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ABSTRACT: Metastasis is the predominant cause of cancer
deaths due to solid organ malignancies; however, anticancer
drugs are not effective in treating metastatic cancer. Here we
report a nanotherapeutic approach that combines magnetic
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suppression of both primary and secondary tumors. We % P

attached 2,2’-azobis(2-midinopropane) dihydrochloride 5 A
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(AAPH) molecules to magnetic iron oxide nanoclusters \\"'f,‘/“@?\ i
(IONCs) to form an IONC—AAPH nanoplatform. The IONC )

can generate a high level of localized heat under an alternating Days
magnetic field (AMF), which decomposes the AAPH on the oo

cluster surface and produces a large number of carbon-centered

free radicals. A combination of localized heating and free radicals can effectively kill tumor cells under both normoxic and
hypoxic conditions. The tumor cell death caused by the combination of magnetic heating and free radicals led to the release or
exposure of various damage-associated molecule patterns, which promoted the maturation of dendritic cells. Treating the
tumor-bearing mice with IONC—AAPH under AMF not only eradicated the tumors but also generated systemic antitumor
immune responses. The combination of IONC—AAPH under AMF with anti-PD-1 ICB dramatically suppressed the growth of
untreated distant tumors and induced long-term immune memory. This IONC—AAPH based magneto-immunotherapy has
the potential to effectively combat metastasis and control cancer recurrence.
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immune checkpoint blockade

ancer remains a leading cause of death worldwide,

with the main cause of death being recurrence and

metastasis after initial treatment of the primary
tumor.”” Unlike primary tumors, metastasis is a systemic
disease. Conventional cancer therapeutics such as local surgery,
chemotherapy, and radiation therapy have only had limited
successes in preventing cancer relapse and metastasis.” The
recent development of immunotherapy offers a means to treat
metastatic disease.’ For example, immune checkpoint blockade
(ICB) therapy has been approved for clinical use in treating
late-stage cancers.” However, the overall response rates to ICB
therapy of solid tumors are relatively low. A large proportion of
cancer patients cannot benefit from ICB therapy due to various
reasons, such as low immunogenicity of the tumors, lack of
tumor-infiltrating immune cells, and the immunosuppressive
tumor microenvironment (TME).® Cell-based immunothera-
pies, including that based on T-cells and NK cells, have shown
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promise for treating hematological malignancies,Q’10 whereas
evidence for effectively treating the metastatic disease of solid
tumors is scant.'' It has been shown that ICB therapy can be
improved by combining it with other cancer treatment
modalities that modulate tumor immunogenicity."

Several cancer treatment modalities can cause immunogenic
cell death (ICD), thus increasing the immunogenicity of solid
tumor tissues and activating antitumor immuni'fy.l‘%_16 Among
these approaches, local hyperthermia therapies such as
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Figure 1. Structure and properties of IONC—AAPH. (A) Schematic illustration of heat and free radical generation from the multifunctional
IONC—AAPH nanoplatform under AMF (left). Thermal decomposition of AAPH (right). (B) Representative TEM image of IONCs. (C)
FTIR spectra of IONC—AAPH, AAPH, and IONC. (D) Magnetization curves of IONC—AAPH. Inset: zoom-in view of the magnetization
curve from —100 to +100 Oe. (E) Heating profiles of IONCs and primary magnetic iron oxide nanocrystals (MIONs) at 0.5 mg Fe/mL in
water. (F) Specific absorption rate (SAR) of IONCs and primary MIONs measured under AMF of 9.35 kA/m and 320 kHz. Data represent
mean + s.d. ***P < 0.001 based on one-tailed Student’s t-test. (G) Generation of ABTS+* under different conditions.

photothermal therapy and magnetic heating offer potential
advantages due to minimal invasiveness and low side effects.'”
However, photothermal therapy requires effective delivery of
local heat to the tumor tissue by light."~*' Due to attenuation
by biological tissue, light can only penetrate shallow tissues,
thus rendering the use of photothermal therapy in treating
tumors in deep tissue impractical.22 In contrast, magnetic
heating provides an attractive approach for cancer hyper-
thermia therapy since the applied magnetic field has essentlally
unlimited penetration depth in biological tissues.”>™>° One
major challenge for magnetic hyperthermia is the low magneto-
thermal efficiency of magnetic iron oxide nanoparticles.”” It is
often used as an adjuvant treatment to sensitize tumors to
radiation therapy or chemotherapy.”®

To increase the efficacy of magnetic hyperthermia therapy
and eradicate both primary and metastatic tumors, we have
developed a combination therapeutic approach, magneto-
immunotherapy, that combines magnetic hyperthermia, free
radical generation, and immune checkpoint blockade therapy
for cancer treatment. It has been demonstrated that free
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radicals can modulate tumor immunogenicity.'®*’ In partic-
ular, reactive oxygen species (ROS) generated by radiation or
light can cause immunogenic cell death, thus priming
antitumor immune responses.”’ >’ However, the production
of ROS from these therapeutic modalities is often hindered by
low oxygen levels in the tumor microenvironment (TME),
limiting their effectiveness.”*** It has been shown that upon
heating an azo compound can decompose to generate carbon-
centered free radicals quickly without the need of oxygen.****
In our study, we loaded magnetic iron oxide nanocrystal
clusters (IONC) with water-soluble azo compound 2,2’
azobis(2-amidinopropane) dihydrochloride (AAPH), which
decomposes by heat generated from IONC under an applied
alternating magnetic field (AMF), resulting in carbon-centered
free radicals. It has been shown in cell culture that free radicals
generated from the decomposition of AAPH can sensitize
cancer cells to heat and enhance heat-induced cancer cell
killing.**~** We demonstrated that the simultaneous gener-
ation of localized heat and free radicals can induce
immunogenic cell death and efficiently eradicate the primary
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Figure 2. Free radical generation and cell killing effect of IONC—AAPH in vitro. (A,B) Fluorescence images (A) and flow cytometry analysis
(B) of intracellular free radicals in MC-38 cells via fluorescence from DCF. Scale bar, 100 gm. (C) Fluorescence images of MC-38 cells
costained with calcein AM (live cells, green) and propidium iodide (dead cells, red) after different treatments under normoxic and hypoxic
conditions. Scale bar, 100 ym. (D) Flow cytometry analysis of cell death in MC-38 cells after different treatments under normoxic and
hypoxic conditions.

tumors at low dose of nontoxic IONCs under the clinically safe combined with ICB, the resulting magneto-immunotherapy
AMF. When the use of local heat and free radical generation is has shown efficient abscopal effect and long-term immune
18540 https://doi.org/10.1021/acsnano.2c06776
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memory, thus demonstrating the potential in improving ICB
therapy and suppressing tumor recurrence and metastasis.
Compared with light-based methods, such as photothermal
therapy and photodynamic therapy, the magneto-immunother-
apy developed in this study can treat primary and distant
tumors in deep tissue since a magnetic field can be applied to
the whole body.

RESULTS AND DISCUSSION
Synthesis and Characterization of IONC—AAPH. As

shown in Figure 1A, the nanotherapeutic agent we synthesized,
IONC—AAPH, is composed of magnetic iron oxide nano-
crystal clusters (IONCs) and AAPH, in which IONCs were
used as the heating source for magnetic hyperthermia and for
decomposing AAPH to generate carbon-centered free radicals
(Figure 1A). The IONCs were synthesized through the
hydrolysis of iron salts in glycol in a solvothermal reaction.
Figure 1B shows a typical transmission electron microscopy
(TEM) micrograph of the IONCs. The diameter of IONCs
determined from the TEM images was 40 + 3.9 nm. Each
nanocluster is composed of ~300 primary magnetic iron oxide
nanocrystals (MIONs) of ~S nm. The primary nanoparticles
in each nanocluster have the same crystal orientations. The
specific surface area of the nanoclusters measured by a
Brunauer—Emmett—Teller (BET) surface analyzer is around
half of the specific surface area of primary 5 nm MIONS,
suggesting that the neighboring primary nanoparticles within
an IONC have a lot of shared interfaces, thus interconnected.
The Raman spectrum of IONCs indicates that the primary
MIONS are magnetite (Fe;0,). The IONCs were coated with
poly(AA-co-AMPS-co-PEG), rendering them water-soluble and
stable in cell culture media.

To produce free radicals, we loaded a water-soluble azo
compound AAPH to the IONC surface through a poly(acrylic
acid) (PAA) chain. It has been shown that other azo
compounds in photothermal agents can generate oxygen-
independent free radicals under laser.”>***" In brief, PAA was
first reacted with a nitrodopamine molecule to form nitrodop-
amine-PAA. The AAPH molecules were then conjugated to
nitrodopamine-PAA through reaction between the amine
group on AAPH and the carboxyl group on PAA. The
nitrodopamine-PAA-AAPH was attached to the IONC surface
through the coordination between the catechol group on the
nitrodopamine molecule and the iron atoms on the nano-
cluster surface. The successful loading of AAPH to the IONCs
was confirmed by the spectra from Fourier transform infrared
(FTIR) spectroscopy (Figure 1C). Compared with conven-
tional magnetic iron oxide nanocrystals, the IONCs exhibit
superior magnetic properties due to their nanostructure.”” The
magnetization curve shows negligible coercivity, confirming
that the 40 nm IONCs remain superparamagnetic (Figure
ID). We found that the IONCs (at 0.5 mg Fe/mL
concentration) can generate heat rapidly under AMF of 9.35
kA/m and 320 kHz (the same AMF was used throughout the
study), resulting in a temperature increase of 25 °C in water
within 200 s (Figure 1E). The specific absorption rate (SAR)
of the 40 nm IONCs was 564 + 27 W/g Fe, which was 40-fold
higher than that of the primary MIONs (Figure 1F). To
determine if heat from IONCs under AMF can decompose
AAPH to generate free radicals,”* we used 2,2-azobis(2-
methylpropionamidine) dihydrochloride (ABTS) as a free
radical indicator. ABTS reacts with free radicals and forms
ABTS"™, which exhibits a characteristic absorbance spectrum

between 400 and 950 nm, with a peak at 734 nm. PBS
containing IONC or IONC—AAPH of 300 pug Fe/mL
concentration was mixed with ABTS solution and then
incubated at 37 °C or subjected to AMF for 1 h, followed
by removal of the nanoclusters from the samples using
centrifugal filters. The generation of ABTS™ was then
determined by measuring the absorbance spectra of the
samples. As shown in Figure 1G and Supplementary Figure
S1, for the sample with IONC—AAPH under AMF, the
absorbance peak at 734 nm due to ABTS"® was significantly
higher than that of other groups (PBS as control, IONC,
IONC—AAPH without AMF, and IONC under AMEF),
indicating free radical generation due to decomposition of
AAPH.

Intracellular Free Radical Generation. We further
investigated the intracellular free radical generation of
IONC—AAPH using 2’,7'-dichlorodihydrofluorescein diace-
tate (H,DCFDA) as an intracellular free radical probe.
H,DCFDA is a nonfluorescent cell-permeant compound.
Upon oxidation by free radicals, H,DCFDA is converted to
highly fluorescent 2',7’-dichlorofluorescein (DCF). MC-38
cells (murine colon adenocarcinoma cell line) were preincu-
bated with IONC or IONC—AAPH (at 300 ug Fe/mL
concentration, same for all cellular studies) for 1 h to allow
internalization into cells. The intracellular IONC and IONC—
AAPH were 0.79 + 0.16 and 0.87 + 0.12 pg Fe/cell,
respectively, as quantified by a ferrozine-based colorimetric
assay. After internalization, the cells were exposed to AMF for
1 h. The intracellular free radicals in MC-38 cells were then
examined with H,DCFDA through fluorescence microscopy
and flow cytometry. We found that MC-38 cells treated with
IONC—AAPH under AMF showed bright green fluorescence
signal, as demonstrated by both fluorescence microscopy and
flow cytometry, whereas there was only low background green
fluorescence in cells only (as control), and cells treated with
free AAPH, IONC, IONC—AAPH, or IONC under AMF
(magnetic hyperthermia) (Figure 2A,B, Supplementary Figure
S2). These results clearly indicate that IONC—AAPH can
generate a high level of free radicals in cells under AMF.

In Vitro Tumor Cell Killing. To determine the ability of
IONC—AAPH to kill tumor cells, MC-38 cells were treated
with JIONC—AAPH and subjected to AMF for 2 h under
normal level of oxygen (normoxia), and the cell death was
imaged fluorescently (Figure 2C) by costaining cells with
calcein AM (for live cells) and propidium iodide (PI, for dead
cells). Cell death was further quantified by flow cytometry
analysis of Annexin-V and PI double-stained cells (Figure 2D).
We found that under AMF, IONC—AAPH caused a higher
level of cell death compared with IONC only (52.1% vs 38.1%
as quantified by flow cytometry in Figure 2D). Without AMF,
IONC—-AAPH did not kill MC-38 cells, indicating a good
biocompatibility (Figure 2C,D). We also determined the cell-
killing ability of IONC—AAPH under hypoxic condition by
pretreating MC-38 cells with 100 uM CoCl, for 24 h.*
Hypoxia was successfully induced as evidenced by the
upregulation and accumulation of hypoxia-inducible factor 1-
a (HIF-1a) (Supplementary Figure S3). As shown in Figure
2C,D, under hypoxia, IONC—AAPH maintained a higher cell-
killing ability than IONC alone (53.3% vs 34.3% as quantified
by flow cytometry in Figure 2D). These results suggest that
magnetic heating and the carbon-centered free radical from
AAPH can kill tumor cells effectively and synergistically, even
under hypoxic conditions. Since carbon-centered free radicals
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Figure 3. Mechanisms of IONC—AAPH-mediated cell killing. (A) y-H2AX foci analysis of DNA damage 4 h after treatment. Green, y-H2AX
foci; blue, nuclei. Scale bar, 100 ym. (B) Quantification of fluorescence staining of y-H2AX in (A). n = 60 cells for each group. (C) Imaging
of F-actin structure in MC-38 cells by phalloidin staining of actin filaments 4 h after treatment. Red, F-actin; blue, nuclei. Scale bar, 100 gzm.
(D) Quantification of the percentage of cells with F-actin structure as shown in (C). n = 6 fields for each group. (E) Flow cytometry analysis
of mitochondrial membrane potential of MC-38 cells 4 h after treatment by JC-1 staining. (F) Quantification of the J-aggregate to J-
monomer ratio using the mean fluorescence detected by flow cytometry in (E). (G) GSH depletion measurement of MC-38 cells 2 h after
treatment. (H) Quantification of MDA levels in MC-38 cells 2 h after treatment. Data represent means + s.e.m. Statistical analysis was
performed using one-way ANOVA with posthoc Dunnett’s multiple comparisons test, compared with the IONC—AAPH + AMF group. *P <
0.0S, ¥*P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not significant.

from AAPH can be indued by heat independent of oxygen, our
approach using IONC—AAPH has a clear advantage over
therapeutic strategies based on ROS generation by radiation or
light, which is often hindered by the low oxygen levels in the
TME. 335

IONC—AAPH under AMF Induced Damage to Multi-
ple Cellular Components. It has been reported that
hyperthermia treatment can induce lipid peroxidation, DNA
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damage, protein denaturation, and cell organelle disrup-

46=48 previous studies have shown that the carbon-

tion.
centered free radicals generated from AAPH are highly reactive
and can also damage lipid, DNA, protein, and other
biomolecules, leading to cell death.” Thus, to understand
cell death caused by IONC—AAPH under AMF, we evaluated
the effects of IONC—AAPH on various cellular components,
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Figure 4. Inmunogenic cell death and dendritic cell maturation induced by IONC—AAPH-mediated magnetotherapy. (A—C) Induction of
damage-associated molecular patterns (DAMPs). (A) Quantification of cell surface-exposed calreticulin (ecto-calreticulin) on MC-38 cells 2
and 6 h after treatment. (B) Quantification of cell surface-exposed Hsp70 (ecto-Hsp70) on MC-38 cells 2 and 6 h after treatment. (C)
Quantification of ATP release from MC-38 cells 2 and 6 h after treatment. (D—F) Activation of dendritic cells. (D) Schematic illustration of
the transwell coculture experiment. MC-38 cells were added to the upper chamber of the transwell system immediately after treatment, and
cocultured with BMDCs in the lower chamber for 24 h. (E,F) The quantification of DC maturation by flow cytometry (n = 3). The
percentage of DC maturation was calculated as the frequency of mature DCs (CD80"CD86") in all BMDCs (CD11c"). The blank groups are
BMDCs only. Representative flow cytometry data are shown in (E), and quantification data are shown in (F). Data represent mean + s.e.m.
Statistical analysis was performed using one-way ANOVA with posthoc Dunnett’s multiple comparisons test, compared with the IONC—
AAPH + AMF group. *P < 0.05, ¥¥**P < 0.001, and ****P < 0.0001. n.s., not significant.
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including DNA, F-actin, mitochondria, glutathione (GSH),
and lipid.

We used y-H2AX as a marker of DNA damage which forms
foci around the site of DNA double-strand breaks (DSB).>" As
shown in Figure 3A, treating MC-38 cells with IONC under
AMEF induced y-H2AX foci formation, indicating DNA damage
due to IONC-mediated hyperthermia. When combined with
free radical generation, i.e., treating cells with IONC—AAPH
under AMF for 90 min, the foci number and fluorescence
intensity were increased dramatically (Figure 3A). Shown in
Figure 3B is the quantification of y-H2AX expression based on
the fluorescence intensity, indicating that combined heat and
free radical generation by IONC—AAPH has caused higher
DNA damage compared with hyperthermia alone. The very
low numbers of y-H2AX foci observed in the four control
groups (cells only, AAPH, IONC, and IONC—AAPH without
AMF) are likely due to the spontaneous DNA damage in the
MC-38 cells, as spontaneous y-H2AX foci have also been
found in several cancer cell lines and some cancer tissues.’"*>

To examine the effect of heating and free radicals on the
actin cytoskeleton, we stained actin filaments (F-actin) with
fluorescent phalloidin. Without heating, F-actin in cells treated
with AAPH, IONC, and IONC—AAPH was well organized
and elongated, similar to cells-only as control (Figure 3C). The
MC-38 cells treated with IONC and subjected to AMF
(magnetic hyperthermia) rounded up and showed retracted
actin filaments. In contrast, for cells treated with IONC—
AAPH and subjected to AMF, more than 50% of them lost the
F-actin structure (i.e, no phalloidin staining) (Figure 3C,D),
suggesting that the actin filaments in these cells were disrupted
by the combination of heat with free radicals. In cells subjected
to heating and free radicals but still showing phalloidin
staining, the actin filaments were further retracted and more
condensed compared with cells under heating only (Figure
3C).

We also examined the effect of heat and free radical
generation by IONC—AAPH on mitochondria with JC-1 dye,
which is an indicator of mitochondrial membrane potential
(MMP).>® In healthy cells with high MMP, JC-1 accumulates
in the mitochondria and forms J-aggregates, which emit red
fluorescence.”® In contrast, in apoptotic cells with low MMP,
JC-1 diftuses in the cytoplasm and remains as J-monomers,
resulting in green fluorescence.”® A decrease in J-aggregates
(red) to J-monomers (green) ratio indicates loss of MMP, i.e.,
mitochondrial depolarization.”® J-aggregates (red) were
formed in the control cells and cells treated with AAPH,
IONC, and IONC—AAPH (without heating or free radicals)
as shown by the fluorescent images (Supplementary Figure
S4). In contrast, there were only J-monomers (green) in the
cells treated with IONC or IONC—AAPH under AMF,
suggesting that depolarization of mitochondria occurred due to
heat or the combination of heat and free radicals
(Supplementary Figure S4). The J-aggregates to J-monomers
ratios quantified using flow cytometry confirmed the significant
MMP loss due to heat and free radicals (Figure 3E,F). No
significant difference was observed between having heat only
and having heat plus free radicals (Figure 3F), suggesting that
it was mainly magnetic heating that caused mitochondrial
depolarization in MC-38 cells.

Glutathione (GSH) is an antioxidant that plays an important
role in scavenging of intracellular free radicals and protecting
cells against oxidative damage.”* GSH depletion disrupts the
redox homeostasis and leads to oxidative stress and eventual

cell death.” After adding 300 pug Fe/mL of IONC or IONC—
AAPH to cell culture media, MC-38 cells were subjected to
AMEF for 2 h. These cells were then incubated at 37 °C for
another 2 h before the intracellular GSH was quantified.
Intracellular GSH was also measured for cells treated with
AAPH, IONC, or IONC—AAPH, respectively, without AMF
and incubated at 37 °C for 4 h. The intracellular GSH was
quantified using a luminescence-based GSH-Glo glutathione
assay. Figure 3G shows that treating MC-38 cells with free
AAPH, IONC, and IONC—AAPH, respectively, did not affect
the GSH to GSSG ratio, and magnetic hyperthermia (IONC
with AMF) only caused a slight decrease in GSH/GSSG. In
contrast, treating cells with IONC—AAPH under AMF (i.e.,
with both heating and free radicals) decreased the GSH/GSSG
ratio to 55% of that in the control cells (Figure 3G). These
results suggest that IONC—AAPH under AMF can cause
significant GSH depletion and thus an increased level of
oxidative stress.

We further quantified the effect of IONC—AAPH-induced
heat and free radicals on lipids by measuring the level of
malondialdehyde (MDA), which is one of the final products of
lipid peroxidation and has been widely used as a biomarker of
oxidative stress.”® We found that the MC-38 cells treated with
free AAPH, IONC, and IONC—AAPH, respectively, without
AM, as well as cells treated with IONC under AMF had some
increase in MDA levels compared with that of control cells
(Figure 3H). The low levels of lipid peroxidation in these
groups were likely caused by the free radicals generated from
the slow decomposition of AAPH at 37 °C, or the IONC-
induced fenton/fenton-like reaction, or their combination
(IONC—AAPH without AMF). Cells treated with IONC—
AAPH under AMF induced a significant increase in the MDA
level (Figure 3H). Our results indicate that heat and free
radicals generated by IONC—AAPH induced lipid peroxida-
tion, which in turn caused cancer cell death.

Taken together, we have demonstrated that IONC—AAPH
under AMF can cause damage to multiple cellular components,
including DNA (Figure 3A,B), actin cytoskeleton (Figure
3C,D), mitochondria (Figure 3E,F, Supplementary Figure S4),
and lipid membranes (Figure 3H), as well as significant
intracellular GSH depletion (Figure 3G). All of these
contributed to the cancer cell death triggered by IONC—
AAPH.

IONC—AAPH under AMF Caused Immunogenic Cell
Death and Dendritic Cell Maturation. Immunogenic cell
death (ICD) is characterized by the exposure or release of
damage-associated molecular patterns (DAMPs), such as
calreticulin (CRT), heat shock protein 70 (Hsp70), and
adenosine triphosphate (ATP).”” To determine if IONC—
AAPH under AMF induces immunogenic cell death, we
examined, respectively, the cell surface translocation of CRT
(ecto-CRT) and Hsp70 (ecto-Hsp70) and the release of ATP
to extracellular space at different time points after treating MC-
38 cells with IONC or IONC—AAPH under AMF for 2 h or
with AAPH, IONC, or IONC-AAPH without AMF (defined as
“treatment” here and in Figure 4). Our results show that the
translocation of CRT and Hsp70 to the cell surface happened
within 2 h after treatment with IONC and IONC—AAPH
under AMF (Figure 4A,B, Supplementary Figures SSA, S6A).
At 6 h post-treatment, the ecto-CRT and ecto-Hsp70 levels of
MC-38 cells treated with heating and free radicals were still
significantly higher than those of other groups (cells only,
AAPH, IONC and IONC—AAPH without AMF, and IONC
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Figure 5. In vivo antitumor activity of IONC—AAPH-mediated magnetotherapy. (A) Schematic illustration of the experimental design. (B)
Representative IR images of MC-38-tumor-bearing mice after the treatment. Black dashed circles, tumors. (C) Tumor growth curves of
different treatment groups. The black arrow indicates the onset of treatment. (D) Images of excised tumors at the end point. (E) Weights of
excised tumors. Data represent means + s.e.m. Statistical analysis was performed using one-way ANOVA with posthoc Dunnett’s multiple
comparisons test, compared with the IONC—AAPH + AMF group. **P < 0.01, *¥*P < 0.001, and ****P < 0.0001. n.s., not significant. (F)
H&E, Ki-67, and TUNEL staining of tumor sections 24 h after treatment. In Ki-67 (green) and TUNEL (red) staining, the nuclei were

stained with DAPI (blue). Scale bar, 100 gzm.

with AMF) (Figure 4A,B, Supplementary Figures SSB, S6B).
Additionally, 24 h after treatment with IONC—AAPH, the
expression of Hsp70 protein increased by 27-fold compared
with control (Supplementary Figure S7). We further found
that there was a high level of extracellular ATP due to heat and
free radicals. At 2 h post-treatment with IONC—AAPH, the
concentration of extracellular ATP was 130.4 nM, ~420-fold
higher than that of cells only (control) (Figure 4C). At 6 h
post-treatment with IONC—AAPH, the level of extracellular
ATP was still ~100-fold higher than the control. Heating only

18545

without free radicals also showed significant increase in
extracellular ATP, ~210-fold and ~11-fold higher than control,
respectively, at 2 and 6 h post-treatment (Figure 4C). Our
results suggest that the cell death due to IONC—AAPH under
AMF is highly immunogenic.

Dendritic cells (DCs) are a key type of antigen-presenting
cells that play critical roles in initiating and regulating
antitumor immune response. To determine if the immuno-
genic cell death induced by magnetotherapy can activate
dendritic cells, we cocultured bone marrow-derived dendritic
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Figure 6. Abscopal effect of magneto-immunotherapy. (A) Schematic illustration of the experiment design. (B) Average growth curve of
secondary tumor. (C) Survival curves of mice receiving different treatments. n = 8. (D,E) Infiltrating immune cells in the secondary tumors
(n = 3). Representative flow cytometry data are shown in (D), and quantification data are shown in (E). (F,G) Tumor antigen-specific T cells
determined by ELISpot assay (n = 3). IFN-y secreting T cells were detected 24 h after stimulation. Splenocytes without peptide stimulation
were included as control groups. Representative spots are shown in (F), and quantification data are shown in (G). Data represent mean +
s.e.m. Statistical analysis was performed using log-rank Mantel-Cox test (C) or one-way ANOVA with posthoc Dunnett’s multiple
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cells (BMDCs) with IONC—AAPH-treated MC-38 cells,
together with the medium containing DAMPs, in a transwell
system for 24 h (Figure 4D). The maturation of dendritic cells
was estimated as the percentage of CD80'CD86" cells in
CD11c" cells (Supplementary Figure S8). As shown in Figure
4E,F, MC-38 cells alone or the cells treated by AAPH did not
show a noticeable effect on DC maturation. The percentage of
mature DCs in IONC and IONC—AAPH groups was 2.1-fold
of the blank. Given that incubation with IONC and IONC—
AAPH had little effect on MC-38 cells (Figures 2, 3, and 4A—
C), the increase of DC maturation with these two groups
without AMF was likely induced by the internalized nano-
clusters, since the stimulatory effect of nanomaterials on DC
maturation has been reported.”® The DC maturation in
magnetic hyperthermia group (IONC + AMF) and magneto-
therapy group (IONC—AAPH + AMF) was 2.8- and 3.6-fold
of the blank, respectively (Figure 4F). The significantly
increased DC maturation in the magnetotherapy group
indicates that the immunogenic cell death caused by IONC—
AAPH under AMF can effectively activate DCs.

IONC—AAPH under AMF Generated High Anti-Tumor
Activity In Vivo. We evaluated the antitumor activity of
IONC—AAPH in vivo with a subcutaneous MC-38 mouse
tumor model. The subcutaneous tumor was induced by
inoculating MC-38 cells into the right flank of the C57BL/6N
mouse (Figure SA). The mice were randomly divided into 6
groups (n = 3): (i) saline, (ii) AAPH, (iii) IONC, (iv) IONC—
AAPH, (v) IONC + AMF, and (vi) IONC—AAPH + AMF.
When the tumor volume reached 150—200 mm?, the mice
were intratumorally injected with saline, AAPH (2 mM),
IONC (5 mg Fe/mL), and IONC—AAPH (S mg Fe/mL),
respectively (Figure SA). After injection the mice in IONC +
AMF and IONC—AAPH + AMF groups were subjected to
AMF for 1 h. The temperature of the tumors injected with
IONC or IONC—AAPH increased rapidly and reached above
45 °C within 5 min, as measured by an infrared thermal
camera (Supplementary Figure S9A,C,G). After applying AMF,
the temperature in the tumor was much higher than in other
parts of the body (Figure 5B, Supplementary Figure S9B,D). In
contrast, a negligible temperature increase was observed in the
tumors injected with saline and treated with AMF (Supple-
mentary Figure S9E—G).

As shown in Figure SC and Supplementary Figure S10,
IONC-induced hyperthermia (IONC + AMF) reduced the
tumor burden effectively and delayed the regrowth of tumor
from the residual tumor cells. When combining local heating
with free radical generation by IONC—AAPH under AMF,
tumor growth was significantly inhibited, much more than
hyperthermia alone. Specifically, at the end point (Day 22), the
average tumor volume in mice treated with IONC—AAPH
under AMF was reduced by 88.2% compared with control
tumors (injected with saline), whereas with IONC alone under
AMEF the average reduction in tumor volume was only 61.7%
(Figure SC). The reduction of tumor weight due to heat and
free radicals generated by IONC—AAPH was higher than
hyperthermia alone, while injecting AAPH, IONC, and
IONC—AAPH without applying AMF only slightly reduced
the tumor weight (Figure SD,E). The clear synergy between
heat from IONC under AMF and free radicals generated from
AAPH is likely due to free radicals sensitizing the tumor cells
to heat thus enhancing heat-induced cell killing, similar to the
combination of photothermal therapy (PTT) and photo-

dynamic therapy (PDT) that kill tumor cells by heat and free
radicals induced by light.*”~®*

The hematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) analysis of the tumor tissues demonstrated that
injecting IONC—AAPH and applying AMF caused significant
tumor tissue damage, higher than hyperthermia alone; no
tumor tissue damage was found in the control groups
(injecting saline, AAPH, IONC, IONC—AAPH without
AMF) (Figure SF). In addition, the analysis of Ki-67
expression in tumor tissues indicates that tumor cell
proliferation was inhibited efficiently by IONC—AAPH
under AMF (Figure SF). Taken together, our results suggest
that the combination of local heat and free radicals by IONC—
AAPH led to a profound antitumor effect in vivo.

Magneto-Immunotherapy Induced Strong Abscopal
Effect. We next determined whether magneto-immunotherapy
that combines IONC—AAPH-based local heat and free radical
generation with anti-PD-1 immune checkpoint blockade (ICB)
therapy can induce an abscopal antitumor effect. Over the past
a few decades, several local cancer treatment modalities, such
as radiation therapy and phototherapy, have been reported to
induce an abscopal effect on the untreated distant tumors.®>**
Previous studies have shown that the abscopal effect is
attributed to the systemic antitumor immune responses
triggered by immunogenic cell death during local treatment®®
and combining local treatment stratagies with immunotherapy
can amplify the abscopal effect.’>*°

Our in vitro studies have demonstrated the ability of IONC—
AAPH to induce immunogenic cell death (Figure 4,
Supplementary Figures SS—7). To determine the abscopal
effect, we used a biliteral subcutaneous tumor model by
inoculating MC-38 cells into the right and left flanks of the
same mouse, as shown in Figure 6A. The tumor on the right
side was designated as the primary tumor, subjected to
different treatment, and the tumor on the left side was
designated as secondary (distant) tumor without any treat-
ment. The mice were randomly divided into 6 groups (n = 8):
(i) saline, (ii) anti-PD-1, (iii) IONC—AAPH, (iv) IONC—
AAPH + anti-PD-1, (v) IONC—AAPH + AMF, and (vi)
IONC—AAPH + AMF + anti-PD-1. When the volume of the
primary tumor reached 50—100 mm?, saline or IONC—AAPH
was injected directly into the primary tumor. Mice in groups
(v) and (vi) were treated with IONC—AAPH under AMF for
1 h. For mice in groups (ii), (iv), and (vi), anti-PD-1 antibody
was injected intraperitoneally at 10 mg/kg of body weight on
Days 8, 11, and 14 (Figure 6A). The tumor growth was
monitored daily.

As expected, injecting IONC—AAPH into the primary
tumor without AMF showed no inhibitory effect on the
secondary tumor (Figure 6B, Supplementary Figure S11). In
contrast, injecting IONC—AAPH into the primary tumor and
subjecting the mice to AMF partially inhibited the growth of
the secondary tumor, suggesting a moderate abscopal effect
due to local heat and free radical generation (Figure 6B,
Supplementary Figure S11). When combining heat and free
radical produced by IONC—AAPH with anti-PD-1 ICB, the
abscopal effect on the secondary tumor was dramatically
enhanced, as demonstrated by the much slower growth of the
secondary tumor compared with the saline control group
(Figure 6B, Supplementary Figure S11). Note that injection of
anti-PD-1 antibody also partially delayed the growth of the
secondary tumor due to the activation of systemic immune
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response (Figure 6B, Supplementary Figure S11). However, all
the animals injected with anti-PD-1 antibodies reached the end
point within 31 days (Figure 6C). In comparison, the
combination of local heat, free radicals, and anti-PD-1 ICB
eradicated both the primary and secondary tumors in 25% of
the treated mice, which survived throughout the study period
(60 days) with no tumor relapse (Figure 6C). Together, these
findings clearly suggested that magneto-immunotherapy can
elicit a strong abscopal effect to suppress the growth of distant
tumors. Thus, the method developed in this study has the
potential to treat metastatic cancers.

We further investigated the mechanisms underlying the
abscopal effect observed. We first analyzed the tumor-
infiltrating lymphocyte profiles in the untreated tumors. Mice
with bilateral MC-38 tumors were treated as described in
Figure 6A. On Day 17 (i.e,, 10 days after treating the primary
tumor), the secondary tumors without any treatment were
harvested for flow cytometry analysis. The gating strategies are
presented in Supplementary Figure S12. Figure 6D,E show that
the percentage of CD3*CD8" T cells in the secondary tumors
dramatically increased in the mice receiving magnetotherapy
(IONC—AAPH with AMF) or magneto-immunotherapy
(IONC—AAPH with AMF plus ICB). There was no significant
difference between these two groups (Figure 6D,E). These
results suggest that treating the primary tumor with magneto-
therapy can increase the number of CD3*CD8" T cells in the
untreated secondary tumor. We further evaluated the tumor-
specific immune response post magneto-immunotherapy by
enzyme-linked immunospot (ELISpot) assay. The splenocytes
were harvested on Day 17 and stimulated for 24 h with
KSPWFTTL, a tumor-associated antigen (TAA) peptide.
Splenocytes incubated with ovalbumin (OVA) peptide
SINFEKL or without peptide were included as control groups.
As shown in Figure 6F,G, the number of antigen-specific IFN-y
producing T cells was significantly higher in the mice treated
with magneto-immunotherapy (668 + 93 per 10° cells), which
was 4.5- and 2.8-fold higher than that of the saline control (148
+ 44 per 10° cells) and magnetotherapy (235 + 126 per 10°
cells) groups, respectively. Our results indicate that magneto-
immunotherapy of primary tumor can efficiently activate
systemic tumor-specific T-cell response. Thus, the strong
abscopal effect of magneto-immunotherapy may result from
the combination of increased tumor infiltrating CD8" T cells
and enhanced tumor-specific T-cell response.

Magneto-Immunotherapy Induced Long-Term Im-
mune Memory. Immune memory is the hallmark of the
adaptive immune response essential for long-term protection
against pathogens including tumor cells. Upon a second
encounter with the same tumor cells, memory T cells can
rapidly respond and mount a much stronger and more effective
immune response than the first immune response. We
therefore investigated if IONC—AAPH under AMF could
induce immune memory against tumor rechallenge. The first
tumor was inoculated by subcutaneous injection of MC-38
cells into the right flank of the CS7BL/6N mouse
(Supplementary Figure 13A). When the tumor volume
reached 50—100 mm?®, the tumors were removed by 1-2
rounds of treatment. The mice treated with magneto-
immunotherapy (IONC—AAPH with AMF and ICB) were
intraperitoneally injected with anti-PD-1 antibody (10 mg/kg
of body weight) 1, 4, and 7 days after the first round of
magnetotherapy. After the first tumors were completely
eradicated, the mice were housed for additional 40 days to

allow the possible establishment of immune memory. They
were then rechallenged with MC-38 cells on the contralateral
side (Supplementary Figure 13A). Three naive mice (without
previous tumor implant) were inoculated with MC-38 cells and
used as a control. As shown in Supplementary Figure 13B, the
tumors in the naive mice grew rapidly and reached the end
point within 24 days, while the growth of the second tumors in
the mice treated with IONC—AAPH under AMF were
completely inhibited or significantly delayed. Two out of
three mice rejected the tumor rechallenge. Excitingly, all the
three mice cured by magneto-immunotherapy (IONC—AAPH
+ AMF + anti-PD-1) completely rejected the tumor
rechallenge and survived throughout the study period
(Supplementary Figure 13B). No tumor relapse occurred
over a year post the magneto-immunotherapy. These findings
clearly demonstrated that IONC—AAPH under AMF induced
long-term protective immune memory against the tumors.
Evaluation of Toxicity of IONC—AAPH. To evaluate the
potential toxicity of IONC—AAPH, we first examined the in
vivo biodistribution of IONC—AAPH by Prussian blue iron
staining. The IONC—AAPH was directly injected into the
tumor, and the tumor was completely eradicated by IONC—
AAPH under AMF. As shown in Supplementary Figure S14,
the iron staining was only found in the tumor-draining lymph
node (TDLN) and the spleen, which might be due to
transportation within the lymphatic system. No IONC was
found in the contralateral inguinal lymph node and other vital
organs (Supplementary Figure S14). We also monitored the
mouse body weight, examined the morphology of vital organs,
and evaluated the indices of liver and kidney functions. We
found that there were no large fluctuations of body weight in
IONC—AAPH-treated mice (Supplementary Figure S15). The
mice behaved normally after the treatment. The results of
histological examination showed that there was no morpho-
logical change or apparent injury in the vital organs
(Supplementary Figure S16). Compared with the control
mice, there was no significant difference in the blood levels of
alanine transaminase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), blood urea nitrogen
(BUN), and creatinine in IONC—AAPH treated mice
(Supplementary Figure S17), suggesting that there was no
adverse effect on the liver and kidney functions. Together,
these findings indicate that IONC—AAPH is biocompatible
and the magneto-immunotherapy using IONC—AAPH is safe.

CONCLUSIONS

In summary, we developed a magneto-immunotherapy for
solid tumors by combining magnetic iron oxide nanocluster
(IONC) based heat and free radical generation with immune
checkpoint blockade therapy. Upon applying an alternating
magnetic field, the IONCs produce a high level of local heat,
decomposing the attached AAPH molecules, resulting in
carbon-centered free radicals. We showed that the simulta-
neous generation of heat and free radicals from IONC—AAPH
effectively killed tumor cells by causing intracellular GSH
depletion and damaging multiple cellular components
including DNA, actin cytoskeleton, mitochondria, and lipid
membranes. The tumor cell death caused by combined
magnetic heating and free radicals is highly immunogenic, as
demonstrated by cell surface translocation of CRT and Hsp70,
and release of ATP, which promoted dendritic cell maturation.
Treating the primary tumors with IONC—AAPH under AMF
led to the eradication of the tumors. Further, the combination

https://doi.org/10.1021/acsnano.2c06776
ACS Nano 2022, 16, 18538—18554


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06776/suppl_file/nn2c06776_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

of IONC—AAPH under AMF with anti-PD-1 ICB dramatically
inhibited the growth of untreated distant tumors by inducing
tumor-specific T cell response and increasing tumor-infiltrating
CD8" T cells. In addition, this magneto-immunotherapy also
induced a strong long-term immune memory effect against
tumor rechallenge. Hence, the IONC—AAPH-based magneto-
immunotherapy has the potential to effectively control cancer
recurrence and combat cancer metastasis, thus significantly
improving the current cancer therapies.

METHODS

Materials. Ethylene glycol (anhydrous, 99.8%), iron(IIl) chloride
hexahydrate (FeCl;-6H,0, ACS reagent, 97%), urea (ACS reagent,
99.0%), azobis(isobutyronitrile) (AIBN, 98%), acrylic acid (anhy-
drous, contains 200 ppm MEHQ as inhibitor, 99%), 2-acrylamido-2-
methylpropanesulfonic acid (AMPS, 99%), dimethylformamide
(DMF, anhydrous, 99.8%), 3,4-dihydroxyphenethylamine hydro-
chloride (dopamine), poly(ethylene glycol) methyl ether methacrylate
(M,, 500), poly(acrylic acid) (PAA, M,, ~ 1,800), sodium nitrite
(ACS reagent, >97.0%), 2,2'-azobis(2-methylpropionamidine) dihy-
drochloride (AAPH) and lipid peroxidation detection kit were
purchased from Sigma-Aldrich. 1-Ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDC), sulfuric acid (ACS
grade, 98%), hydrochloric acid (ACS grade, 37%), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) solution, 2/,7'-dichlor-
odihydrofluorescein diacetate (H,DCFDA), calcein acetoxymethyl
ester (Calcein AM), bicinchoninic acid (BCA) protein assay kit, Alexa
Fluor 568 Phalloidin, Hoechst 33342, JC-1 Dye, and Alexa Fluor 594
TUNEL assay kit were purchased from Thermo Fisher Scientific.
Polyacrylic acid sodium salt (PAA, M,, ~ 6,000) was purchased from
Polyscience Inc. Alexa Fluor 488 conjugated calreticulin antibody,
Alexa Fluor 488 conjugated Ki-67 antibody, FITC conjugated CD3
antibody, and y-H2AX antibody were obtained from Cell Signaling
Technology. APC-conjugated CD4 antibody, PE-conjugated CD8«a
antibody, PE-conjugated CD11c antibody, FITC-conjugated CD80
antibody, APC-conjugated CD86 antibody, CD16/CD32 antibody,
and fixable viability stain 450 were purchased from BD Biosciences.
Iron staining kit, creatinine quantification kit, mouse aspartate
aminotransferase (AST) ELISA kit, recombinant mouse granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), HIF-la
antibody, GAPDH antibody, FITC conjugated Hsp70 antibody,
horseradish peroxidase (HRP)-conjugated goat antirabbit secondary
antibody, Alexa Fluor 488 conjugated goat antirabbit antibody, and
DAPI-containing mounting medium were purchased from Abcam.
ATP and GSH quantification kits were obtained from Promega. The
ELISA kits for quantification of mouse alanine transaminase (ALT),
alkaline phosphatase (ALP), and blood urea nitrogen (BUN) were
obtained from MyBioSource. OVA,; ,; peptide (SINFEKL) and
MC-38 tumor-associated antigen peptide MuLV p1SE (KSPWFTTL)
were purchased from MBL. Mouse Hsp70 ELISA and mouse IFN-y
ELISpot kits were purchased from R&D Systems. Propidium iodide
(Anaspec), annexin V apoptosis kit (SouthernBiotech), mycoplasma
detection kit (Lonza), anti-PD-1 antibody (InvivoGen), and 4-
compartment cell culture dishes (Greiner bio-one) were purchased
from the indicated sources, respectively.

Synthesis of Iron Oxide Nanocrystal Clusters. Iron oxide
nanocrystal clusters (IONCs) were synthesized using a solvothermal
method described in the literature.** Briefly, FeCl;-6H,0 (540 mg),
PAA (250 mg), urea (1200 mg), and deionized water (Milli-Q, >18
mQ, 1.5 mL) were dissolved in ethylene glycol (20 mL) using a
magnetic stirrer. This reaction mixture was vigorously stirred for 60
min, leading to a transparent yellow solution. The solution was then
transferred to the Teflon-lined stainless steel autoclave reactor. The
reactor was heated at 200 °C for 6 h in an oven. A black solution was
obtained after cooling down the reaction solution, indicating the
formation of iron oxide nanocrystal clusters. The clusters were
collected using a rare earth magnet. The product was washed by a
mixture of acetone and water six times to remove the byproducts and

unreacted reactants. The purified clusters were redispersed in water
for further use.

Replacement of PAA on IONC Surface by Dopamine. Five
milliliters of dopamine aqueous solution (1 mg/mL) was added to §
mL of IONC solution (1 mg Fe/mL) in a 20 mL glass vial. The
mixture was stirred for 2 h. The mixture became turbid gradually
during stirring, indicating the replacement of the polyacrylate by
dopamine. The aggregated clusters were collected magnetically using
a rare earth magnet. The sample was washed 6 times with water to
remove free dopamine.

Synthesis of Poly(AA-co-AMPS-co-PEG). The copolymer was
synthesized using the free radical polymerization method. Briefly,
PEG-acrylate (1.0 g), AMPS (0.75 g), acrylic acid (0.25 g), and AIBN
(300 mg) were dissolved in 10 mL of DMF in a 20 mL glass vial. The
vial was then transferred to an oven equipped with an ultraviolet
illumination lamp (LZC-4Xb photoreactor, UVA 350 nm). The
mixture was magnetically stirred for 4 h under ultraviolet radiation to
form polymers. The obtained polymer was purified using a dialysis
bag (Cellulose Membrane, MWCO 3 kDa) to remove impurities.
Then the purified copolymer was dried for 2 days using a freeze-dryer.

Grafting Poly(AA-co-AMPS-co-PEG) onto Clusters. Poly(AA-
co-AMPS-co-PEG) was grafted to IONC surface through EDC
conjugation under sonication. Typically, 2 mL of the copolymer
solution (40 mg/mL), 1 mL of MES buffer solution (0.5 mol/L), and
1 mL of EDC solution (20 mg/mL) were added to the aggregated
clusters (5§ mL, 1 mg Fe/mL). The mixture of the copolymer and the
clusters was then sonicated for 30 min using a probe sonicator. The
poly(AA-co-AMPS-co-PEG) functionalized clusters were washed
magnetically S times using water to remove impurities.

Synthesis of Nitrodopamine. Nitrodopamine was synthesized
following a method reported in the literature.* Briefly, 5 g of
dopamine hydrochloride was dissolved in 150 mL of deionized water
under vigorous magnetic stirring. Then 6.5 g of sodium nitrate was
added to the solution, and then the mixture was cooled to 0 °C using
an ice bath. Fifty milliliters of 20% sulfuric acid was added to the
mixture very slowly. The ice bath was removed after the addition of
sulfuric acid. The reaction mixture was stirred at room temperature
overnight. Nitrodopamine hydrogensulfate was collected by filtering
the reaction dispersion. The product was washed with cold water six
times to remove the byproducts and impurities. The purified product
was freeze-dried and stored at 4 °C for further use.

Synthesis of Polymer Nitrodopamine-PAA-AAPH. The
polymer of nitro-dopamine-PAA-AAPH was synthesized through
EDC conjugation. Aqueous solution of PAA (0.36 mL, SO mg/mL),
MES (0.5 mL, 1 M), EDC (3.2 mL, 10 mg/mL) and 5.48 mL of
deionized water were mixed under vigorous stirring. Aqueous solution
of EDC (3.2 mL, 10 mg/mL) was added to the solution and the
mixture was stirred vigorously at room temperature for 5 min.
Aqueous solution of nitro-dopamine (2.96 mL, 2 mg/mL) was added
to the solution, and the mixture was stirred for another 15 min. Then
AAPH in S0 mM MES solution (10 mL, 100 mg/mL) was added to
the reaction mixture. The reaction mixture was stirred for 3 more
hours to attach AAPH molecules to the chain of PAA. The polymer
was purified using a stirred cell (MWCO 3 kDa) to remove unreacted
reactants and byproducts.

Attachment of Nitrodopamine-PAA-AAPH to IONC Surface.
Nitrodopamine-PAA-AAPH was attached to the cluster surface
through the coordination between the functional group of catechol
on nitrodopamine and iron atoms on the surface of clusters. Freshly
purified nitro-dopamine-PAA-AAPH solution (10 mL, 1 mM) and
IONC (10 mL, 1 mg Fe/mL) were mixed at 4 °C. The mixture was
mechanically shaken at 4 °C for 3 h. Then the clusters were purified
using stirred cell (MWCO 500 kDa) to remove the free polymers.

Material Characterizations. Transmission electron microscopy
(TEM) image and high-resolution TEM (HRTEM) image of the
clusters were acquired using a JEOL 2100 Field Emission Gun
Transmission Electron Microscope at an acceleration voltage of 200
kV. A drop of the cluster solution was evaporated on a carbon-coated
copper grid to prepare the TEM sample. The average diameter of the
clusters was calculated from measurement of at least five hundred
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clusters. The Fourier-transform infrared (FTIR) spectra of the clusters
were obtained on an IR Affinity-1S FTIR spectrometer (Shimadzu).
The samples were washed eight times to remove free AAPH prior to
FTIR measurement. One milliliter of a cluster solution with a
concentration of 500 mg Fe/L was dropped onto the center of a glass
slide. The slide was dried at 60 °C to form a thin layer of residue. The
spectra were collected from 4000 to 400 cm™" at room temperature.
The hydrodynamic diameter of the clusters was measured using a
Wyatt Technology’s Mobius dynamic light scattering instrument. The
average size was obtained over three measurements for each sample.
The surface area of the cluster was measured using a Quantachrome
Autosorb-iQ3-MP/Kr BET Surface analyzer. Prior to the measure-
ment, the samples were outgassed overnight under vacuum at 200 °C.

Magnetic Measurements. The magnetic properties of the
clusters were measured using a superconducting quantum interference
device (Quantum Design MPMS). The nanocrystals were dispersed
in calcium sulfate at a weight ratio of approximately 1% to prevent
sample movement and to reduce magnetic coupling among the
nanocrystals. To calculate the mass magnetization accurately, the iron
content of the samples was directly measured from the pellets after
the measurements. The pellets were digested with S mL of 12 M
hydrochloric acid, and the iron concentration of the solutions was
measured by a ferrozine assay.

Cell Culture. MC-38 cells were purchased from Kerafast. The cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37 °C in a
humidified atmosphere with 5% CO,. The cells were routinely tested
using mycoplasma detection kit.

Detection of ABTS** Free Radicals. The generation of ABTS*®
free radicals was achieved via the reaction between ABTS solution and
IONC—AAPH or IONC in PBS. 250 pL of ABTS solution was mixed
with 250 uL of PBS containing IONC or IONC—AAPH of 300 ug
Fe/mL concentration. The mixture was shielded from light and
incubated at 37 °C or under an AMF (H = 9.35 kA/m and f = 320
kHz) for 1 h. After incubation, the nanoclusters in the mixture were
removed using Vivaspin centrifugal filters (MWCO 100 kDa). The
absorbance of the samples containing ABTS™ free radicals was
measured from 400 to 950 nm with a microplate reader (Tecan Spark
Multimode Microplate Reader).

Detection of Intracellular Free Radicals. The intracellular
generation of free radicals was determined using H,DCFDA probe.
Briefly, MC-38 cells were seeded in 4-compartment CELLview cell
culture dishes (1 X 10° cells per compartment). Twenty-four hours
later, the cells were incubated with IONC—AAPH or IONC at 300 ug
Fe/mL for 1 h at 37 °C. After incubation, the cells were exposed to
AMEF for 1 h. Then the cells were washed twice with PBS and stained
with 2 uM of H,DCFDA at 37 °C for 30 min. The generation of free
radicals was observed using a fluorescence microscope (ZOE
Fluorescent Cell Imager, Bio-Rad) or quantified via flow cytometry
(BD Accuri C6 Plus).

Quantification of Intracellular Iron Oxide Nanocrystals. The
intracellular iron oxide nanocrystals were quantified using a ferrozine-
based colorimetric assay. MC-38 cells were incubated with IONC or
IONC—AAPH at 300 ug Fe/mL for 1 h at 37 °C. After incubation,
the extracellular nanocrystals were removed. The cells were washed
with PBS, detached with trypsin, and pelleted by centrifugation. The
cell pellets were dried under vacuum and treated with 50 yL of HCI
(12 M) to release intracellular iron. Then, 70 uL of NaOH (8 M),
100 L of ammonium acetate (4 M), 100 L of hydroxylamine HCl
(5% w/w), 680 uL of water, and 1 mL of ferrozine (0.1% w/w) were
added sequentially. The iron content was determined by light
absorbance at 562 nm.

Examination of Cell Viability. Cell viability was evaluated via
fluorescence imaging or flow cytometry. MC-38 cells were seeded in
4-compartment cell culture dishes and incubated overnight. To mimic
hypoxic conditions, the cells were pretreated with 100 uM CoCl, for
24 h. Then 300 pug Fe/mL of IONC—AAPH or IONC was added to
the cell culture medium. The cells were then exposed to AMF for 2 h
followed by live/dead staining. The temperature of the cell culture
medium was measured in real time with a fiber-optic temperature

probe (Photon Control). For fluorescence imaging, the cells were
costained with calcein AM (3 M) and propidium iodide (S M) at
37 °C for 30 min. The images were taken using ZOE Fluorescent Cell
Imager. For flow cytometry analysis, the cells were detached and
stained with Annexin V Apoptosis Kit following the manufacturer’s
instructions. Data were collected on BD Accuri C6 Plus flow
cytometer and analyzed using FlowJo software (Tree Star).

Western Blot Analysis. CoCl,-induced hypoxia in MC-38 cells
was confirmed by Western blot analysis of HIF-1a. MC-38 cells were
treated with 100 yuM CoCl, for 24 h at 37 °C. The cells were lysed
with RIPA buffer containing protease inhibitors (Thermo Fisher
Scientific). The protein concentration of the cell lysate was quantified
using BCA assay. The proteins were resolved by SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-
Rad). The membrane was blocked with 5% nonfat milk and probed
with HIF-la and GAPDH antibodies followed by HRP-conjugated
secondary antibodies. The target proteins were visualized using
enhanced chemiluminescent HRP substrate (Thermo Fisher
Scientific). The protein levels were quantified using Image] software.

Detection of DNA Damage. The DNA damage induced by
IONC—AAPH treatment was detected by y-H2AX staining. MC-38
cells were seeded in 4-compartment cell culture dishes and cultured
overnight. Then the cells were treated with 300 g Fe/mL of IONC—
AAPH or IONC at 37 °C or under AMF for 90 min. Four hours after
the treatment, the cells were fixed with 4% paraformaldehyde for 20
min, permeabilized with 0.2% Triton X-100 for 20 min and blocked
with 3% bovine serum albumin (BSA) for 30 min at room
temperature. Then the cells were stained with an antibody against
7-H2AX at 4 °C overnight followed by staining with an Alexa Fluor
488-labeled secondary antibody for 2 h at room temperature. The
nuclei were stained with Hoechst 33342 for 10 min at room
temperature. The cells were imaged with a Nikon Al-Rsi confocal
microscope and the fluorescence intensity of y-H2AX was analyzed
with ImageJ software.

Evaluation of F-Actin Morphology. The F-actin morphology of
MC-38 cells was evaluated by phalloidin staining. MC-38 cells were
seeded in 4-compartment cell culture dishes and cultured overnight.
The cells were then treated with 300 g Fe/mL of IONC—AAPH or
IONC at 37 °C or under AMF for 90 min. Four hours after the
treatment, the cells were fixed, permeabilized, and blocked as
described above in the Detection of DNA Damage section. Then
the cells were incubated with Alexa Fluor 568-labeled phalloidin for
30 min at room temperature, followed by staining with Hoechst
33342 for 10 min at room temperature. Images were collected using a
Nikon Al-Rsi confocal microscope.

Determination of Mitochondrial Health. The mitochondrial
membrane potential of MC-38 cells was determined with JC-1
staining assay. MC-38 cells cultured in 4-compartment cell culture
dishes were treated with 300 g Fe/mL of IONC—AAPH or IONC at
37 °C or under AMF for 90 min. Four hours post the treatment, the
cells were stained with JC-1 dye at 10 yg/mL at 37 °C for 20 min.
After staining, the cells were imaged with a confocal microscope
(Nikon A1-Rsi confocal) or analyzed on a flow cytometer (BD Accuri
C6 Plus). The ratio of J-aggregates to J-monomers was calculated
using the red and green fluorescence intensity measured by flow
cytometry.

Quantification of Intracellular GSH. MC-38 cells were seeded
in 4-compartment cell culture dishes at a density of 1 X 10° cells per
compartment and cultured overnight. Then the cells were treated with
300 pg Fe/mL of IONC—AAPH or IONC at 37 °C or under AMF
for 2 h. Two hours after the treatment, the culture medium was
removed and the intracellular GSH was quantified using a
luminescence-based GSH-Glo Glutathione Assay according to the
manufacturer’s instructions.

Determination of Lipid Peroxidation. The lipid peroxidation of
MC-38 cells was determined by measuring the production of
malondialdehyde (MDA). MC-38 cells cultured in 4-compartment
cell culture dishes were treated with 300 g Fe/mL of IONC—AAPH
or IONC at 37 °C or under AMF for 2 h. Two hours post the
treatment, the cells were lysed, and the MDA levels were quantified
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using a fluorescence-based MDA Assay Kit following the manufac-
turer’s instructions.

Detection of Damage-Associated Molecular Patterns.
Damage-associated molecular patterns (DAMPs), including calreticu-
lin (CRT), heat shock protein 70 (Hsp70), and adenosine
triphosphate (ATP), were analyzed at different time points after the
treatment. Briefly, MC-38 cells were seeded in 4-compartment cell
culture dishes at a density of 1 X 10° cells per compartment and
cultured overnight. Then the cells were treated with 300 ug Fe/mL of
IONC—AAPH or IONC at 37 °C or under AMF for 2 h. To detect
CRT and Hsp70 exposure on cell surface, the cells were detached 2
and 6 h after the treatment and stained with fluorophore-conjugated
anti-CRT or anti-Hsp70 antibody on ice for 30 min. Then the cells
were analyzed by flow cytometry. To determine ATP release induced
by the treatment, the cell culture medium was collected 2 and 6 h post
the treatment. The extracellular ATP was quantified using an ATP
bioluminescence detection kit following the manufacturer’s instruc-
tions. To determine the change in Hsp70 expression, the cells were
lysed 24 h post the treatment. The expression of Hsp70 was
quantified by ELISA and normalized to total protein.

Determination of Dendritic Cell Maturation. The bone
marrow-derived dendritic cells (BMDCs) were prepared from the
bone marrow of 8-week old CS7BL/6N mice according to an
established protocol.’” To determine the stimulatory effect on
BMDCs, IONC—AAPH-treated MC-38 cells (together with the
medium containing DAMPs) were cocultured with BMDCs for 24 h
in a transwell system (pore size = 3 ym). BMDCs only (without
coculture) were included as the blank groups. The BMDCs were
collected, blocked with CD16/CD32 antibody, and stained with PE-
CDllIc, FITC-CD80, and APC-CD86. The data were acquired on
MA900 Multi-Application Cell Sorter (Sony) and analyzed using
FlowJo software (Tree Star).

Tumor Killing Effect of IONC—AAPH In Vivo. All animal work
was approved by the Institutional Animal Care and Use Committee
(IACUC) of Rice University. CS7BL/6N mice (4—6 weeks, female)
were purchased from Charles River Laboratories. The direct tumor
killing effect of IONC—AAPH treatment was evaluated with
subcutaneous tumor-bearing mice. Briefly, 5 X 10° MC-38 cells
were subcutaneously injected into the right flank of the mice. The
mice were randomly divided into 6 groups (n = 3): saline, AAPH,
IONC, IONC—AAPH, IONC + AMF, and IONC—AAPH + AME.
When the tumor volume reached 150—200 mm? the mice were
administrated with saline, AAPH (2 mM), IONC (5 mg Fe/mL), or
IONC—AAPH (S mg Fe/mL) through intratumoral injection at a
speed of 3 uL/min using a syringe pump (World Precision
Instruments). The injection volume was 0.3 L per mm® tumor
tissue. The mice in IONC + AMF and IONC—AAPH + AMF groups
were treated with AMF (H = 9.35 kA/m and f = 320 kHz) for 1 h. A
customized polycarbonate cradle with a heating pad was placed
underneath the mice to maintain the body temperature during
anesthesia. The temperature in the tumor was measured using a high-
resolution infrared (IR) camera (E9S, Teledyne FLIR). The tumor
size was measured daily with a digital caliper, and the tumor volume
was calculated as follow: volume = length X width?/2.

Twenty-four hours after the treatment, the tumor tissues were
collected for H&E, Ki-67, and TUNEL staining. At the end of the
study, blood samples were collected for quantification of ALT, AST,
ALP, BUN, and creatinine. The tumors were excised, weighed, and
photographed. The major organs, including heart, lung, liver, spleen,
and kidney, were harvested and examined by H&E staining. These
organs together with the tumor-draining and the contralateral
nondraining inguinal lymph nodes were examined for iron
distribution by Prussian blue iron staining.

Abscopal Effect. The abscopal effect was determined with mice
bearing bilateral subcutaneous tumors. § X 10° and 1 X 10° MC-38
cells were injected into the right and left flanks of the mice. The
tumor on the right side was designated as the primary tumor for
IONC—AAPH treatment, and the tumor on the left side was
designated as the secondary (distant) tumor without IONC—AAPH
treatment. The mice were randomly divided into 6 groups (n = 8):

saline, anti-PD-1, IONC—AAPH, IONC—AAPH + anti-PD-1,
IONC—-AAPH + AMF, and IONC—AAPH + AMF + anti-PD-1.
When the volume of the primary tumor reached 50—100 mm?, saline
or IONC—AAPH (7.5 mg Fe/mL) was injected directly into the
primary tumor using the syringe pump. The injection volume was 0.3
uL per mm® tumor tissue. The mice in IONC—AAPH + AMF and
IONC—AAPH + AMF + anti-PD-1 groups were treated with AMF for
1 h. 1, 4, and 7 days after the treatment, the mice in IONC—AAPH +
AMF + anti-PD-1 group were administrated with anti-PD-1 antibody
(10 mg/kg) through intraperitoneal (IP) injection. The anti-PD-1
antibody was also administrated to the mice in anti-PD-1 and IONC—
AAPH + anti-PD-1 groups following the same schedule. The tumor
sizes were measured daily with a digital caliper, and the tumor volume
was calculated as follows: volume = length X width?/2. For survival
analysis, the mice were euthanized when the tumors reached the
maximum permitted size (15 mm in any dimension) and counted as
dead.

Flow Cytometry Analysis of Immune Cells in Untreated
Distant Tumors. The tumor implantation and treatments were
performed as described above in the Abscopal Effect section. On Day
17 (10 days after the first treatment), the distant tumors were
collected for flow cytometry analysis of tumor infiltrating
lymphocytes. Briefly, the tumor tissue was minced into small pieces
and digested with 300 U/mL collagenase, 100 U/mL hyaluronidase,
and 0.15 mg/mL DNase I (Stem Cell Technology) at 37 °C for 30
min under gentle shaking. The tumor tissue was then transferred to a
70 pm nylon mesh strainer to remove large pieces of undigested
tissue. The cells filtered through the strainer were treated with
ammonium chloride solution to remove red blood cells. Then the
single-cell suspensions were incubated with anti-CD16/CD32 to
block nonspecific binding to Fc receptors. The cells were further
stained with the viability dye and fluorophore-conjugated antibodies
against CD3 (FITC), CD4 (APC), and CD8 (PE). The data were
acquired on MA900 Multi-Application Cell Sorter (Sony) and
analyzed using FlowJo software (Tree Star).

IFN-y ELISpot Assay. The tumor implantation and treatments
were performed as described above in the Abscopal Effect section. On
Day 17 (10 days after the first treatment), the mouse spleens were
harvested from different treatment groups for the preparation of
single-cell suspensions. The splenocytes (2 X 10° cells per well) were
seeded into a 96-well plate precoated with anti-IFN-y antibody. The
cells were incubated with or without SINFEKL (OVA peptide) or
KSPWFTTL (tumor-associated antigen peptide) at 10 pg/mL for 24
h at 37 °C. The ELISpot assay was performed using the Mouse IFN-y
ELISpot Kit (R&D Systems) according to the manufacturer’s
instructions. The IFN-y spots were counted manually under a
stereomicroscope.

Immune Memory Effect. The immune memory effect was
investigated by rechallenging the surviving mice with MC-38 cells.
Briefly, S X 10° MC-38 cells were first transplanted into the right flank
of the mice. The mice were randomly divided into 2 groups: IONC—
AAPH + AMF and IONC—AAPH + AMF + anti-PD-1. When the
tumor volume reached 50—100 mm?®, the tumors were injected with
IONC—AAPH (7.5 mg/mL) and treated with AMF for 1 h. The
treatment was repeated once if the tumor was not completely
removed by the first round of IONC—AAPH treatment. The mice in
the IONC—AAPH + AMF + anti-PD-1 group were administrated
with anti-PD-1 antibody (10 mg/kg of body weight) 1, 4, and 7 days
after the first round of IONC—AAPH treatment. 40 days after the first
tumor was removed, the mice were rechallenged by transplanting 5 X
10° MC-38 cells into the left flank. The tumor growth was monitored
daily. A group of naive mice (without previous tumor implant) were
transplanted with S X 10° MC-38 cells in the left flank for comparison
of tumor growth rate.

Statistical Analysis. All data are presented as mean + s.d. or
mean =+ s.e.m. Statistical analysis was performed using GraphPad
Prism (v8.0). Statistical tests are indicated in the figure legends. P
values are indicated by asterisks in the figures as *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001. P < 0.05 was considered
statistically significant.
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