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Bimodal accurate H,O, regulation to equalize
tumor-associated macrophage repolarization and
immunogenic tumor cell death elicitationt

*b

Yan Zhao,® Weiheng Kong,? Jianging Zhu 2 “ and Fengli Qu

Simultaneous implementation of tumor-associated macrophage (TAM) repolarization and immunogenic
tumor cell death (ICD) elicitation enables tumor immunotherapy with high efficacy. However, the
inconsistency of stimulation tolerance restricts simultaneous implementation. To address this obstacle,
we validate that an H,O,-mediated regulatory strategy could achieve coordinated occurrences. To
accomplish this, a bimodal responsive modulator is constructed, namely ZnO,-ATM (ATM: 3-amino-
1,2,4-triazole), as an immune adjuvant to coordinate the occurrence of TAM repolarization and ICD
elicitation through the endo/exogenous synergistic responsive production of H,O,. H,O, produced by
ZnO,-ATM reverses the immune-suppressive TAM from an M2 to an M1 phenotype, but induces tumor
cell necrosis and promotes damage-related molecular pattern release, thereby evoking ICD. This H,O5-
mediation bimodal responsive therapeutic strategy to induce the synergistic occurrence of TAM
repolarization and ICD elicitation promotes effective immune effects against tumors, demonstrating that
the ZnO,-ATM nanoadjuvant could be expected to provide new tools and paradigms for antitumor

rsc.li/chemical-science immunotherapy.

Introduction

Immunotherapy can modulate the tumor microenvironment
(TME) and eliminate tumors by activating tumor-immune
cycles. Two effective strategies are frequently selected to
accomplish this. One modulates the tumor-associated macro-
phage (TAM) phenotype by repolarizing alternatively activated
macrophages (M2) to classically activated macrophages (M1) in
order to regulate the host immune response.’ The other one
induces a transformation from nonimmunogenic to immuno-
genic tumor cells by triggering tumor cells to undergo immu-
nogenic cell death (ICD), also stimulating the host immune
response.*® This apparent synergy between TAM repolarization
and ICD elicitation holds the key to achieving tumor suppres-
sion through immunotherapy.®®

Both TAM repolarization and ICD elicitation can be triggered
by up-regulating the oxidative stress state of the TME, resulting
in tumor-immune cycle activation.” Reactive oxygen species
(ROS), including hydrogen peroxide (H,0,), superoxide (O, "),
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singlet oxygen (*0,), and hydroxyl radicals ("OH), are commonly
used as oxidative stress immunomodulators in the TME." Thus
far, "OH generated by the Fenton/Fenton-like effect has been
successfully implemented on both tumor cells and macro-
phages.'> However, different classes of cells have corre-
spondingly different tolerance levels to ‘OH. Generally, when
the "OH level exceeds the oxidative threshold within tumor
cells, ICD can be triggered."** However, "OH at high dosage can
also trigger peripheral TAM toxicity, cause intracellular DNA
double-strand breakage, and affect transcriptional replication,
eventually dampening the effect of TAM repolarization immu-
notherapy and severely limiting the development of synergistic
immunotherapy.*>*® Therefore, it is necessary to maximize the
induction of ICD to enhance efficient antitumor immunity, yet,
at the same time, also minimize the toxicity of adjuvants to
avoid damage to neighboring immune cells. This means that
both efficacy and toxicity of immune adjuvants should be
precisely optimized to achieve simultaneous implementation of
TAM repolarization and ICD elicitation to ensure efficient
tumor suppression. Since the ROS dose required by TAM and
ICD is very different, it is critical to precisely regulate the ROS to
enable efficient activation of both TAM and ICD at the same
time.

Tumor cells present an oxidative stress phenotype, and when
disturbed by oxidative substances, their toxicity threshold is
less than that of TAM cells."”” However, ROS at low dosage can
also present less toxicity and can induce phenotypic plasticity in
M1 macrophages. In other words, ROS with less toxic

Chem. Sci., 2024, 15, 20403-20412 | 20403


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06305h&domain=pdf&date_stamp=2024-12-07
http://orcid.org/0000-0001-5736-7397
http://orcid.org/0009-0003-2248-8609
https://doi.org/10.1039/d4sc06305h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06305h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015048

Open Access Article. Published on 21 November 2024. Downloaded on 2/12/2026 6:07:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

< -
Q Dissociation Zn5’+ H,0,+ A;M T
Macrophages . ZnO,-ATM ¢e .\ Tumor cells
* ’ P ) l\!\.\ “‘
Ey ous H.0; \P
«e @ cAT— ’
o C 02 ATM (CAT inhibitor) o
oo | mitochondra  |CAT—
TAM O Endogenous H0,
repolarization B elicitation

% Simultaneous Implementation ,

Scheme 1 Schematic diagram of ZnO,-ATM dissociation, causing the
release of Zn?*, H,O, and ATM, and the corresponding intracellular
mechanism of H,O, generation.

properties, such as H,0,, can avoid genetic damage, maintain
TAM repolarization, and retain the ability to induce ICD. Precise
modulation of ROS to allow efficient activation of both TAM and
ICD at the same time is critical. H,O, can be generated in two
ways: exogenous H,0, formation and endogenous H,O0,
generation."'® Herein, we design an endo/exogenous simulta-
neous H,O,-generating nano-assembly, namely, ZnO,-ATM
(ATM: 3-amino-1,2,4-triazole) with the properties of pro-
grammed cleavage and a functional response (Scheme 1). In
this system, peroxisomal ZnO, maintains a stable exogenous
H,0, output, while endogenous H,0, is produced by two
pathways. Firstly, cleaved ATM inhibits the activity of catalase
(CAT), thereby reducing the conversion from H,0, to O,.
Secondly, released Zn>" acts on mitochondria by promoting the
production of O, and H,0, through increased electron
leakage of complexes I and III within the mitochondrial electron
transport chain.?® For tumor cells that feature low pH and high
glutathione (GSH) content,** the rapid reaction of ZnO,-ATM
(H'/GSH/ATP response properties) keeps tumor cells in a high-
dose H,0, environment which can induce ICD to enhance the
antitumor immune effect, while the slow reaction of ZnO,-ATM
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(ATP response property) maintains a low concentration of H,0,
to modulate TAM repolarization. This bimodal response system
that combines TAM repolarization and ICD elicitation by ZnO,-
ATM exhibits a promising synergistic immunotherapeutic
strategy.

Results and discussion

Tolerance of immune and tumor cells to different ROS
patterns

Intracellular oxidative stress in tumor cells can promote tumor
proliferation, metastasis, and angiogenesis by regulating
a variety of signaling pathways.”>** However, higher ROS levels
have been found to promote antitumorigenic signaling by
initiating oxidative stress-induced tumor cell death.** It has also
been conjectured that less toxic ROS oxygen-containing
compounds, like H,0,, compared with the highly toxic ‘OH,
could reduce TAM immune cell genetic damage and maintain
TAM repolarization. In this therapeutic regime, tumor cells will
still undergo oxidative damage, but be closer to the threshold of
toxicity than normal cells, such as macrophages, leading, in
turn, to the inhibition of tumor cell proliferation and onset of
apoptosis/necrosis (Fig. 1A).>* To perform apoptosis/necrosis
assays and evaluate TAM M1 repolarization, the same concen-
trations of exogenous H,0, and ‘OH were applied to mouse
macrophage RAW264.7 cells and mouse breast 4T1 cancer cells,
respectively.

For RAW264.7 cells, within a certain concentration range of
ROS (initial concentration of H,0, or "'OH: 0-20 mM), "'OH
induced a much greater reduction in cellular activity than H,0,
(Fig. 1B). This could be attributed to the high toxicity of ‘OH,
but at the same time, this chemical caused significant genetic
damage, thereby reducing transcription, translation, and
normal cell proliferation. Meanwhile, intracellular peroxidases
could degrade exogenous H,0,, thus reducing the cellular
oxidative stress level. Based on our assays with RAW264.7 cells,
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Fig. 1 Differential ROS tolerance in macrophages and tumor cells: effects on viability and apoptosis. (A) Different levels of responsiveness
between macrophages and tumor cells to ROS toxicity thresholds. (B) Cell viability of RAW264.7 cells incubated with various concentrations of
H,O, or "OH. (C) Schematic diagram showing the apoptosis/necrosis of RAW264.7 cells after treatment with different stimuli. The apoptosis/
necrosis of RAW264.7 cells after treatment with different concentrations of (D) H,O, or (E) "OH (H,O, or *OH shown was the initially added

concentrations).
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it was also found that at a limited concentration of H,O, in the
range of 1-3 mM, cells underwent apoptosis, albeit in moder-
ation, and importantly, immune M1 repolarization ability was
maintained (Fig. 1D and ESI Fig. S1%). Therefore, the lower
genetic material damage capacity of H,O,, when combined with
the greater degree of tolerance to H,0,, within the specified
concentration range, ensured the continued functioning of
RAW264.7 cells (Fig. 1C), as RAW264.7 cells could indeed
regulate their own oxidative stress status when faced with low
concentrations of H,0,, in order to maintain cellular homeo-
stasis and function. Unlike the onset of RAW264.7 cell
apoptosis, with increasing concentrations of ROS (H,O, or
'OH), the degree of necrosis in 4T1 cells gradually increased
proportionally (ESI Fig. S2t) based on their lower ROS toxicity
threshold.”® Taken together, this line of evidence, which
suggests multiplicity of different ROS patterns in the TME, gives
rise to the possibility of designing responsive H,0,-generating
NPs.

Characterization of the bimodal response to ZnO,-ATM

To prove aboved hypothesis that different response modes will
give different responsive cleaved release, a coordination
compound, namely, Zn-ATM, was constructed based on
a general metal-organic coordination strategy by self-assembly
between Zn®" and ATM mediated by bovine serum albumin
(BSA). Transmission electron microscopy (TEM) images
revealed the spherical morphology of Zn-ATM with an average
diameter of approximately 30 nm (ESI Fig. S3B7). Subsequently,
with the addition of H,0, and the adjustment to pH 9.0,
peroxide bridge bonds (-O-O-) were formed between the
uncoordinated Zn ions within Zn-ATM, generating ZnO,-ATM
with an average diameter of 30 nm (Fig. 2A). Dynamic light
scattering (DLS) results revealed that the hydrodynamic diam-
eter of ZnO,-ATM with a hydrated ionic radius was approxi-
mately 100 nm, which showed long-term colloidal stability for
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more than 14 days (ESI Fig. S47). For comparison, ZnO, without
ATM was prepared as the control group using the same proce-
dure. The fluorescence spectrum of ZnO,-ATM, or Zn-ATM,
showed the characteristic fluorescence peak of ATM with a w*-
7 or *-n red shift from the electron transfer within the ligand
(Fig. 2B).>” These results confirmed the successful coordination
between Zn and ATM and the successful synthesis of ZnO,-
ATM. The stable presence of -O-O- in ZnO, and ZnO,-ATM was
further validated by X-ray photoelectron spectroscopy (XPS). O
1s binding energy peaks of ZnO, and ZnO,-ATM both located at
532.6 eV, subordinate to O,> ", whereas the O 1s binding energy
peak of Zn-ATM was located at 530.7 eV, subordinate to O*~
(Fig. 2C and ESI Fig. S5).2%*°

With its functional -O-O- group, ZnO,-ATM demonstrated
acidic instability potential due to its H,O,-derivative-like prop-
erties, as shown in ESI Fig. S6.1 The spherical and regular ZnO,-
ATM morphology was completely disrupted, generating an
irregular lamellar structure after 24 h of incubation at pH 5.0. In
addition, the oxidizing environment during synthesis rendered
Zn0O,-ATM potentially unstable under reducing conditions.
Considering the coordination force between ATP and Zn**,
Zn0O,-ATM had potential ATP-responsive properties. To verify
the potential responsive behavior of ZnO,-ATM, we measured
the release of Zn** and the generation of H,0, from ZnO,-ATM
under acidic conditions (pH 5.0), as well as in an aqueous GSH
solution (final concentration, 20 pg mL™") and an aqueous ATP
solution (final concentration, 500 pg mL™%).

As shown in Fig. 2D and ESI Fig. S7,1 compared to the stable
dispersed NPs at pH 7.4, Zn>* from Zn-ATM, ZnO,, and ZnO,-
ATM was rapidly released at pH 5.0. The releasing equilibrium
was achieved in less than 5 h, indicating that these corre-
sponding NPs were completely cleaved. Compared to ZnO,, the
faster responses of Zn-ATM and ZnO,-ATM to GSH or ATP were
largely a result of the metal (Zn>*) of Zn-ATM and ZnO,-ATM,
which possessed larger contact areas with GSH or ATP for
a faster response. In addition, compared to normal cells, such
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Fig.2 Characterization of ZnO,-ATM nanoparticles: morphology, ROS generation, and stability. (A) TEM image of ZnO,-ATM. (B) FL spectrum of
Zn0,-ATM. (C) XPS survey spectrum of ZnO,-ATM with the inset showing the O 1s XPS spectra of Zn-ATM and ZnO,-ATM. (D) Zn®* release from
ZnO,-ATM after incubation under different solution conditions. (E) H,O, generation after incubation with different NPs (chromogenic changes
due to ABTS). (F) Effect of ZnO, or ZnO,-ATM on the yield of H,O, in the presence of CAT (chromogenic changes due to ABTS).
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as immune cells (pH 7.0, GSH: 10 uM; ATP: 200 pg mL ™), tumor
cells possessed an acidic environment (pH 4.5-6.5) and high
concentrations of reducing agents (GSH: 2-10 mM). To this end,
we investigated the response changes of NPs between the
emulated tumor cell environment (H'/GSH/ATP) and the
emulated immune cell environment (ATP) in vitro. As shown in
ESI Fig. S8,t the response rates of ATP-responsive NPs were
significantly lower than those of H'/GSH/ATP triplet-response
NPs, with more than 50% of the ATP-responsive NPs remaining
stable after 24 h.

Similarly, H" could affect the stability of -O-O- formed in
Zn0O,-ATM, causing the breakage of -O-O- and forming
H,0,.>**" The ability of ZnO,-ATM to generate H,0, was exam-
ined by the oxidative changes in the color-emitting substrate
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic  acid) (ABTS)
after HRP-catalyzed conversion from H,0O, to "OH. As shown in
Fig. 2E, -O-O- in ZnO, and ZnO,-ATM could generate H,O,
under acidic conditions. Under the same criteria, the amount of
generated H,O, by ZnO,-ATM was lower than that by ZnO,,
mainly by the unliganded Zn** from the coordination
compound of Zn-ATM, which could form peroxides with -O-O-
during ZnO,-ATM assembly. Furthermore, the kinetic rate of
H,0, production by ZnO,-ATM in the emulated tumor and
immune cells was consistent with the aforementioned Zn**
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release (ESI Fig. S91). As a peroxidase (CAT) inhibitor, ATM
enhanced intracellular H,0,-based ROS oxidative stress by
attenuating the ability of CAT to catalyze H,O, and form O,, as
shown in ESI Fig. S10A.f The ability of CAT to catalyze O,
production was dramatically reduced after 2 h of coincubation
within ATM. Similarly, the released ATM from Zn-ATM and
Zn0,-ATM under acidic conditions also inhibited the catalytic
ability of CAT to some extent (ESI Fig. S10Bt). In addition, after
coincubation of ZnO, or ZnO,-ATM with CAT, the H,O,
produced by ZnO, was completely consumed by CAT, while the
H,0, produced by ZnO,-ATM was still viable owing to the
inhibition of ATM (Fig. 2F). These results showed that ZnO,-
ATM, as responsive NPs, could perform bimodal functions in
different cellular environments.

In vitro TAM M1 repolarization and ICD elicitation

It was demonstrated that ZnO,-ATM has triplet-response (H'/
GSH/ATP) potential in vitro. Here, ZnO,-ATM NPs were used to
generate exogenous H,0, to elevate oxidative stress at the
cellular level. H,0, could promote the activation and regulation
of immune responses by inducing ICD and affecting the
polarization state of macrophages. In this process, H,O, played
a key role by influencing the modes of cell death, regulating the
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metabolism and signaling pathways of macrophages, and
promoting immune activation.® In brief, 2’,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA) was used as an intracel-
lular ROS probe. Compared with control group cells, ZnO,- and
ZnO,-ATM-treated cells showed stronger green fluorescence
intensity, demonstrating the sufficient production of H,O,. Yet,
Zn-ATM NPs without -O-O- showed only negligible fluores-
cence enhancement compared with other groups, mainly owing
to the absence of potential exogenous H,0, production
(Fig. 3B). Subsequently, cell viability was quantified by the 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) assay (Fig. 3C and ESI Fig. S117). When 4T1 cells were
treated with Zn-ATM or ZnO, (25 pg mL~" of Zn), their survival
rates were reduced by 40%. Comparatively, after treatment with
ZnO,-ATM (25 pg mL™" of Zn), over 75% of 4T1 cells were
suppressed, indicating the synergistic effects among Zn*",
H,0,, and ATM on the increased oxidative damage to 4T1 cells.

The increased exogenous H,0, generation in tumor cells can
increase immunogenicity, eventually leading to tumor cell
apoptosis. This process is known as immunogenic cell death
(ICD). ICD is characterized by significant changes in mito-
chondrial ATP, and proteins, such as calreticulin (CRT) and
high mobility group box 1 (HMGB), can induce DC cell matu-
ration and antigen presentation to activate cytotoxic T
lymphocytes (CTLs) for better therapeutic effects (Fig. 3A). As
shown in Fig. 3D, in the steady state (control), HMGB was
shuttled between the cytoplasm and the nucleus. Then, after
Zn0,-ATM was introduced, the generated H,0, could disrupt
oxidative homeostasis, damage the plasma membrane and
nucleus, and promote HMGB exposure on the cell surface by
diffusion. The exposed HMGB could bind to DC receptors and
activate inflammatory pathways. CRT, a calcium-binding
protein critical for signal regulation and internal environmental
homeostasis, was activated by H,0, produced by ZnO,-ATM and
exposed on the surface of the cell membrane to recruit and
stimulate DC cell maturation with “eat me” signals. Moreover,
the exposed CRT could induce the production and release of
inflammatory factors and chemokines, which, together with the
induction of macrophage activation, could promote the release
of proinflammatory factors, such as TNF-o. and IL-6. Under
stress conditions involving H,0, production by ZnO,-ATM,
large amounts of ATP were released from 4T1 cells into the
extracellular environment (Fig. 3E), thereby inducing an
immune response with “find me” signals that could rapidly
recruit DC cells to the tumor area for the enhancement of the
antitumor immune effect.>*** The extracellular release of ATP,
a hallmark event of early-stage apoptosis, indicated that mito-
chondrial integrity had been disrupted.***® Here, the mito-
chondrial integrity of 4T1 cells was examined by JC-1 staining.
As shown in ESI Fig. S12,f a change in staining from red to
green fluorescence (ZnO,-ATM vs. Ctr) implied a decrease in the
mitochondrial membrane potential. For untreated cells, the
ratio of green to red fluorescence (G/R) was 0.365, and after
incubation with ZnO,-ATM, the G/R value increased to 2.035.
This marked change in the G/R value reflected the mitochon-
drial dysfunction of ZnO,-ATM to tumor cells. It is also worth
mentioning that the addition of Zn®" elevated the G/R value

© 2024 The Author(s). Published by the Royal Society of Chemistry
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because Zn** could act on mitochondria and affect electron
transport. In conclusion, responsive ZnO,-ATM contributed to
mitochondrial imbalance and induced ICD in tumor cells at the
cellular level through the synergism among Zn>', ATM, and
H,0,.

The immunosuppressive properties of the TME severely
inhibited the immunotherapeutic effect, converting macro-
phages from “cold” M2 phenotypes to inflammatory “hot” M1
phenotypes, essentially creating a key challenge for antitumor
immunotherapy. However, our experiments have shown that
intracellular oxidative stress encouraged phenotypic plasticity
and could activate macrophages to enter the M1 phenotype
state (Fig. 1A). Here, we hypothesized that ZnO,-ATM NPs with
H,0,-generating capacity could induce macrophages to the M1
phenotype. RAW264.7 cells could repolarize to the M1 pheno-
type after treatment with lipopolysaccharide (LPS, a positive
control) (the number of M1, CD80"#"CD206'°"), and to the M2
phenotype after treatment with interleukin 4 (IL-4, a negative
control) (ESI Fig. S13t). To validate our hypothesis, RAW264.7
cells were incubated with Zn** or Zn-ATM. A rare uptick in M1
repolarization was detected because Zn>" induced restricted
oxidative stress in mitochondria. For ZnO, and ZnO,-ATM,
which could produce substantial H,O,, M1 repolarization
increased to 10.1% and 10.7% from 2.99%, respectively, indi-
cating that the TAM M1 repolarization effect was ensured by the
synergism between Zn>" and H,0, (Fig. 3F). Above all, the
selected adjuvants with H,0, production ability reached
a practical usage for simultaneous TAM M1 repolarization and
ICD elicitation, helping to coordinate these two occurrences. In
addition, M1 repolarized macrophages can release proin-
flammatory cytokines, such as IL-6 and TNF-a, to enhance the
immune response.*”*®* As shown in Fig. 3G and H, incubation of
Zn0,-ATM with RAW264.7 cells increased IL-6 and TNF-
a secretion by 4.57-fold and 3.50-fold, respectively. Thus, ZnO,-
ATM with Zn>" and H,0, production capacity could reverse the
immunosuppressive TME by upregulating oxidative stress.

In vivo immune system activation and anti-metastasis
immunotherapy

Achieving simultaneous implementation of TAM repolarization
and ICD stimulation was a key challenge in current tumor
immunotherapy. Conventional therapeutic strategies were
often limited by inconsistencies in stimulus tolerance. The
design advantage of ZnO,-ATM lies in its ability to stably
generate H,0,, both to reverse the immunosuppressive TAM
and to induce tumor cell necrosis and promote the release of
damage-associated molecular patterns that trigger ICD.
Compared with previous studies where TAM M1 repolarization
and ICD elicitation were not fully compatible, the as-mentioned
in vitro experiments demonstrated that ZnO,-ATM with
responsive Zn>*, ATM, and H,0, generation ability could
simultaneously induce M1 repolarization and ICD elicitation.
Here, we proceeded to investigate the antitumor effect of ZnO,-
ATM in vivo, as well as immune system activation and anti-
metastatic efficacy. After intratumoral injection of various NPs,
it was evident that ZnO,-ATM had a significant tumor growth
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In vivo antitumor efficacy of ZnO,-ATM: inhibition of metastatic tumor growth and immune activation. (A) Primary tumor growth curves of

various treatment groups. (B) Images of excised primary tumors after sacrificing mice at 14 days post-injection. (C) H&E-, TUNEL- and CRT-
stained immunofluorescence of primary tumor sections at 1 day post-injection after ZnO,-ATM treatment. (D) Population changes of M1
(CD80MI"CD206'°") macrophages in primary tumors after various treatments at 3 days post-injection. (E) Population changes of maturing DCs
(CD80""CDBEMN) in spleens after various treatments at 3 days post-injection (gating on CD11c*). (F) Distant tumor growth curves of various
treatment groups. (G) Number of metastatic nodules in lungs after various treatments with the inset graph showing the corresponding lungs with
metastatic nodules. (H) H&E-stained lung sections at 44 days post-injection. Red arrows indicate metastases.

inhibitory effect on primary tumors (Fig. 4A, B and ESI
Fig. S141) owing to the synergistic effect of Zn>*, ATM, and
H,0,, which could enhance oxidative stress to stimulate tumor
cell apoptosis. Furthermore, the body weight of mice from each
group remained unchanged during 14 days of observation (ESI
Fig. S151), indicating that these therapeutic adjuvants did not
cause any significant acute damage to liver or kidneys. Mean-
while, hematoxylin and eosin (H&E) histological staining of
these representative organs showed no obvious pathological
damage (ESI Fig. S167). The efficient inhibition of primary
tumors by ZnO,-ATM could also be visualized in pathological
sections. As shown by H&E histologically stained sections in
Fig. 4C and ESI Fig. S17-S19,t obvious cell atrophy and necrosis
with crinkled nuclei occurred after 1 day of ZnO,-ATM treat-
ment. Similarly, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) showed green fluorescence, indi-
cating that ZnO,-ATM had caused significant damage to the
cytogenetic material, leading to apoptosis/necrosis. In CRT
immunofluorescence staining, the enhanced red fluorescence
signal implied the occurrence of ICD within tumor cells
accompanied by apoptosis/necrosis.

Compared with the control group, treatment with ZnO,-ATM
remarkably upregulated the population of repolarized M1
(Fig. 4D), the occurrence of ICD, and the increase in M1-type
TAM, accompanied by the increased secretion of proin-
flammatory cytokines (IL-6 and TNF-a) by 5.67-fold and 2.67-
fold, respectively (ESI Fig. S20t). All these data suggested that
Zn0O,-ATM NPs could successfully reverse the immunosup-
pressive TME by elevating intratumoral oxidative stress.

20408 | Chem. Sci, 2024, 15, 20403-20412

Released antigens can promote DC cell maturation, thereby
increasing T cell infiltration within both primary and metastatic
tumors.* DC cells, as specialized antigen-presenting cells in
vivo, can activate T cells by presenting antigens and regulating
other immune cell functions by secreting cytokines/chemo-
kines.* As shown in Fig. 4E, after the ZnO,-ATM treatment, the
maturation rate of DC cells increased owing to the onset of
intratumoral ICD. Subsequently, DC cells secreted a variety of
cytokines/chemokines to promote the infiltration of effector T
cells within the TME. For primary tumors in the control group,
the infiltration of T helper (Th) cells and CTLs was minimal, but
Zn0,-ATM elevated the populations of Th cells (CD4) and CTLs
(CD8a) by 2.39-fold and 3.16-fold, respectively (ESI Fig. S217).
These findings indicated that ZnO,-ATM had successfully
altered the microenvironment of immunosuppressive tumors
by increasing oxidative stress within the tumors. Effector T cells
can act on both primary and metastatic tumors. To determine
the role of ZnO,-ATM in activating antitumor immunity, we
assessed the ZnO,-ATM-induced immune environment of
distant tumors. Similar to the T-cell infiltration features of
primary tumors, ZnO,-ATM induced a 3.43-fold and 4.06-fold
increase in the populations of Th cells (CD4) and CTL cells
(CD8a), respectively, in the metastatic tumor (ESI Fig. S221),
indicating that the activation of antitumor immunity promoted
the regression of metastatic tumors. Here, by observing the
treatment process, the growth of metastatic tumors was
inhibited as the primary tumors gradually shrank until eradi-
cation (Fig. 4F). Meanwhile, histological analysis showed that
the metastases induced by ZnO,-ATM were also accompanied by
apoptosis/necrosis (ESI Fig. S237).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A proportion of antigen-activated T cells was characterized
by the conversion to memory T cells.*** As shown in ESI
Fig. S24,1 compared with the control group, ZnO,-ATM induced
a significant increase in the population of memory T cells, from
6.06% to 18.6%. The increased memory T cells supported the
potential antitumor metastatic ability of ZnO,-ATM. To evaluate
the anti-metastatic efficacy of ZnO,-ATM, 4T1 cells were injected
intravenously into mice after 18 days of intratumoral treatment
(ESI Fig. S251) to establish a metastatic tumor model. The
survival results confirmed that ZnO,-ATM-based immuno-
therapy could significantly reduce the risk of tumor recurrence/
metastasis and prolong the lifespan of mice with a survival rate
of over 80%, which was significantly higher than that of the
control group (ESI Fig. S267). After 44 days of treatment, the
lungs from each group were stained, and tumor metastasis was
assessed by counting tumor nodules in the lungs. ZnO,-ATM
could inhibit tumor metastasis compared with the other groups
(Fig. 4G, H and ESI Fig. S27%). These findings confirmed that
Zn0O,-ATM-based oxidative immunotherapy could successfully
induce an immune memory effect to inhibit tumor metastasis.

Current immunotherapy strategies have been remarkably
effective in modulating the TME to activate the tumor-immu-
nity. However, the differential ROS tolerance of TAM repolari-
zation and ICD excitation limited the effectiveness of their
synergistic implementation. ZnO,-ATM was introduced to
address these challenges. Its bimodal generation of H,0,
enabled effective activation of TAM and ICD without damaging
immune cells. Compared to conventional strategies, ZnO,-ATM
mediated immunomodulation with less toxic ROS, avoided
genetic damage, and maintained the repolarizing capacity of
TAM while retaining the ability to induce ICD. This precise ROS
modulation allowed ZnO,-ATM to improve anti-tumor immune
efficiency while reducing the toxicity of the immune adjuvant,
demonstrating its great potential in overcoming the limitations
of current immunotherapies.

Experimental

Materials

H,0,, 3-amino-1,2,4-triazole (ATM), a JC-1 staining kit, and
dimethyl sulfoxide (DMSO) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Catalase (200 U mg ') (CAT),
horseradish peroxidase (HRP), bovine serum albumin (BSA),
adenosine triphosphate (ATP), reduced glutathione (GSH), and
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
were purchased from Aladdin Reagents Company (Shanghai,
China). Hoechst and DAPI were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). An ATP assay kit was obtained from
Nanjing Jiancheng Biotech Co., Ltd. Lipopolysaccharide (LPS)
and mouse interleukin 4 (IL-4) recombinant protein were ob-
tained from ThermoFisher Scientific (Waltham, USA). CRT
antibodies, HMGB-1 antibodies, APC-conjugated CRT
secondary antibodies and Alexa Fluor 594-conjugated HMGB
secondary antibodies were purchased from Univ Biotech Co.,
Ltd. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Biofrox Co., Ltd. A TUNEL
apoptosis detection kit (C1086) was purchased from Beyotime
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Biotechnology Co., Ltd. A TNF-o. ELISA kit, an IL-6 ELISA Kkit,
APC-conjugated anti-mouse CD80 (CD80-APC), FITC-conju-
gated anti-mouse CD11b (CD11b-FITC), FITC-conjugated anti-
mouse CD11c (CD11¢-FITC), PE-conjugated anti-mouse CD206
(CD206-PE), APC-conjugated anti-mouse CD3 (cat. 100236), PE-
conjugated anti-mouse CD4 (CD4-PE), FITC-conjugated anti-
mouse CD8a (CDS8a-FITC), PE-conjugated anti-mouse CD86
(CD86-PE), and PE-conjugated anti-mouse CD44 (CD44-PE)
were obtained from Multi-Science Co., Ltd. Annexin V-FITC/
propidium iodide (PI) and 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) were purchased from Yeasen Co., Ltd.
Deionized water was generated using a Millipore Milli-Q system
(Billerica, MA, USA). Deionized water was used throughout the

experiments. All chemicals were used without further
purification.
Characterization

Transmission electron microscope (TEM) images were obtained
from a TEM system (JEOL, JEM-2100Plus) with an accelerating
voltage of 200 kv. The mean diameter and zeta potential of the
as-prepared nanoparticles were measured by dynamic laser
light scattering (ZEN 3600, Malvern Instruments). Dissolved
oxygen in solution was measured by using a Hanna micro-
computer dissolved oxygen (DO) meter (HI9146). Concentra-
tions of zinc were measured by using inductively coupled
plasma-mass spectroscopy (ICP-MS, Agilent, 8900). Cells were
imaged through a confocal laser scanning fluorescence micro-
scope (Nikon, Ti-E + A1R MP). MTT assay was performed using
a Spectramax microplate reader (Molecular Devices, iD5).
Fluorescence spectra were obtained on a Hitachi Fluorescence
Spectrometer (F-4600). X-ray photoelectron spectroscopy (XPS)
analysis was performed using a Thermo ESCALAB 250XI. The
UV/vis spectrum was recorded on a Shimadzu UV-3600 spec-
trophotometer. Cell collection analysis was performed on a flow
cytometer (BD C6 Plus). The cell pictures of diagrams were
created with https://www.biorender.com/.

Synthesis of ZnO,-ATM NPs

0.5 mg of BSA and 16.8 mg of ATM (0.2 mmol) were dissolved in
5 mL of water. Then, 5 mL of water containing 12 mg of
Zn(NOj3),-6H,0 (0.04 mmol) were added dropwise with vigorous
stirring for 0.5 h. The resulting Zn-ATM NPs were washed
several times and then redispersed in water.

The pre-prepared aqueous solution of Zn-ATM NPs was
redispersed in 2 mL of water and mixed with 0.2 mL of H,O,.
The pH of the reaction solution was adjusted to 9.0 by using
NaOH. After stirring at room temperature for another 4 h, the
obtained ZnO,-ATM NPs were washed several times with
ethanol and collected by centrifugation. The Zn content in
Zn0,-ATM was quantified by ICP-MS.

Decomposition of ZnO,-ATM NPs

The release of Zn** from ZnO,-ATM NPs was determined by
dialysis (3.5 KD). The aqueous solution of ZnO,-ATM NPs was
dialyzed against MES buffer (pH = 5.0), 500 pug mL ™' of ATP
solution, and 20 pg mL™ " of GSH or PBS buffer (pH = 7.4),
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respectively. The released Zn>" was measured by ICP-MS. The
release of Zn>* from Zn-ATM or ZnO, was measured using the
same procedure.

The generation of H,O, from ZnO,-ATM NPs was determined
by a mediated colorimetric ABTS strategy at pH = 5.0. In brief,
the solution mixture containing 10 uL of HRP (1 nM), 100 pL of
ABTS (2 mM) and 20 pL of ZnO,-ATM (Zn content: 2.0 mg mL
by ICP-MS) was incubated at RT for 0.5 h. The absorption of
ABTS was measured to determine H,0, generation. The H,0,
generation from Zn-ATM or ZnO, was measured using the same
procedure.

To verify the ability of ATM as a CAT inhibitor, a solution
mixture containing 5 mL of water, 20 uL of H,O, (8 M), 50 pL of
CAT (100 pg mL ™) and 50 puL of ATM (10 mg mL™ ") was incu-
bated at RT for 2 h, and the amount of O, produced was
measured by using a dissolved oxygen meter. Similarly, a solu-
tion mixture containing 5 mL of water, 20 pL of H,0, (8 M), 50
uL of CAT (100 pg mL™') and 500 pL of the corresponding
nanoparticles (Zn content: 2.0 mg mL™~" by ICP-MS) was incu-
bated, and the amount of O, produced was measured by using
a dissolved oxygen meter.

Oxidative stress elevation in vitro

Mouse macrophage RAW264.7 cells and mouse breast 4T1
cancer cells were obtained from the National Collection of
Authenticated Cell Cultures. The cells were incubated at 37.0 °C
within 5% CO, and cultured in Dulbecco’'s modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. The entire process of cell
culture followed American Type Culture Collection (ATCC)
instructions.

To study the resistance activity of different cells to H,O, and
"OH, RAW264.7 macrophages (1 x 10* cells per dish) or 4T1
cells (5 x 10® cells per dish) were seeded into 1 mL culture
dishes for 24 h. Afterwards, 1 mL of the cells were treated with
100 pL different concentrations of H,0, and "OH (from 0 to 20
mM), respectively. The ‘OH was obtained by incubating equal
concentrations of H,O, with appropriate amounts of HRP. After
another 6 h incubation, apoptosis/necrosis of these cells was
measured by using an Annexin V-FITC/PI. Meanwhile.
RAW264.7 macrophages were collected and stained by using
CD206-PE and CD80-APC. Cellular fluorescence was analyzed by
flow cytometry.

To investigate in vitro ROS-generating activity, confocal
images were obtained within cancer cells by using DCFH-DA,
and 4T1 cells were seeded into 0.3 mL culture dishes (5 x 10°
cells per dish) for 24 h. Afterwards, cells were treated with Zn>",
ATM, Zn-ATM, ZnO, and ZnO,-ATM, respectively (5 pL, Zn
content: 2.0 mg mL™'; ATM content: 1.0 mg mL™'). After
another 6 h incubation, DCFH-DA (1 uM) and Hoechst (1 pg
mL ") were added into each well and incubated for another 20
min at 37.0 °C. Fluorescence images were captured by CLSM.

JC-1 staining

To investigate the in vitro mitochondrial potential, confocal
images were measured within cancer cells by using JC-1, and
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4T1 cells were seeded into 0.3 mL culture dishes (5 x 10> cells
per dish) for 24 h. Afterwards, the cells were treated with Zn>",
ATM, Zn-ATM, ZnO, and ZnO,-ATM, respectively (5 pL, Zn
content: 2.0 mg mL™'; ATM content: 1.0 mg mL ™ '). After
another 4 h incubation, cells were stained by using JC-1 (10 pg
mL ") and Hoechst (1 pg mL ") for another 20 min at 37.0 °C.
Fluorescence images were captured by CLSM.

In vitro antitumor effect

To measure the cellular viability, 4T1 cells were cultivated in
a 96-well plate and incubated with different concentrations of
Zn**, ATM, Zn-ATM, ZnO, and ZnO,-ATM, respectively. After
incubation for 6 h, cellular viability was tested by using MTT
assay.

Immunogenic cell death

To investigate in vitro ATP release, 4T1 cells were cultivated in
a 6-well culture plate (1 x 10° cells per dish) for 24 h. After-
wards, cells were treated with Zn>*, ATM, Zn-ATM, ZnO, and
Zn0,-ATM, respectively (20 uL, Zn content: 2.0 mg mL ™% ATM
content: 1.0 mg mL™ '), for another 24 h incubation. After
centrifugation at 4000 rpm for 10 min, cell supernatants were
collected. The content of ATP in the supernatant was quantified
using an ATP assay kit.

For CRT staining, 4T1 cells were cultivated in a 24-well
culture plate (5 x 10* cells per dish) for 24 h. Afterwards, cells
were treated with Zn>*, ATM, Zn-ATM, ZnO, and ZnO,-ATM,
respectively (5 uL, Zn content: 2.0 mg mL™'; ATM content: 1.0
mg mL '), for another 4 h incubation. Then cells were incu-
bated with anti-CRT primary antibodies at RT for 0.5 h and
stained with APC-conjugated secondary antibodies for 2 h. For
HMGB-1 staining, cells were treated with anti-HMGB primary
antibodies at RT for 0.5 h and incubated with Alexa Fluor 594-
conjugated secondary antibodies for 2 h. The nuclei were
stained by using DAPI at room temperature for 30 min. Fluo-
rescence images were captured by CLSM.

In vitro macrophage polarization

RAW264.7 cells were plated in a 24-well plate (1 x 10° per well)
and then cultured with LPS (500 ng mL ') or IL-4 (25 ng mL )
for 12 h to induce M1 or M2 polarization, respectively. 2.5 pL of
Zn**, ATM, Zn-ATM, ZnO, and ZnO,-ATM (Zn content: 2.0 mg
mL™'; ATM content: 1.0 mg mL ') were incubated with
RAW?264.7 cells for another 12 h. Afterwards, RAW264.7 cells
were collected and stained by using CD206-PE and CD80-APC.
Cellular fluorescence was analyzed by flow cytometry. Moreover,
cell supernatants were collected to detect the content changes
in IL-6 and TNF-o by using ELISA Kkits.

Antitumor effect in vivo

All animal protocols and all injection procedures and post-
operative care were approved by the Ethical Committee of Qufu
Normal University (No: 2022013). Balb/c mice were subjected to
subcutaneous injection of 4T1 cells at both the right

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1 x 10° cells) and the left flanks (3 x 10° cells), which were
termed primary and distant (metastatic) tumors, respectively.

Mice were divided into six groups randomly (9 mice for each
group). After tumor sizes reached ~100 mm?®, various treat-
ments, including (1) DPBS, (2) Zn**, (3) ATM, (4) Zn-ATM, (5)
ZnO, and (6) ZnO,-ATM, were intratumorally injected into the
primary tumors at a dosage of 25 uL (Zn content: 2.0 mg mL ™%
ATM content: 1.0 mg mL™"). From day 0, the tumor size and
body weight of each mouse were monitored every 2 days. A
caliper was used to measure the tumor volume and tumor size
and then volume = length x width?/2 was calculated. On day 1
post-injection, cryosections of primary tumors were collected
from various groups for HE, TUNEL and CRT staining. Repre-
sentative tumors were harvested on day 14 post-first injection,
and organs were collected on day 14 post-first injection for H&E
staining to assess pathologic changes.

On day 14 post-injection, distant tumors were collected
from various groups for cryosections. A TUNEL apoptosis
detection kit was used for TUNEL immunofluorescence stain-
ing through standard operating strategies. Finally, tumor sli-
ces were investigated by fluorescence confocal microscopy.
Moreover, T cell infiltration within distant tumors was deter-
mined by staining with CD3-APC, CD4-PE and CD8a-FITC,
followed by flow cytometry analysis. To demonstrate the anti-
tumor immune memory effect of mice, the left flank of mice
was rechallenged with 5 x 10> 4T1 tumor cells through intra-
venous injection on day 18. All mice were sacrificed on day 44,
and the lungs were stained by using 15% India ink for meta-
static nodule counting.

In vivo macrophage polarization

On day 3 post-injection, the tumors of mice were collected,
homogenized in PBS, and filtered through cell strainers to
obtain a single cell suspension. Cells were dispersed in 2% BSA
solution for 30 min to block nonspecific binding sites. Finally,
the cell suspension of tumors was stained with CD11b-FITC,
CD80-APC and CD206-PE for RAW264.7 phenotype analysis.
Content changes of cytokines (IL-6 and TNF-«) in tumors were
measured using ELISA kits.

Dendritic cell maturation and T cell infiltration within tumors

On day 3 post-injection, mice were sacrificed. Tumors and
spleens were homogenized in PBS to obtain a single cell
suspension and then washed with lysis buffer twice to remove
erythrocytes. Cells were treated by using 2% BSA solution to
block nonspecific binding sites for another 30 min. To investi-
gate T cell infiltration within tumors, cell suspensions of
tumors were stained by using CD3-APC, CD4-PE and CD8a-FITC
and then analyzed by flow cytometry. To study the maturation of
dendritic cells, cell suspensions of spleens were stained with
CD11c-FITC, CD80-APC and CD86-PE. Then, cells were washed
with PBS twice and analyzed with flow cytometry.

Immune memory effect against tumor recurrence

On day 20 post-injection, to validate the formation of memory T
cells, mice were sacrificed for spleen collection. After
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homogenization and erythrocyte lysis, a single cell suspension
of spleen was prepared. Cells were stained with CD3-APC, CD8a-
FITC and CD44-PE following the manufacturers' protocol and
analyzed with flow cytometry.

Statistical analysis

The significance of the statistical difference was determined
through one-way analysis of variance (ANOVA) with *p < 0.05,
**p < 0.01, ***p < 0.001, and "*p = 0.05.

Conclusions

In this study, a bimodal responsive modulator, namely ZnO,-
ATM, has been developed, as an endo/exogenous synergistic
H,0,-producing nano-based adjuvant, exerting a bimodal
simultaneous implementation of TAM repolarization and ICD
elicitation that contributed to tumor immunotherapy. The
responsiveness of ZnO,-ATM could elevate oxidative stress with
varying effects on both tumor cells and immune cells, eventu-
ally eradicating both primary tumors and distant metastases.
We anticipate that this selective and mechanistic strategy will
completely overcome the obstacle of tumor immunosuppres-
sion in the future.
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