO, atmosphere in the dark for 4 h, the cells in the
laser treatment group were illuminated for 10 min with a 635-nm laser
at a power density of 1.5 W/cm?. After incubation for another 20 h, the
cells were collected and washed three times with PBS. The cells were
then detached using 0.25% (w/v) trypsin, resuspended in binding
buffer, and labeled with Annexin V-APC and 7-AAD according to the
manufacturer’s instructions. The labeled cells were subsequently
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2.2.11. In vitro immunogenic cell death assays

The cell surface exposure of CRT was investigated for the detection of
ICD. 4T1 cells were seeded in laser confocal dishes (15 mm in diameter)
at a density of 1 x 10° cells/well and incubated overnight to allow cell
attachment. After overnight incubation, the medium was replaced with
fresh medium containing free DOX, BSA/MnO2 NPs or DOX-BSA/MnO2
NPs. To obtain comparable data, the final concentrations of DOX and
MnO3 NPs in all media containing these compounds were 5 pM and 100
pg/mL, respectively. After incubation in the dark at 37 °C under a 5%
CO, atmosphere for 4 h, the cells in the laser treatment group were
illuminated for 10 min with a 635-nm laser at a power density of 1.5 W/
cm?. The cells were then fixed with 4% paraformaldehyde solution,
washed with PBS, incubated with Alexa Fluor 488-CRT antibody for 1 h
at 4 °C, and further incubated with DAPI for 10 min. After three washes
with PBS, the cells were observed under a CLSM. The fluorescence in-
tensity of cells labeled with Alexa Fluor 488-CRT antibody was quanti-
fied by flow cytometry.

The release of ATP and HMGB-1 was also determined to evaluate the
in vitro ICD. The contents of ATP and HMGB-1 within the cells were
measured with an ATP content assay kit and an HMGB-1 enzyme-linked
immunosorbent assay (ELISA) kit, respectively. Briefly, 4T1 cells were
placed in 6-well plates (3 x 10° cells/well) and treated with DOX (5 uM),
BSA/MnOs NPs (MnO, dose of 100 pg/mL) or DOX-BSA/MnO, NPs
(DOX dose of 5 uM, MnO, dose of 100 ug/mL). After incubation in the
dark for 4 h, the cells in the laser treatment group were illuminated for
10 min with a 635-nm laser at a power density of 1.5 W/cm?. The cells
were then collected and fully lysed to measure the concentrations of ATP
and HMGB-1 according to the manufacturers’ instructions.

2.2.12. Subcutaneous tumor models

All of the in vivo experiments were performed based on the guidelines
of the Institutional Animal Care and Use Committee of 900 Hospital of
the Joint Logistics Team (Fuzhou, China) and the Regulations for the
Administration of Affairs Concerning Experimental Animals. Female
BALB/c mice were used to build a 4T1 subcutaneous tumor model for ex
vivo imaging, in vivo antitumor therapy, and in vivo safety assessment.
The mice were subcutaneously injected in the left flank region with 1 x
106 cells suspended in 100 pL of PBS. The tumor volume was measured
using the following formula: V = (W2 x L)/2, where V is the tumor
volume, W is the width and L is the length of the tumor. The relative
tumor volume was defined as V/V(y, where Vj represents the initial
volume before treatment.

2.2.13. In vivo fluorescence imaging and biodistribution

The tumor-bearing BALB/c mice were randomly divided into two
groups. One hundred microliters of ICG solution or ICG-labeled BSA/
MnO-, NPs (ICG-BSA/MnO-, NPs) was then administered via the tail vein
at a dose of 1 mg/kg ICG. The mice were imaged using a living body
imaging system (AniView 100, Biolight Biotechnology Co., Ltd.,
Guangzhou, China) equipped with fluorescent filter sets (excitation/
emission, 740/820 nm) at predetermined time points (0.5, 1, 2, 4, 8, and
24 h after administration). The mice were sacrificed 24 h postinjection,
and the hearts, livers, spleens, lungs, kidneys, and tumors were
collected. The major organs were imaged by a living body imaging
system under the same conditions.

2.2.14. In vivo antitumor efficacy

Once the tumor volume reached approximately 100 mm?, the 4T1
tumor-bearing mice were randomly divided into 7 groups (n = 6): (1)
saline, (2) saline plus laser irradiation, (3) DOX, (4) BSA/MnO; NPs, (5)
BSA/MnO5 NPs plus laser irradiation, (6) DOX-BSA/MnO, NPs and (7)
DOX-BSA/MnO; NPs plus laser irradiation. All these formulations were
administered through intravenous injection, and the DOX and MnO; NPs
were administered at doses of 1 mg/kg and 0.5 mg/kg per mouse,
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respectively, which were determined according to our results from a pre-
experiment and some reports (Zhou et al., 2020; Chao et al., 2020) In
addition, 1 h after administration, each mouse in the laser-treated group
was irradiated for 10 min with a 635-nm laser at a power density of 1.5
W/cm?. An infrared thermal camera was used to monitor the tempera-
ture change, and a thermal image of the whole mouse was recorded. The
mice were i.v. injected with the above formulations on days 1, 4, and 7,
and the tumor volume and body weight were measured and recorded
every 2 days for 15 days. On the 15th day, all the mice were sacrificed,
and the tumors were collected, weighed and examined by TdT-mediated
dUTP nick-end labeling (TUNEL) staining. All the major organs (i.e.,
hearts, livers, spleens, lungs and kidneys) and the tumors were collected
and detected by hematoxylin and eosin (H&E) staining.

To examine the immune response induced by the combinational
therapy, the tumors were surgically resected from mice in the different
groups. Briefly, for HIF-1a evaluation, the tumor tissues were cut into
small pieces and stained with HIF-1a antibody according to the manu-
facturer’s protocols. For TAM evaluation, the tumor tissues were cut into
small pieces and placed into a glass homogenizer containing PBS solu-
tion (pH 7.4). A single-cell suspension was prepared by gentle pressure
with a homogenizer (Takahashi et al., 2001). The cells were then stained
with fluorescence-labeled antibodies, including CD45-PerCP-Cy5.5,
CD11b-FITC, F4/80-PE, CD11c-PE-Cy7, and CD206-Alexa 647 anti-
bodies, according to the manufacturer’s protocols. CD45+CD11b+F4/
80+CD11c+ and CD45+CD11b+F4/80+CD206-+ cells were defined as
M1- and M2-type TAMs, respectively. The gating strategies are pre-
sented in Supplementary Fig. S10. Serum was also collected from the
mice to measure the TNF-a and IL-10 levels using a cytometric bead
array (CBA) kit. The tumor tissues were then rapidly frozen in liquid
nitrogen, sliced into 3-mm cryosections (Cryostat CM1950; Leica
Microsystem) and stained with anti-mouse CD4 (with FITC-labeled goat
anti-mouse as the secondary antibody), anti-mouse CD8 (with CY3-
labeled goat anti-mouse as the secondary antibody) and anti-mouse
Foxp3+ (with CY3-labeled goat anti-mouse as the secondary antibody)
antibodies to evaluate the effect of immunotherapy.

2.2.15. In vivo antitumor assessment using the bilateral tumor model

To investigate the abscopal therapeutic effect on distant tumors, a
bilateral tumor model was developed. For primary tumor inoculation,
4T1 cells (1 x 10°%) suspended in PBS were subcutaneously injected into
the left flank of each female BALB/c mouse. Once the tumor volume
reached approximately 100 mm? (day 0), the mice were randomly
divided into 6 groups (n = 6), which were treated with (1) saline, (2)
DOX, (3) BSA/MnO5 NPs, (4) BSA/MnO, NPs plus laser irradiation, (5)
DOX-BSA/MnO; NPs or (6) DOX-BSA/MnOy NPs plus laser irradiation
and further treated as described in section 2.2.14. After the three
treatments, distant tumors were introduced by injecting 4T1 cells (3 x
10°) suspended in PBS into the right flank of each female BALB/c mouse
on day 8. The distant tumor volume was then recorded until the end of
the experiment, and the tumors were then harvested and used for
immunofluorescence analyses of CD4-+, CD8+ and Foxp3+ expression.

2.2.16. Statistical analysis

All the analysis data are provided as the means + SDs. Student’s t test
was used to compare the results between two groups. Multiple-group
comparisons were analyzed by one-way ANOVA. *P > 0.05 was
considered to indicate a nonsignificant difference compared with the
corresponding control, whereas *P < 0.05 indicated a significant dif-
ference, and **P < 0.01 and ***P < 0.001 indicated highly significant
differences.

3. Results and discussion
3.1. Preparation and characterization of nanoparticles

Cancer is a disease characterized by uncontrolled cell proliferation
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that arises due to the accumulation of multiple genetic and somatic
mutations in genes (proto-oncogenes and tumor suppressor genes) that
regulate cell proliferation and apoptosis. Due to intratumor heteroge-
neity, tumor cells exhibit genetic diversity and drug resistance, which
results in the need for very complex treatment processes and paradigms
(Rahman et al., 2012). Nanoparticles that integrate multiple treatment
paradigms are novel technological innovations developed recently to
combat cancer and constitute the most effective approach for addressing
the molecular heterogeneity and adaptive resistance found in cancer
cells. This approach reduces the problems associated with conventional
nanodrugs with respect to diagnosis, imaging and real-time controlled
drug release and thus leads to reduced toxicity and a shorter treatment
duration (Gindy and Prud’homme, 2009; Ahmad et al., 2019; Sau et al.,
2018).

Because albumin is nontoxic and well tolerated by the immune sys-
tem, it has attracted considerable interest as a component for drug
carriers (Elsadek and Kratz, 2012). Considering its low cost, BSA has
been widely studied as a component of nanocarriers in the field of nano-
antitumor immunity instead of human serum albumin (Zhu et al., 2020;
Zhou et al., 2021; He et al., 2020). The BSA/MnOy NPs were easily
synthesized through an in situ redox reaction involving the simple
mixing of KMnO4 and BSA solutions for 1 h. BSA with reduced amino
acid residues performed the dual roles of reductant and template in this
preparation. KMnO4 was reduced to MnO, around these active groups
and grew gradually on BSA; resulting in the formation of BSA-templated
MnO; NPs until the solution color changed from fuchsia to brown. The
BSA/MnO, NPs were brown, whereas the DOX-BSA/MnO, NPs were
red-brown due to the loaded DOX (Fig. 1A). As shown in Table 1, the
average dynamic sizes of the BSA/MnO; and DOX-BSA/MnO2 NPs were
20.22 + 1.35 nm and 32.50 + 2.31 nm, respectively. Nanoparticles
<100 nm in size could facilitate the passive targeting of drugs to tumors
via the enhanced permeability and retention (EPR) effect (Petros and
DeSimone, 2010). The zeta potentials of the BSA/MnO; and DOX-BSA/
MnO;, NPs were —12.92 + 2.16 mV and —26.80 + 0.70 mV, respectively.
The decrease in the zeta potential of the DOX-BSA/MnO; NPs was
probably due to the loading of DOX-HCI. The EE% and LE% of DOX in
the BSA/MnO, NPs were determined to equal 99.33 + 0.09% and 23.88
+ 0.28%, respectively, and these values were comparable to those of
commonly used DOX carriers such as mesoporous silica (Zhao et al.,
2018), PLGA nanoparticles (Maksimenko et al., 2019), and block
copolymer micelles (Alibolandi et al., 2015). The high EE% and LE% of
DOX were probably due to the coordination between Mn and the
anthraquinone rings of DOX (Zhang et al., 2017).

TEM images (Fig. 1B and Fig. 1C) showed that both the BSA/MnO,
and DOX-BSA/MnO; NPs were uniformly dispersed spherical nano-
particles. Furthermore, the X-ray photoelectron spectroscopy (XPS)
spectrum (Fig. 1D) showed two peaks at 654.2 and 642.4 eV, which were
assigned to the Mn(IV) 2p;,» and Mn(IV) 2p3,» spin-orbit peaks of
MnOy, respectively (Gao et al., 2019). The concentrations of Mn** in the
BSA/MnO, and DOX-BSA/MnO; NPs measured by ICP-OES were
801.47 + 32.46 ppm and 396.90 + 11.88 ppm, respectively.

The successful preparation of the DOX-BSA/MnO; NPs was also
confirmed by UV-vis spectroscopy (Fig. 1E). The characteristic absorp-
tion peaks of DOX and the BSA/MnO; NPs appeared in the spectra of the
DOX-BSA/MnO2 NPs, which indicated that DOX was successfully loaded
on the BSA/MnO, NPs. Incubation of the DOX-BSA/MnOy NPs with
saline containing 10% FBS for 7 days at 37 °C barely changed the par-
ticle size and PDI, indicating good stability (Fig. S1). Moreover, the
particles exhibited good stability even after exposure to laser irradiation
(1.5 W/em?, 635 nm) for 10 min, as demonstrated by the finding that the
particle size and PDI remained stable over 7 days (Fig. S1).

3.2. In vitro photothermal effect

Inspired by the strong UV-vis absorbance of the BSA/MnO5 NPs and
DOX-BSA/MnOgy NPs, we further investigated the photothermal effect of
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Fig. 1. Nanoparticle characterization. (A) Photographs of nanoparticles. TEM images of the (B) BSA/MnO, NPs and (C) DOX-BSA/MnO; NPs. (D) XPS spectrum of
the DOX-BSA/MnO; NPs. (E) UV-vis spectra of free DOX, BSA/MnO; NPs, and DOX-BSA/MnO, NPs. (F) Change in the temperature of the BSA/MnO; NPs in water at
various concentrations under irradiation with a 635-nm laser at a power density of 1.0 W/cmz, n = 3. (G) Change in the temperature of the BSA/MnO, NPs in water
(MnO,, dose of 100 pg/mL) under 635-nm laser irradiation at different power densities, n = 3. (H) Temperature cycling stability of the BSA/MnO, and DOX-BSA/
MnO,, NPs under 1.5-W/cm? irradiation for four on/off cycles (10 min of irradiation for each cycle). (I) Cumulative release of DOX from the DOX-BSA/MnO, NPs
under different conditions with laser exposure for 10 min. (J) Oxygen generation from the DOX-BSA/MnO, NPs under different conditions.

Table 1
Characterization of nanoparticles (n = 3).
Preparation Diameter PDI Zeta EE (%) LE (%)
potential
(mV)
BSA/MnO, 20.22 + 0.220 + —-12.92 + - -
1.35 0.170 2.16
DOX-BSA/ 32.50 + 0.240 + —26.80 £ 99.33 + 23.88 +
MnO, 231 0.006 0.70 0.09 0.28

these nanoparticles. The BSA/MnO, NPs in solution and DOX-BSA/
MnO3 NPs in solution were exposed to 635-nm laser irradiation for 10
min at different concentrations and laser power densities. Purified water
was used as a negative control. An IR thermal camera was used to
monitor the temperature variation. As shown in Fig. 1F and 1G, the
temperature of the BSA/MnO, NP solution increased with increases in
the irradiation time, laser power density and nanoparticle

concentration. In comparison, the temperature of purified water hardly
changed (Fig. S2). In particular, under a power density of 1.5 W/cm? for
10 min, the temperature of the BSA/MnQOy NP solution (MnO; dose of
100 pg/mL) increased from room temperature to 56.9 °C, which meets
the requirements for hyperthermia-induced ICD (Habash et al., 2006).
Therefore, a dose of 100 pg/mL and a laser power density of 1.5 W/cm?
were used for further photothermal studies. Moreover, no significant
differences in photothermal effects were found between the BSA/MnO
NPs and DOX-BSA/MnO; NPs (Fig. S3).

In addition to good photothermal conversion performance, the
photostability of nanoparticles is another important element that needs
to be further investigated. For this purpose, the BSA/MnO5 NP solution
was irradiated through four continuous laser on/off cycles. As shown in
Fig. 1H, the photothermal effect of the BSA/MnOy NPs did not change
during the four on-off cycles of irradiation, which indicated their
excellent photothermal stability. The BSA/MnOs NPs and DOX-BSA/
MnO; NPs exhibited almost overlapping temperature change curves
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throughout the irradiation process, which indicated that the loading of
DOX did not affect the photothermal stability of the BSA/MnOy NPs. The
photothermal conversion efficiencies of the BSA/MnO, NPs and DOX-
BSA/MnO, NPs were 27.71% and 27.79% (Fig. S4 and Table S1),
respectively. Moreover, according to previous research, the good pho-
tothermal effect of the DOX-BSA/MnO5 NPs was due to MnO, itself (Liu
etal., 2018). Taken together, these results indicated that BSA/MnO4 NPs
exhibited desirable photothermal efficiency and photostability and
could be employed as ideal photothermal agents for tumor therapy.

3.3. In vitro DOX release

MnO; is reportedly decomposed in acidic environments enriched
with Hy05 and GSH, which is a distinctive feature of solid tumors (Yu
etal., 2019; Fan et al., 2016). Therefore, we investigated the cumulative
release behaviors of DOX from the DOX-BSA/MnO- NPs in various
aqueous solutions (Fig. 1I). Compared with the slow release of DOX from
the DOX-BSA/MnO; NPs at pH 7.4 (6.14 + 0.45% within 24 h), DOX
release was effectively accelerated (13.71 + 0.91% within 24 h) in a
mildly acidic solution (pH 5.5) due to the faster decomposition of MnO,
under weakly acidic conditions. Furthermore, faster DOX release (39.37

(A) (B)
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+ 2.17% within 24 h) was achieved with the addition of HyO5, which
indicated that HyO2 could accelerate the degradation of MnO;, under
weakly acidic conditions. Noticeably, the fastest release of DOX from the
DOX-BSA/MnO2 NPs (48.96 + 1.45%) was observed under weakly
acidic conditions in the presence of GSH and H,0,, which was attributed
to the accelerated degradation of MnO; by both GSH and H»05. Inter-
estingly, with laser irradiation, the release of DOX was greatly acceler-
ated (57.11 4 0.89% within 24 h versus 48.96 4 1.45% within 24 h),
which was consistent with a previous report that photothermal irradi-
ation could promote the release of DOX from nanoparticles (Wang et al.,
2016). In conclusion, all of these results demonstrated that the DOX-
release behavior of the DOX-BSA/MnO; NPs favored the site-specific
release of DOX in the TME and thereby resulted in reduced undesired
side effects on normal tissues (Liang et al., 2014).

3.4. In vitro Oz production
Considering the overexpression of HyO3 (10-100 pM) inside most
types of solid tumors and the catalase-like activity of MnOs-based

nanoparticles (Chen et al., 2016), we determined the ability of the DOX-
BSA/MnO, NPs to catalyze the decomposition of HyO» into O5 using a
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Fig. 2. (A) Cell viability of HEK293T cells treated with the BSA/MnO;, NPs, n = 6. (B) Viability of 4T1 cells treated with DOX and DOX-BSA/MnO; NPs at various
concentrations, n = 6. (C) Cell viability of 4T1 cells treated with the BSA/MnO, NPs and DOX-BSA/MnO, NPs under 635-nm laser irradiation (1.5 W/ cm?) for various
times (DOX dose of 5 uM, MnO, dose of 100 ug/mL), n = 6. (D) Cellular uptake of the DOX-BSA/MnO, NPs by 4T1 cells at different time points (scale bar = 20 pm).
Flow cytometry was used to quantify the uptake of the DOX-BSA/MnO, NPs by the cells. n = 3. (E) Overlay of fluorescence intensity data obtained by flow cytometry.
(F) Mean fluorescence intensity of 4T1 cells incubated with the DOX-BSA/MnO, NPs for 0.5, 2, 4, and 6 h.
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portable dissolved oxygen meter. As shown in Fig. 1J, under concurrent
stimulation by H" (pH 5.5) and Hy0, (100 uM), the DOX-BSA/MnO,
NPs generated Oy quickly, whereas the O, concentration did not in-
crease in the absence of the DOX-BSA/MnO5 NPs. These results indi-
cated that the DOX-BSA/MnO, NPs can generate Oy using HyO5 as a
feedstock and have the potential to alleviate tumor hypoxia.

3.5. Cytotoxicity of the BSA/MnOy NPs

The cytotoxicity of the BSA/MnO;, NPs was determined by the MTT
assay. As shown in Fig. S5 and Fig. 2A, in the presence of BSA/MnO; NPs
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at a concentration as high as 200 pg/mlL, the survival rates of LO2 cells
(human normal hepatocyte cell line) and HEK 293T cells (human em-
bryonic kidney cell line) were 82.41 + 2.60% and 87.32 + 3.57%,
respectively, which indicated the low cytotoxicity of the BSA/MnO3 NPs
in normal cells (Zhang et al., 2018).

3.6. Antitumor cytotoxicity

To evaluate whether the DOX-BSA/MnO; NPs affected the cytotox-
icity of DOX, the cell viability of 4T1 cells after 24 h of exposure to free
DOX and DOX-BSA/MnO, NPs was investigated. As shown in Fig. 2B,
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Fig. 3. Invitro antitumor effect of nanoparticles and in vitro ICD induction. (A) Flow cytometry analysis of 4T1 cells with Annexin V-APC/7-AAD double staining after
treatment with DOX, BSA/MnO, NPs, BSA/MnO, NPs+ laser, DOX-BSA/MnO, NPs and DOX-BSA/MnO, NPs-+ laser. (B) Quantitative analysis of the apoptosis rate, n
= 3. (C) CLSM fluorescence images (scale bar = 20 pm) of CRT exposure by 4T1 cells treated with DOX, BSA/MnO, NPs, BSA/MnO, NPs+ laser, DOX-BSA/MnO, NPs
and DOX-BSA/MnO, NPs+ laser. (D) Flow cytometry analysis of CRT exposure on the cell surface of 4T1 cells. Intracellular concentrations of (E) HMGB-1 and

(F) ATP.
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both free DOX and DOX-BSA/MnO; NPs inhibited the proliferation of
4T1 cells in a dose-dependent manner, and the IC50 value of the DOX-
BSA/MnO5 NPs (12.9 uM, Fig. S6) against 4T1 cells was markedly lower
than that of free DOX (27.5 uM, Fig. S7), which indicated that the DOX-
BSA/MnO, NPs could effectively enhance the cytotoxicity of DOX.

To investigate whether DOX-BSA/MnO, NP-mediated chemo-pho-
tothermal therapy could synergistically inhibit the proliferation of
tumor cells, the proliferation of 4T1 cells treated with different formu-
lations was assessed by the MTT assay. After incubation with the BSA/
MnO; NPs or DOX-BSA/MnO, NPs for 4 h, 4T1 cells were exposed to
635-nm laser irradiation at a power density of 1.5 W/cm? for different
time periods. As shown in Fig. 2C, compared with photothermal therapy
(PTT) alone (BSA/MnO» NPs plus laser irradiation) or chemotherapy
alone (DOX-BSA/MnO;, NPs without laser irradiation), the combination
therapy (DOX-BSA/MnO, NPs plus laser irradiation) was found to be
more synergistically effective in killing 4T1 cells. Moreover, with in-
creases in the irradiation time, a marked decrease in cell viability was
observed after treatment with DOX-BSA/MnOy NPs plus laser irradia-
tion. In summary, we confirmed that the DOX-BSA/MnO, NPs exerted a
synergistic effect in PTT combined with chemotherapy.

3.7. Invitro cell uptake

The intracellular accumulation of DOX-BSA/MnO; NPs in 4T1 cells
was investigated with a CLSM. As shown in Fig. 2D, the DOX-BSA/MnO»
NPs entered cells rapidly: DOX fluorescence (red fluorescence) rapidly
appeared in the nucleus (observed after incubation for 0.5 h), and the
fluorescence intensity inside cell nuclei increased significantly over
time, indicating the time-dependent uptake of the DOX-BSA/MnO, NPs
by 4T1 cells. The mean fluorescence intensity of these fluorescence
images was also calculated quantitatively by flow cytometry (Fig. 2E
and F). The above-described results suggested the gradual intracellular
release of DOX from the DOX-BSA/MnO; NPs after the breakup of MnO,
nanocarriers within acidic lysosomes.

3.8. Cell apoptosis detection

An Annexin V-APC/7-AAD Apoptosis Detection Kit was used to
detect the major death pathway of 4T1 cells after treatment with the
DOX-BSA/MnO; NPs by flow cytometry. As illustrated in Fig. 3A and B,
only 5.27% apoptotic cells were observed after treatment with the BSA/
MnO; NPs alone, indicating good biocompatibility. Notably, the
apoptosis ratio of the 4T1 cells treated with the BSA/MnOy NPs plus
laser irradiation was significantly increased to 32.86%, which indicated
the good photothermal effects of the BSA/MnO; NPs. In addition,
32.34% of 4T1 cells were apoptotic after treatment with the DOX-BSA/
MnO; NPs, whereas only 26.79% of 4T1 cells were apoptotic after
treatment with free DOX. These results indicated that the DOX-BSA/
MnO; NPs could enhance the cytotoxicity of DOX. The DOX-BSA/MnO,
NPs combined with laser irradiation induced the highest cell apoptosis
rate (approximately 50.60%), which demonstrated that chemo-
photothermal therapy could synergistically induce apoptosis in 4T1
cells. These results were in good agreement with the results from the cell
viability assay.

3.9. Invitro ICD assays

ICD is defined as a cell death modality that stimulates an immune
response against dead-cell antigens (Kroemer et al., 2013). It has been
reported that either DOX or PTT can elicit ICD, and the combination of
the two can induce stronger ICD (Bezu et al., 2015). Because treatment
with the DOX-BSA/MnO;, NPs plus laser irradiation was capable of
performing the dual functions of DOX and PTT, the ability of the NPs to
synergistically trigger ICD to generate DAMPs was evaluated. As shown
in Fig. 3C, CLSM imaging revealed that all the groups with the exception
of the control group were able to induce different degrees of CRT
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exposure on the surface of 4T1 cells, and the BSA/MnO, NP treatment
group exhibited the least CRT exposure. The DOX-BSA/MnO, NP
treatment group exhibited a higher degree of CRT exposure than the free
DOX treatment group. The DOX-BSA/MnO, NPs plus laser irradiation
treatment group showed a higher degree of exposure than the DOX-BSA/
MnO; NP treatment group (chemotherapy alone) or BSA/MnO; NP plus
laser irradiation treatment group (PTT alone), which indicated that
chemo-photothermal therapy could synergistically elicit a higher degree
of CRT exposure than monotherapy. The CRT surface exposure of 4T1
cells after these treatments was quantitatively confirmed by flow
cytometry, which showed the same trend as that obtained with the
CLSM (Fig. 3D).

ATP and HMGB-1 migrate out of tumor cells that undergo ICD
(Galluzzi et al., 2020). Accordingly, the contents of intracellular ATP
and HMGB-1 were measured to evaluate the extent of ICD (Feng et al.,
2020; Lv et al., 2021). As illustrated in Fig. 3E and 3F, the DOX-BSA/
MnO; NP plus laser irradiation treatment group exhibited lower intra-
cellular ATP and HMGB-1 levels, which was consistent with the con-
clusions from the CRT exposure analysis, and these results indicated that
the simultaneous combination of DOX and PTT could synergistically
induce a higher degree of ICD than either the DOX-BSA/MnO; NP
treatment (chemotherapy alone) or the BSA/MnO, NP plus laser irra-
diation treatment (PTT alone). Interestingly, the BSA/MnOy NPs could
also induce the production of ATP and HMGB-1, which reinforced the
notion that the BSA/MnO3 NPs could act as ICD drugs in tumor immu-
notherapy (Ding et al., 2020).

3.10. In vivo fluorescence imaging and biodistribution

To determine the optimal laser irradiation time and investigate the
targeting ability of nanoparticles, in vivo fluorescence imaging was
performed. The BSA/MnO4 NPs were labeled with ICG (1 mg/kg) (ICG-
BSA/MnO, NPs), and an equal dose of free ICG was used as a control
(Pan et al., 2018). As shown in Fig. 4A and B, the ICG fluorescence in-
tensity of the ICG-BSA/MnO5 NPs in the tumor region peaked at 1 h
postinjection, and the fluorescence signal could be detected even at 24 h
postinjection. In contrast, after the injection of free ICG, the fluorescence
intensity of free ICG decreased rapidly over time, and the fluorescence
signal had almost disappeared at 4 h postinjection. The ex vivo imaging
of major organs (hearts, livers, spleens, lungs and kidneys) and tumors
collected 24 h postinjection indicated high tumor enrichment of the ICG-
BSA/MnO, NPs and rapid in vivo clearance of ICG (Fig. 4C and D).
Notably, strong DOX-BSA/MnO, NP fluorescence was found in the
kidneys at 24 h postinjection, which was due to the dissociation of the
nanoparticles into small individual albumin for renal clearance (Tian
et al., 2017; Zhou et al., 2021) Therefore, ICG-BSA/MnQO, NPs could
accumulate in tumor tissues more efficiently than free ICG, and the
optimal treatment time for PTT appeared to be 1 h postinjection.

3.11. DOX-BSA/MnOz NP-mediated combinational therapy to inhibit the
growth of primary tumors

We used mice bearing the triple-negative breast tumor cell line 4T1
to validate whether DOX-BSA/MnQO;, NP-mediated combinational ther-
apy could effectively inhibit the growth of primary tumors. Once the
tumor volumes reached ~100 mm?, the 4T1 tumor-bearing BALB/c
mice were randomly grouped, and each group was treated with saline,
saline plus laser irradiation, DOX, BSA/MnO, NPs, BSA/MnO, NPs plus
laser irradiation, DOX-BSA/MnOy NPs, or DOX-BSA/MnO; NPs plus
laser irradiation on days 1, 4, and 7 postinjection, as shown in Fig. 5A.
For each group, the doses of DOX and MnO; were 1.0 mg/kg and 0.5
mg/kg, respectively. Timed NIR irradiation with a 635-nm laser (1.5 W/
cm?, 10 min) was applied to the mice in the laser treatment group.

First, the photothermal conversion of the BSA/MnO, NPs and DOX-
BSA/MnO, NPs was evaluated by infrared thermal imaging. As shown in
Fig. 5B and C, under 635-nm laser irradiation, the surface temperature
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figure legend, the reader is referred to the web version of this article.)

of the tumors administered the BSA/MnO, NPs and DOX-BSA/MnQO-
NPs exhibited a similar enhancement trend and reached approximately
60 °C within 10 min (p > 0.05), which was sufficiently high to cause cell
ablation and elicit immune responses (Li et al., 2021), whereas only a
weak heating effect was observed in the saline treatment group.

The inhibition of the growth of primary tumors by different formu-
lations is shown in Fig. 5D and E. The observation of the DOX-BSA/
MnO; NP plus laser irradiation group revealed that tumor growth was
almost completely inhibited during the 15-day observation period. In
contrast, tumor growth in the mice treated with DOX-BSA/MnO; NPs or
BSA/MnO3, NPs plus laser irradiation was inhibited but to a significantly
lesser extent. These results suggested that DOX-BSA/MnO, NP-mediated
combinational therapy was more efficient than monotherapy (PTT or
chemotherapy). Moreover, the DOX-BSA/MnO2 NP group showed better
tumor growth inhibition than the DOX group, which suggested that the
DOX-BSA/MnO3 NPs could effectively enhance the tumor growth inhi-
bition of DOX due to the better tumor targeting achieved by the DOX-
BSA/MnO, NPs than by free DOX, as previously noted in section 3.10.
The tumor sizes in both the saline and saline plus laser irradiation groups
increased rapidly during the observation period, and no significant
difference was found between these two groups, which was consistent
with published work (Tang et al., 2016). In addition, TUNEL fluorescent
staining was performed to investigate the mechanism of action of these
formulations. As shown in Fig. 5F, tumors treated with the DOX-BSA/
MnO; NPs plus laser irradiation emitted the brightest green-
fluorescence signals, which indicated that the DOX-BSA/MnO2 NPs
plus laser irradiation group exhibited the maximal degree of cell
apoptosis. This finding was consistent with the H&E staining results.
Moreover, the relative body weights showed negligible changes until the
end of the observation period (Fig. S8), which confirmed the safety of
these formulations, and this finding was also verified by H&E staining of
major organs (hearts, livers, spleens, lungs, and kidneys) collected from
mice at the end of the experiment (Fig. S9).
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3.12. Immunological responses after combined therapy

Encouraged by the results of in vitro ICD induction and the in vivo
antitumor effects of DOX-BSA/MnO, NP-mediated combination ther-
apy, we further evaluated their abilities to trigger immunological re-
sponses. Substantial evidence highlights the essential roles of TAMs in
effective tumor immunotherapy (Pollard, 2004). For example, M1-type
TAMs exhibit classic antitumor activity, whereas M2-type TAMs can
promote tumor progression and metastasis by inhibiting antitumor im-
munity (Laoui et al., 2014). A previous study showed that the hypoxic
TME can tune TAMs into M2-type phenotype cells and thereby weakens
the antitumor immune response (Tang et al., 2019). Given the ability of
DOX-BSA/MnO3 NPs to generate O in response to HyO» in tumor cells,
we first verified whether DOX-BSA/MnO, NPs could relieve tumor
hypoxia. As shown in Fig. 6A, the expression level of HIF-1a in tumor
tissues after saline plus laser irradiation or DOX treatment was almost
the same as that after saline treatment, which indicated that neither
saline plus laser irradiation treatment nor DOX treatment changed the
expression of HIF-1a. The expression of HIF-1a in the BSA/MnO;, NP-
and DOX-BSA/MnO;, NP-treated groups was lower than that in the
saline-injected control group. The reason for this difference might be
that the catalase-like activity of MnOs catalyzed the degradation of
intracellular HyO5 into Oy and thus relieved tumor hypoxia. Noticeably,
among these treatments, the lowest expression of HIF-1a in tumor tis-
sues was observed after treatment with DOX-BSA/MnOy NPs plus laser
irradiation, probably because hyperthermia assisted MnO; in over-
coming tumor hypoxia (Yang et al., 2017).

Subsequently, the hypoxia-regulated polarization of TAMs was
investigated by flow cytometry. As shown in Fig. 6B, compared with the
results obtained for the saline-treated group, the proportion of M1-type
TAMs showed a clear increase from 15.3% to 50.7% in the mice treated
with DOX-BSA/MnO; NPs plus timed irradiation with a 635-nm laser,
and in contrast, the amount of M2-type TAMs decreased significantly
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Fig. 5. Primary tumor inhibition assay. (A) Schematic illustration of the animal experimental design with 4T1-bearing BALB/c mice. (B) In vivo infrared thermal
images of the tumor sites in 4T1-bearing BALB/c mice. Images were recorded after 0, 1, 3, 5, 7, and 10 min of irradiation. (C) Temperature variation curves of the
tumor sites in 4T1-bearing BALB/c mice after i.v. injection with saline, BSA/MnO, NPs, and DOX-BSA/MnO, NPs and subsequent 635-nm laser irradiation (1.5 W/
cm?). (D) Tumor growth curves of the 4T1-bearing BALB/c mouse model, n = 6. (E) Images and weights of tumors obtained from 4T1-bearing BALB/c mice on the
15th day after treatment, n = 6. (F) H&E and TUNEL staining images of tumors collected from 4T1-bearing BALB/c mice on the 15th day after treatment (scale bar =

100 pm).

from 24.0% to 6.77%. The BSA/MnQO, NP, DOX and DOX-BSA/MnQ, NP
treatments also induced a certain level of M1-type TAMs, although to a
much smaller extent than the DOX-BSA/MnO; NP plus laser irradiation
treatment. In contrast, no significant change in TAM phenotypes was
observed in tumors after saline plus laser treatment. Moreover, the
secretion of IL-10 (the predominant cytokine secreted by M2-type
macrophages) in the supernatant of tumor lysates significantly
decreased by 2.84 fold in the mice treated with the DOX-BSA/MnO, NPs
plus laser irradiation (Fig. 6C) (Galon and Bruni, 2019), whereas the
secretion of TNF-a, the predominant cytokine secreted by M1l-type
macrophages, increased by 3.42 fold (Fig. 6D) (Yuan et al., 2021). All
these results indicated substantial M1-type TAM polarization after
combined treatment with the DOX-BSA/MnO; NPs plus laser
irradiation.

The hypoxic TME could also induce the upregulation of Tregs and the
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downregulation of tumor infiltrating lymphocytes, including cytotoxic T
cells (CD8+ T cells), helper T cells (CD4+ T cells), and other immune
cells, which play vital roles in antitumor immunotherapy (Vanneman
and Dranoff, 2012; Kabingu et al., 2009). Therefore, we performed an
immunofluorescence analysis to measure the populations of distinct
subgroups of T cells in tumors after different types of treatments. The
tumors treated with the DOX-BSA/MnO; NPs plus laser irradiation
contained more CD4+ and CD8+ T cells than the tumors in the other
groups (Fig. 6E). Moreover, treatment with the DOX-BSA/MnO, NPs
plus laser irradiation significantly reduced the population of immuno-
suppressive Tregs within tumors compared with that in the saline
treatment group. These notable effects may be attributed to the high
TME modulation capacity of the DOX-BSA/MnO2 NPs and the conse-
quently enhanced ability of the treatment combined with chemo-
photothermal therapy to induce the release of tumor-associated
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antigens (Yang et al., 2021; Hafez et al., 2018), which activate DCs and
thus promote the recruitment of cytotoxic T lymphocytes (CTLs) into
tumors.

Many multifunctional MnOy nanoparticles reportedly regulate the
TME and thus favor antitumor immune responses (Singh et al., 2013).
However, compared with other MnO, nanoparticles, our system could
regulate the TME more effectively with a very low dose of MnO; (0.5
mg/kg), preventing the toxicity of MnOj itself (Hafez et al., 2018; Singh
et al., 2013). The reason might be that MnO,-mediated hyperthermia
aids MnOs, in alleviating tumor hypoxia to a certain extent and thereby
enhances the regulation of MnO3 by the TME. In conclusion, in addition
to killing tumor cells, the combination of chemotherapy and PTT per-
formed with our DOX-BSA/MnO; nanoplatform synergistically induced
CTL-mediated  antitumor  immunity and moderated the
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immunosuppressive TME to promote the immune killing of tumor cells
that survived the first round of the combination treatment with chemo-
photothermal therapy.

3.13. DOX-BSA/MnOz-mediated combinational therapy for inhibiting the
growth of abscopal tumors

Improving prognosis and inhibiting tumor recurrence are important
factors in improving the effectiveness of tumor treatment (Chen et al.,
2015). To further investigate whether the established antitumor im-
mune responses triggered by the DOX-BSA/MnO5 NPs plus laser irra-
diation were sufficiently strong to inhibit an untreated distant tumor, a
distant tumor model was established and observed after treatment of the
primary tumors (Fig. 7A). As shown in Fig. 7B, the changes in the size e
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of the distant tumors after treatment of the primary tumors was recorded
and plotted. The growth of the distant tumors showed varying degrees of
retardation in the mice treated with formulations containing MnO,,
which confirmed that MnO, played an essential role in distant tumor
inhibition and in the establishment of systemic immunity. The mice
treated with the DOX, BSA/MnO, NPs, BSA/MnO> NPs plus laser irra-
diation and DOX-BSA/MnO, NPs showed moderate distant tumor inhi-
bition. In comparison, in the DOX-BSA/MnO5 NP plus laser irradiation
group, the distant tumor was not visible until the third day, and the
tumor volume on the last day was significantly smaller than that of the
other groups. These results demonstrated that chemo-photothermal
therapy with modulation of the TME could induce a stronger immune
response than the individual treatments. Strikingly, the DOX-BSA/MnO2
NP group achieved much better efficacy in the inhibition of distant tu-
mors than the clinically used drug DOX. The tumor volume measure-
ments were consistent with the final distant tumor weights (Fig. 7C). To
better understand the improved tumor inhibition effect obtained with
the DOX-BSA/MnO, NPs plus laser irradiation on distant tumors, the
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intratumor infiltration of CD8+ T cells, CD4+ T cells and Tregs was
examined by immunofluorescence analysis. As illustrated in Fig. 7D, the
tumor treated with the DOX-BSA/MnO; NPs plus laser irradiation con-
tained more CD4+ and CD8+ T cells than the tumors of the other
groups. In conclusion, the combination treatment of chemo-
photothermal therapy and modulation of the TME provided by the
DOX-BSA/MnO; NPs plus laser irradiation not only effectively slowed
the growth of primary tumors but also inhibited the growth of distant
tumors via the abscopal immune response.

4. Conclusion

In summary, we developed BSA-templated MnO. nanoparticles
loaded with DOX (DOX-BSA/MnQO, NPs) as a multifunctional thera-
peutic platform. Compared with previously reported MnO; nano-
structures for tumor immunotherapy, the BSA-templated MnOy NPs
developed in this study showed advantages in highly efficient photo-
thermal conversion, highly effective drug loading and precisely
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controlled drug release in the acidic TME. The relief of tumor hypoxia by
the MnOa-triggered decomposition of endogenous HyO; inside tumors
offered remarkable benefits for reversing the immunosuppressive TME
to favor antitumor immunity after the first round of combined treatment
(chemo-photothermal therapy). Furthermore, DOX-BSA/MnO; NP-
mediated chemo-photothermal therapy effectively modified the immu-
nosuppressive microenvironment to favor antitumor immunity, which
exerted an abscopal effect to inhibit the growth of distant tumors
through regulation of the immune cell composition. Due to its inherent
biodegradability, our photothermal BSA-templated MnO2 nanoplatform
may have significant potential for clinical translation to allow the
combination of chemo-photothermal therapy with ICD-based immuno-
therapy. These therapies act together with modulation of the TME and
could achieve a synergistic comprehensive effect in battling tumors.
Considering the complexity of the immunosuppressive TME, our next
step is to combine the BSA/MnO; NPs with immune checkpoint in-
hibitors (PD-L1/PD-1) to achieve better antitumor effects.
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