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Abstract Catalytic nanoparticles with natural enzyme-mimicking properties, known as nanozymes, have emerged as
excellent candidate materials for cancer immunotherapy. Owing to their enzymatic activities, artificial nanozymes not only
serve as responsive carriers to load drugs and therapeutic molecules for cancer treatment, but also act as enzymes for
modulating the immunosuppression of the tumor microenvironment (TME) via the catalytic activities of catalase, per-
oxidase, superoxide dismutase, and oxidase. The immunosuppressive pro-tumor TME can be reversed to the immunoactive
anti-tumor TME by utilizing both reactive oxygen species (ROS)-generating and ROS-scavenging nanozymes, which
enhance the efficacy of cancer immunotherapy. In this review, we introduce representative ROS-generating and ROS-
scavenging nanozymes and discuss how artificial nanozymes respond to the conditions of the TME. Based on the mutual
interaction between nanozymes and TME, recent therapeutic pathways to provoke anti-cancer immune responses using
nanozymes are discussed.

Keywords Cancer immunotherapy - Nanozymes - Reactive oxygen species - Tumor microenvironment - Immunogenic

cell death

1 Introduction

Cancer is one of the leading causes of death worldwide [1].
Thanks to the advanced understanding of cancer
immunology and immunosuppressive tumor microenvi-
ronment (TME), cancer immunotherapy has opened a new
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paradigm for cancer treatment by inducing durable anti-
tumor immunity. The goals of cancer immunotherapy
include regression of the established tumor, eradication of
residual cancer cells, and prevention of metastasis and
relapse. A myriad of cancer immunotherapy modalities
have been employed to tackle the immunosuppressive
barriers in each step of the natural cancer-immunity cycle
in the body (Fig. 1): cancer vaccines [2-5], immune
checkpoint blockade (ICB) therapies [6—10], and chimeric
antigen receptor (CAR)-T cell therapies [11-14]. Cancer
vaccines aim to boost the host’s immune system by
delivering tumor antigens to immune cells, particularly
dendritic cells (DCs), which subsequently induce adaptive
immune responses against primary tumors and distant
metastases with minimal damage to healthy cells and
provoke immune memory for long-term protection
[15-18]. Conventionally, cancer vaccines consist of tumor-
associated antigens (TAAs) in the form of peptides, pro-
teins, DNA, mRNAs, cancer cell lysates, and the whole
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Fig. 1 Schematic of cancer immunity cycle with diverse cancer
treatment paradigms. The cells involved in each step of the cancer
immunity circle face various conditions including inhibition and
stimulation. Tumor-associated antigens (TAAs) are released, fol-
lowed by their uptake and presentation by professional antigen-
presenting cells (e.g., dendritic cells (DCs)), boosting DCs matura-
tion. These processes are inhibited by immunosuppressive cytokines
(IL-4, IL-10, and IL-13). Mature DCs subsequently migrate to the
lymphoid organs and activate naive T cells. The activated T cells are

cancer cells, along with immune-activating signals for
triggering tumor-antigen specific adaptive immune
responses against cancer. However, the therapeutic out-
comes of conventional cancer vaccines are limited, with
them showing a weak antitumor response, established
tumor suppression inability, and tumor recurrence [19-26].
Recent findings in past decades have revealed that the
immunosuppressive TME is one of the main obstacles to
conventional cancer vaccine approaches. The immuno-
suppressive TME usually accumulates myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages
(TAMs) with tumor-promoting phenotype, regulatory T
(Treg) cells, and cancer-associated fibroblasts that secrete
immunosuppressive cytokines and express immune-in-
hibitory ligands. These prevent the infiltration of anti-tu-
mor immune cells into the tumor or the impairment of
cytotoxicity of activated T cells. Moreover, highly acidic
conditions and hypoxia in the TME can facilitate tumor
evasion. By utilizing the immunosuppressive features of
the TME, cancer cells can evade immune surveillance.
Thus, the development of new strategies to reverse the anti-
tumor immunosuppressive TME for accelerating cancer
immunotherapy is of interest.

Recently, owing to their intrinsic catalytic properties,
enzyme-mimicking nanomaterials (nanozymes) have
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solid tumors

suppressed by physiological conditions in the tumor microenviron-
ment (TME), indoleamine 2,3-dioxygenase (IDO)-expressing cells,
myeloid-derived suppressor cells (MDSCs), Treg cells, tumor-asso-
ciated macrophages (TAM), and immune checkpoint molecules (PD-
1, PD-L1). Thus, CAR-T cells are trained and stimulated ex vivo to
enhance the antigen-specific antitumor responses after infusion to
patients. ICB therapy results in synergistic effects to enhance the
tumor infiltration by cytotoxic T lymphocytes (CTLs) and tumor-
killing effects

become potential candidates for modulating the TME for
enhanced cancer immunotherapy. Nanozymes are nano-
materials that exhibit an intrinsic enzyme-mimicking
activity. Artificial nanozymes have recently been recog-
nized as alternatives to natural enzymes owing to their
outstanding properties, such as elevated catalytic effi-
ciency, low cost, high stability, and easy storage [27]. In
particular, nanozymes mimicking enzymes with redox
activities, including catalase (CAT), peroxidase (POD),
superoxide dismutase (SOD), and oxidase (OXD), have the
potential to modulate the TME. Reactive oxygen species
(ROS) play an important role in balancing the homeostasis
of redox reactions and their modulatory effects on cell
survival and cell signaling [28]. ROS-modulating nano-
zymes have been used to control the level of intracellular
or extracellular ROS. The catalytic activity of nanozymes
can stimulate and interact mutually through five main pil-
lars composed of hydrogen peroxide (H,O,), oxygen (O5),
superoxide radicals (‘O,"), hydroxyl radical (OH’) and
water (H,O), as shown in Fig. 2.

Recent approaches using ROS-modulating nanozymes
to enhance cancer immunotherapy are based on two
mechanisms with responsive TME: (1) modulation of
tumor physiological environment including pH, oxygen
level, and immunosuppressive cells to reprogram the
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Fig. 2 Routes of mutual catalytic activity enzyme interaction (POD,
SOD, OXD, CAT) through representative products such as H,O,,
OH, 'O,”, O, H,O0. By mimicking the catalytic activities of

immunosuppressive TME into tumor-inhibiting anti-tumor
TME [29-31]; (2) induction of immunogenic cell death
(ICD) of tumor cells, which subsequently releases TAAs
which can be captured, processed, and presented by anti-
gen-presenting cells (APCs) such as DCs that prime naive
CD8" and CD4™ T cells [32, 33]. In this review, we dis-
cuss how ROS-modulating nanozymes contribute to
enhanced cancer immunotherapy. First, we briefly intro-
duce the recent understanding of immunosuppressive TME
and representative nanozymes, focusing on how nano-
zymes interfere with and manipulate TME towards the
promotion of antitumor responses. Next, recent achieve-
ments of ROS-modulating nanozymes for inducing adap-
tive immunity and subsequently, enhanced cancer
immunotherapy are described. Finally, our perspectives on
the challenges and future directions for advancing the
clinical translation of the field are proposed.

2 Immunosuppressive features of TME

The most important components that contribute to the
immunosuppressive TME are immunosuppressive cells,
such as TAMs, MDSCs, Tregs, and immunosuppressive
cytokines (Fig. 3). In the TME, cancer cells directly
interact with non-cancerous cells and transform them into
tumor-assistant agents to avoid the immunosurveillance of
antitumor cells. TAMs predominantly account for a num-
ber of tumor-infiltrating cells, which are classified into M1
and M2 phenotypes depending on the physiological

enzymes, nanozymes with diverse materials such as SOD- and
CAT-mimicking cerium oxide, POD-mimicking iron oxide, or OXD-
mimicking electron donors were discovered

microenvironment. Typically, the MI-phenotype is
responsible for the anti-tumor functions by secreting pro-
inflammatory cytokines such as interleukin (IL)-12 and
tumor necrosis factor (TNF)-a in the anti-TME. In contrast,
the M2-phenotype is responsible for the anti-inflammatory
functions by secreting IL-10 and transforming growth
factor B (TGF-p) in pro-TME. In general, TAMs are mostly
M2-phenotypes supporting immunosuppressive pro-TME
[34, 35].

MDSCs are also immunosuppressive cells in the TME
that initiate cancer metastasis and evade immune surveil-
lance. MDSCs prevent the activity of T cells and natural
killer (NK) cells by secreting immunosuppressants such as
adenosine to inhibit T cell activation. MDSCs can upreg-
ulate the activity of immune checkpoint programmed
death-ligand 1 (PD-L1) on cancerous cells, and then
downregulate the activity of tumor-infiltrating lymphocytes
by binding the receptor PD-1 on the surface of infiltrated T
cells. MDSCs are an assistive factor for inducing the
expression of immunosuppressive cytokines such as TGF-3
and IL-10, which elicit the expansion of Tregs and the
anergic state of T cells [36].

Tregs play an essential role in hampering T-cell acti-
vation in the pro-TME. In TME, due to immunosuppressive
microenvironments, immature DCs are unable to undergo
the maturation process and thus maintain the tolerogenic
phenotypes, displaying fewer co-stimulatory molecules,
resulting in the generation of induced Tregs. Tregs and
tolerogenic DCs also secrete anti-inflammatory cytokines
such as IL-10 and TGF-f and inhibitory factors including
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Fig. 3 Physiological conditions and cellular interaction network of
the protumor- and antitumor-microenvironment. Pro-tumor microen-
vironment is composed of immunosuppressive cells (MDSCs, Tregs,
and M2-type macrophages), immunosuppressive cytokines (IL-10 and
TGF-f), immunomodulatory enzymes (IDO-expressing cells). In

indoleamine 2,3-dioxygenase (IDO), which hinder T cell
activation and stabilize the tolerogenic and immunosup-
pressive TME [37-40].

The representative physiological condition supporting
the immunosuppressive environment in pro-TME is a high
level of hypoxia, which causes a lack of oxygen in the
TME and hinders the function of the immune system.
Hypoxia can facilitate immunosuppression by preventing
the activity of CD4" T cells and enhancing Treg activity
[41-43]. Hypoxia-inducible factors (HIFs) are known to
downregulate active CD8' T cell populations due to
inadequate glucose for metabolic reprogramming, resulting
in immunosuppression [44, 45]. Moreover, hypoxia
exploits the immune checkpoint molecules (PD-L1),
thereby hampering the immunological functions of T cells
[46].

To enhance the efficacy of cancer immunotherapy, it is
necessary to convert these immunosuppressive character-
istics of pro-tumor TME into an immunoactive anti-tumor
TME (Fig. 3). For this purpose, various strategies such as
nanomaterial-based cancer vaccines, ICB therapy, CAR-T
cell therapy, and in situ modulation of the TME have been
proposed. In the following section, we will focus on recent
progress using ROS-modulating nanozymes for enhanced
cancer immunotherapy by the in-situ modulation of TME.
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addition, PD-L1, PD-1 and therapeutic barriers (high tumor hypoxia,
acidic condition) can restrict the function of the effector T cells. In
contrast, anti-tumor microenvironment is composed of a high number
of innate immune cell (NK cells), effector T cells (CD8" and CD4* T
cells), and M1-type macrophages for tumor-killing

3 Enhanced cancer immunotherapy based
on ROS-modulating nanozymes

ROS-scavenging nanozymes can convert reactive oxygen
molecules to harmless molecules, including O, and H,O,
thus providing protection against oxidative stress and
maintaining cellular functions. CAT and SOD are repre-
sentative catalytic enzymes that scavenge ROS. On the
other hand, ROS-generating nanozymes, such as POD and
OXD can induce more reactive oxygen molecules to cause
positive oxidative stress in tumor cells, resulting in damage
to cellular components such as lipids, membranes, DNA,
and proteins [47]. Despite the different roles of the two
types of nanozymes, both types of nanozymes can be uti-
lized to activate anti-tumor immunity cascades through the
modulation of TME.

To alleviate the immunosuppressive conditions in TME,
ROS-modulating nanozymes can be used to enhance the
therapeutic efficiency of cancer immunotherapy. There are
two main strategies (Fig. 4): (1) induction of ICD-mediated
activation of effector T cells via cytotoxic ROS generation
and (2) Treg suppression and M1 macrophage polarization
via O, generation (ROS scavenging). The former strategy
is favorable to ROS-generating nanozymes, in which POD
and OXD-mimicking nanozymes convert endogenous or
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Fig. 4 Therapeutic pathways of TME-responsive nanozymes for
cancer immunotherapy. Red arrows indicate a strategy based on the
catalytic activities of ROS-generating nanozymes (OXD- and POD-
like activities) which induce high oxidative stress, resulting in the
induction of immunogenic cell death (ICD). Death of tumor cells
releases TAAs, subsequently be engulfed, and presented to the naive
T cells by DCs, leading to the activation of CD4" and CD8™" T cells.
Blue arrows indicate a strategy for the control of immune responses
by modulating the TME. Treatment with ROS-scavenging nanozymes

exogenous H,0, into ROS such as OH and ‘O,  that
facilitate high oxidative stress, thereby inducing ICD
and resulting in the subsequent immune responses. The
latter approach enables the nanozymes to relieve the TME
based on controllable ROS levels and hypoxia, provoking
the infiltration of immune cells and secretion of pro-in-
flammatory cytokines to elicit innate and adaptive immu-
nity, such as M2 to M1 macrophage polarization. In
addition to the two main strategies, synergistic effects are
observed by combining these strategies with other thera-
pies such as ICB, CAR-T, and anti-inflammation cytokine
inhibitors to enhance the immune response and eradicate
tumor recurrence. Recent advances of artificial ROS-
modulating nanozymes for cancer immunotherapy, which
is discussed in this review, are summarized in Table 1.

3.1 ROS-generating nanozyme for the induction
of ICD

POD- and OXD-mimicking nanozymes generate ROS,
such as H,O,, ‘O,~, and OH', by peroxidation and oxida-
tion, respectively. The resulting high oxidative stress cau-
ses ICD of tumor cells which releases tumor antigens and

ROS-generating nanozyme for induction of ICD.

P antigens (TAAs)
—

Tumor Cells Death

DC maturation

ROS-scavenging nanozyme capable of O, generation for Treg suppression, M1 polarization.

(SOD- and CAT-like activities) can relieve hypoxia and control ROS
levels, leading to the modification of subsequent immunological
cascades such as the reprogramming of M2 to M1 macrophages,
decrease in hypoxia-adenosine signaling, suppression of Treg cells,
and expression of effector T cells. In addition, other therapies are
applied to synergistically enhance the adaptive immune responses
such as TGF-f inhibitor, anti-PD-L1, anti-PD-1, and anti-CTLA-4
antibodies.

damage-associated molecular patterns (DAMPs) into the
surroundings, that are capable of boosting antigen-specific
anti-cancer immune responses. Various POD- and OXD-
mimicking nanozymes can be used to produce ‘O, , OH
using H,O, in the TME. The most representative POD-like
activity is the Fenton or Fenton-like reaction mediated by
Fe;04 nanoparticles [48, 49] that produce OH' radicals. To
enhance the radical generation capacity, glucose oxidase
(GOx) can be added to generate H,O, over the amounts of
radicals generated by POD activity. In addition, some
nanomaterials without catalytic-mimicking activities are
used as photosensitizing substances for photodynamic
therapy (PDT) or photothermal therapy (PTT), which show
a strong capacity to produce ROS from O, in the sur-
rounding tissue [S50]. ROS generation by PDT or PTT can
be further enhanced by combining with oxygen-supplying
components such as oxygen-storing CaO, or CAT-mim-
icking MnO,, which produce oxygen which can be con-
verted into ROS (singlet oxygen (102), ‘0,7, and OH)
under light irradiation. Another strategy for ROS genera-
tion is via degradation; these materials can directly gen-
erate toxic radical species (sulfate radicals, alkylating
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Table 1 Recent advances of nanozyme-based enhanced cancer immunotherapy

Nanozyme Catalytic activity Synergistic Therapeutic effects References
therapy

Hyaluronic- and polyethylene =~ POD-like activity Photothermal Induction of immunogenic death (ICD) to [51]
glycol-decorated Cu-based therapy (PTT) boost the immunological function of
nanozymes effector CAR-T cells

Glucose oxidase (GOx), hemin, GOx activity, POD-like Anti-PD-L1 Formation of elevated ROS to cause tumor  [52]
dihydroartemisinic (DHA) activity cell death, to release TAAs, to enhance
enveloped in ZIF-8 infiltration of tumor-specific T cells into
framework tumor site

Core—shell gold CAT-like activity, NIR- Photodynamic Induction of ICD, release of damage- [53]
nanocage @manganese mediated conversion of O,  therapy (PDT) associated molecular patterns (DAMPs),
dioxide (AuNC@MnO,) to 'Oy activation of effector T cells
nanozyme

Phospholipid-coated Na,S,0g Generation of sulfate Anti-CTLA-4 High ROS level to induce ICD, release of [55]
nanoparticles (SO47) and hydroxyl DAMPs, activation of tumor-specific T

(OH’) radical by cells
dissociation of persulfate

Co-loading of Ce6 and DOX CAT-like activity PDT, O, supplement for relief of tumor hypoxia,  [61]
into hollow manganese chemotherapy, M2 macrophage polarization, induction of
dioxide (H-MnO,) anti-PD-L1 ICD, cytotoxic T lymphocyte CTL)

activation

Combination of Ca0O,- and H,0,-generating activity, Anti-CTLA-4, Relief of tumor hypoxia, suppression of Treg [63]
MnO,-based nanozymes CAT-like activity, chemotherapy activity, activation of CTLs

Iron- and manganese-based CAT- and POD-like activity Delivery of Relief of tumor hypoxia, M2 macrophage [62]
nanozymes encapsuled into TGF-B polarization, suppression of Tregs,
mesoporous silica inhibitor induction of ICD, activation of effector T

nanoparticles (MSN)

cells

carbon-centered radicals) after being decomposed under
specific conditions.

Based on these diverse options for ROS-generating
components such as POD- and OXD-mimicking nanopar-
ticles, PDT/PTT agents, and toxic radical-generating
molecules via degradation, the resulting ROS-generating
nanozymes have been used to induce the ICD of cancer
cells and the subsequent release of TAAs for enhanced
anti-cancer adaptive immune responses.

The use of copper (Cu) nanoparticle-based POD-mim-
icking nanozymes has been demonstrated to enhance can-
cer therapy of solid tumors via ICD-mediated strong
adaptive immune responses combined with CAR-T cell
therapy (Fig. 5) [51]. Cu nanoparticles were synthesized by
reacting copper (II) chloride with sodium sulfate (Na,S)
using a capping agent as a stabilizer (hyaluronic acid, HA),
and then further modifying using polyethylene glycol
(PEG) to allow high colloidal stability for intravenous
injections. The resulting HA-stabilized Cu-based nano-
zymes were targeted to CD44 (HA receptor) overexpressed
on tumor cells after intravenous injection. Copper-based
nanozymes with intrinsic POD-like activity were able to
convert high levels of H,O, in the TME to toxic OH
radicals. In addition, the eradication of tumor cells was
elicited by PTT via near-infrared (NIR) irradiation of Cu

@ Springer

nanoparticles. This enhanced toxic ROS generation and
local heating led to ICD of the tumor cells. The apoptosis
of tumor cells released TAAs, which enhanced the acti-
vation of DCs and effector T cells, and tumor infiltration of
CAR-T cells. Because of the expanded blood perfusion and
degradation of the tumor extracellular matrix by PTT and
the catalytic activity of nanozymes, the CAR-T cells easily
infiltrated the tumor lesions. Nanozymes promoted the
infiltration of a high proportion of CD8" CAR-T cells and
CD4" CAR-T cells compared to that induced by non-
nanozymes both in vitro and in vivo. Consistently, CAR-T
cell-induced nanozymes secreted more inflammatory
cytokines (TNF-o and IFN-y) than CAR-T cells alone.
Hence, the combined synergistic effects of ROS-generating
nanozymes, PTT, and CAR-T cells substantially enhanced
the efficacy of immunotherapy against solid tumors.

Lin et al. introduced a novel nanozyme with multien-
zyme-mimicking activities, including GOx, POD, and
glutathione (GSH) peroxidase (GPx) for tumor ICD
induction (Fig. 6) [52]. GOx, hemin nanozyme, and lactone
endoperoxide-derived dihydroartemisinic acid (DHA) were
encapsulated in the zeolitic imidazolate framework (ZIF-
8). The resulting multienzyme mimics were injected
intravenously into tumor-bearing mice to induce passive
targeting into the tumor via the enhanced permeability and
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Fig. 5 Hyaluronic acid (HA) and polyethylene glycol-decorated
copper-based nanozymes (Cu,_,S) enhanced CAR-T cell therapy.
Copper-based nanozymes with HA modification on the surface are
targeted to tumor cells and react with endogenous H,O, which can be
transformed to OH' through POD-like activity. High local ROS levels
caused apoptosis, leading to the release of TAAs. CAR-T cells were

retention (EPR) effect. In the TME, GOx elevated H,O,
levels during the glucose oxidation process, and the sub-
sequent in situ cascade reaction by POD-like heme (Fe*™")
converted H,O, to OH' radicals. In addition, GPx-mim-
icking hemin (Fe*™) was converted to heme (Fe?™"), con-
suming abundant antioxidant GSH, and the resulting heme
(Fe*™) provoked the co-delivered DHA to induce C-cen-
tered free radicals. Inexhaustible endogenous free radicals
(C and OH) are generated in an accelerated manner, which
amplifies the high oxidative stress and triggers ICD to
release danger signals (CGT, HMGB-1). Immature DCs

w Cytokine
& CART cell

() Enhanced CAR T infiltration
(2 Enhanced CAR T effector function

engineered to recognize tumor-specific antigens; thus, the combina-
tion of nanozyme-based therapy and photothermal therapy (PTT) with
CAR-T cells enhanced the tumor infiltration of and function of CAR-
T cells. Reproduced from [51] with permission from Wiley—VCH.
Copyright 2021

capture, engulf, and present danger signals for DC matu-
ration. The mature DCs migrate to the lymphoid organs
where they interact and activate antigen-specific effector T
cells. Through blood vessels, the effector T cells are sys-
temically trafficked and infiltrated solid tumors, resulting in
the elimination of primary as well as distant tumors. The
cellular immune response indicated that this multienzyme-
mimicking framework showed a high percentage of DC
maturation through the expression of CD86" and CD80™
compared to control groups. In parallel, the secretion levels
of inflammatory cytokines (TNF-o, IFN-y, and IL-6)
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Fig. 6 Complex of glucose oxidase (GOx), hemin, and dihy-
droartemisinic acid (DHA) enveloped in ZIF-8 framework for cancer
immunotherapy. Alkylating carbon-centered radical (R°) and hydroxyl
radical (OH") were generated by utilizing ROS-generating complexed
framework through GOx and Fenton reaction. Elevated ROS levels
caused tumor cell death and subsequent release of TAAs which are

increased consistently from the supernatant of splenocytes.
High expression of mature DCs led to an increased number
of tumor-infiltrating effector T cells (CD4" and CD8* T
cells) in tumors. When anti-PD-L1 antibody was combined
with the catalytic activity of nanozymes, eradication of the
primary and distant tumors was achieved by systemically
activated effector T cells.

Enhanced ROS generation by combining PTT and O,
supplying a CAT-mimicking nanozyme was proposed for
synergistic photothermal immunotherapy. Liang et al.
fabricated ROS-generating nanocomposites by developing
a core—shell structure (AuNC@MnO,) with gold nano-
cages (AuNCs) as the core and manganese dioxide (MnO,)
as a shell for the treatment of metastatic triple-negative
breast cancer (mTNBC) (Fig. 7) [53]. AuNC@MnO, was
injected intravenously into tumor-bearing mice. The MnO,
shell could catalyze the breakdown of intratumoral H,0, to
H,O and O, under acidic conditions in the TME through
the reaction MnO, + H,0, + 2H" — Mn*" + 2H,
O + O,. Then, the plasmonic Au nanocage worked as a
photosensitizer under NIR one/two-photon illumination for
PDT, which converts O, into diverse toxic ROS (10,, O,™,
and OH) [54]. Excessive levels of ROS induce ICD, which
subsequently secrete DAMPs, including adenosine
triphosphate (ATP), calreticulin (CRT), and high-mobility
group box 1 protein (HMGB-1). The exposure of DAMPs,
which act as danger signals, could provoke the maturation
and antigen presentation of DCs for activation. Mature DCs
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captured and presented on mature DCs. DCs travel to the lymph node
for priming tumor-specific T cells, leading to their infiltration into
tumor sites. The combination of the nanozyme platform and anti-PD-
L1 therapy increased the efficacy of cancer treatment against primary
and distant tumors. Reproduced from [52] with permission from
Wiley—VCH. Copyright 2020

activate antigen-specific T cells and the subsequent infil-
tration of effector immune cells to the tumor, leading to the
eradication of primary and metastatic tumors. Notably,
gold nanocages (AuNCs) are not GOx-mimicking nano-
zymes in this case, but only act as photocatalytic agents in
boosting PDT. Administration of AuNC@MnO, following
NIR irradiation-induced CD83* and CD86™ expression on
tumor-infiltrated DCs in vivo. The mature DCs secreted
increased levels of IL-12 than AuNCs alone, with or
without laser irradiation. The tumor antigen-exposed
mature DCs strongly elicited the expansion of CD4" T
cells, CD8™" T cells, and NK cells in both tumor and tumor-
draining lymph nodes. High antitumor immunity led to the
dramatic diminishment of primary tumor as well as the
number of metastatic lesions.

Phospholipid-coated Na,S,0g nanoparticles (PNSO
NPs) were utilized as ROS-generating nanozymes for
enhanced cancer immunotherapy (Fig. 8) [55]. PNSO NPs
were degraded to generate Na* and S,0g>~ under physi-
ological conditions in the TME. S,0¢>~ can be converted
into a sulfate radical (SO, ), which subsequently reacts
with water to produce OH'. This conversion amplified
oxidative stress, thus inducing ICD of tumor cells. In
addition, it provoked anti-cancer adaptive immune
responses and enhanced the intratumoral infiltration of
CD8" and CD4" T cells. PNSO NP-treated cancer cells
released higher levels of DAMPs (including ATP and
HMGB-1), which elevated the maturation of DCs (high
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Effector cells

Fig. 7 Core—shell  gold  nanocage@manganese  dioxide
(AuNC@MnO,) nanozymes for cancer immunotherapy. Under highly
acidic condition in the TME, the complex structure was degraded.
AuNC@MnO, nanozymes are ROS-scavenging nanozymes that
produce elevated O, levels. Meanwhile, under near-infrared (NIR)
irradiation, O, was converted into ‘O, ", increasing ROS levels and

expression of CD80" and CD86™), as well as the levels of
pro-inflammatory cytokines (TNF-a, IL-6, IL-10) in vitro
and in vivo. As CTLA-4 hinders the immunological func-
tions of activated T cells [56, 57], combining PNSO NPs
with anti-CTLA-4 antibodies showed enhanced antitumor
response and simultaneously prevented the growth of dis-
tant tumors and metastatic lung tumors.

3.2 ROS-scavenging nanozymes are capable of O,
generation for Treg suppression and M1
macrophage polarization

Typically, SOD and CAT are representative catalytic
enzymes that scavenge and convert ROS to harmless
molecules such as water and oxygen. In detail, SOD

Immunogenic
cell death (ICD)

H,0,
pHES W o 4

NIR

.................................................

FL/PA/MR-imaging *® CRT
guided oxygen-boosted v ATP
PDT & antitumor immunity | o HMGB1

leading to the induction of ICD. Subsequently, damage-associated
molecular patterns (DAMPs; CRT, ATP, HMGBI1) released due to
ICD trigger DCs maturation and tumor antigen presentation for
activating effector T cells against primary tumor and its metastasis.
Reproduced from [53] with permission from Elsevier. Copyright 2018

transforms O,~ to H,O, and O,, and CAT converts H,O,
into H,O and O,. Once O, is generated by the SOD- and
CAT-mimicking catalytic activities of nanozymes, tumor
hypoxia is relieved, and the immunosuppressive TME is
reversed. This causes dramatic transitions in the TME,
including polarization of tumor-advocating M2 macro-
phages to anti-tumor inflammatory M1 macrophages,
reduction of hypoxia and acidic conditions which favorably
improve the tumor infiltration of effector T cells and
hamper Treg activity.

The representative mechanism of ROS-scavenging
nanozymes to produce O, is an autocatalytic redox reaction
mediated by metal species with different oxidation states
on the surface of metal oxide nanoparticles such as MnO,
and CeO,. For example, because of their reversible surface
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Tumor-assodated

Primary tumor antigens

Lung metastasis

Fig. 8 Phospholipid-coated Na,S,0g nanoparticles (PNSO NPs) are
nanozymes merged with anti-CTLA-4 antibodies for treating cancer.
Sulfate radicals (SO, ) and OH" were generated by activating the
persulfate of PNSO NPs, resulting in high ROS levels, tumor cell
death, and DAMPs release (ATP, CRT, and HMGB 1). Then,
immature DCs capture and present TAAs and became mature DCs.
The tumor antigen-exposed mature DCs migrate to the lymph node

Mn?"/Mn** double oxidation state, manganese-based
nanozymes act as radical scavengers that show CAT-like
activity that converts H,O, into O, [58-60]. To enhance O,
generation through CAT-like nanozymes, O,/H,O,-gener-
ating molecules can be used to provide more O, or H,0,.
For example, CaO, is capable of releasing O, and H,O,
upon reaction with water under acidic conditions in the
TME, which could synergistically increase the level of O,
in the TME in the presence of SOD- or CAT-mimicking
nanozymes.

Recently, TME modulation for enhanced immunother-
apy through local O, generation has been combined with
other cancer therapeutic modalities (chemotherapy, PTT,
PDT) or other ROS-generating nanozymes to enhance the

@ Springer
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and prime tumor-specific T cells, leading to the attack of CTLs
against cancer. Combination with anti-CTLA-4 antibodies suppresses
the Treg activity and upregulates the expression of effector T cells,
thus preventing the evasion of primary and distant tumors as well as
lung metastasis. Reproduced from [55] with permission from the
American Chemical Society (ACS). Copyright 2020

efficacy of cancer treatment. The combination of different
therapies not only alleviates the TME, triggering favorable
presentation and activation of effector cells, but also pro-
vokes antigen-specific T cells by providing substantial
TAAs through synergistic therapies. For more practical
applications, ROS-scavenging and O,-producing nano-
zymes were combined with anticancer drugs [61], inhibi-
tors of immunosuppressants [62], and PDT agents [63] to
induce synergistic efficacy in cancer immunotherapy.
Yang and colleagues designed a ROS-scavenging, O,-
generating nanozyme based on hollow manganese oxide
(H-MnO,) nanoparticles for TME modulation in hot
tumors (Fig. 9). [61] H-MnO, was synthesized by utilizing
silica nanoparticles as a core, followed by encapsulation by
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Fig. 9 Co-loading of Ce6 and DOX into hollow manganese dioxide
(H-MnO,) decorated by PEG enhanced antitumor responses when
combined with anti-PD-L1 therapy. ROS-scavenging nanozymes
based on H-MnO, could generate elevated O, levels, leading to the
relieving tumor hypoxia. O, was converted into ‘O,  under light
illumination, which induced the tumors to release TAAs. TAAs were
then engulfed and presented to naive T cells by DCs, resulting in CTL

a mesoporous MnO, shell, and the subsequent removal of
SiO, core. The surface of H-MnO2 was subsequently
PEGylated to enhance the colloidal stability under physi-
ological conditions for cancer targeting. Co-loading of
doxorubicin (DOX) and photosensitizer Ce6 into the hol-
low interior space of H-MnO, was optimized to enhance
antitumor immunity. In the TME, CAT-mimicking
H-MnO, reacts with endogenous H,O, under acidic con-
ditions to produce O,. The generated O, not only relieved
tumor hypoxia and modulated the TME but was also
converted into ‘O, by Ce6 photosensitizer under light
irradiation. Additionally, chemotherapy was simultane-
ously performed by releasing DOX for the induction of
chemotherapy-based ICD. H-MnO,-PEG-Ce6-Dox under
light illumination led to a dramatic increase in the ratio of
M1/M2 macrophages and the recruitment of macrophages
in the tumor, as well as an increase in the levels of infil-
trated CTLs and inflammatory cytokines (TNF-a and IFN-
v). As a result, tumor growth was greatly inhibited in
animals treated with H-MnO,-PEG-Ce6-Dox nanoparticles
combined with chemotherapy, PDT, and nanozyme-based
immunotherapy.

Wang et al. [63] introduced a core—shell structure
composed of a DOX core and silica shell decorated with
CAT-mimicking MnO, nanoparticles for cancer
immunotherapy, which was assisted by H,O,-releasing

Checkpoint blockade i
with anti-PD-L1

CTL migration

activation and tumor infiltration. The combination of photosensitizer
(Ce6) and chemotherapeutic agents (DOX) accelerate the tumor-
killing effects by triggering tumor cell death. Anti-PD-L1 antibody
was employed to block the immune checkpoint PD-L1 on tumor cells,
unleashing the cytotoxic function of the activated CTLs against
tumors. Reproduced from [61] with permission from Nature. Copy-
right 2017

calcium peroxide nanoparticles (CaO, NPs) (Fig. 10).
CaO, was used to produce H,O, by reacting with water to
supplement H,0, levels for CAT-mimicking MnO,
nanoparticles to produce more O,. This process could
continuously supply long-term O,, reversing the immuno-
suppressive TME from pro-tumor to anti-tumor through
local hypoxia relief. Once hypoxic conditions are relieved,
hypoxia-adenosine signaling regulates immune cell func-
tion and decreases IFN-y production, which suppresses the
activity of Tregs and elicits anti-tumor immune responses
mediated by CD8" and CD4™ T cells. Additionally, DOX
is a chemotherapeutic drug that causes tumor cell death and
induces ICD for T-cell activation mediated by DCs.
Therefore, the systemic administration of nanoparticles
with dual catalytic-chemotherapeutic properties simulta-
neously reversed the immunosuppressive TME and
induced CTL responses. The combination of anti-CTLA-4
antibody with nanozyme could unleash the immunological
function of the CTLs and suppress Treg population,
resulting in a synergistic antitumor effect against estab-
lished melanoma.

Liu et al. proposed the use of ROS-scavenging, O,-
generating nanozymes. These nanozymes were constructed
by co-loading iron oxide and manganese oxide nanoparti-
cles on mesoporous silica nanoparticles, which were then
modified by PEG for MI1 polarization by the
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Fig. 10 Combination of oxygen-generating nanoparticles, nanoparticle core kills tumor cells and the resulting tumor cell

chemotherapy, and anti-CTLA-4 therapy boosts cancer immunother-
apy. O, is generated through the catalytic activity of CaO,-based and
MnO;-based nanozymes, resulting in the relief of tumor hypoxia and
suppression of Treg activity. The release of DOX from the

supplementation of O, and ferroptosis by providing OH
radicals (Fig. 11) [62]. Intrinsic CAT-like activities of
manganese-based NPs can convert endogenous and
exogenous H,O, to O,. O, production relieves tumor
hypoxia and alleviates the TME via regulation of TAMs, in
which M2 macrophages are polarized into the M1 pheno-
type. In addition, the TGF-B inhibitor loaded in the
mesopores could prevent Treg activity and induce adaptive
T-cell responses. Furthermore, POD-like activities of iron
oxide nanoparticles that worked as ROS-generating mate-
rials via the Fenton reaction increased ROS levels and
accumulated ferrous (Fe2+) ions in the TME, resulting in
Fe’*-mediated ferroptosis. Ferroptosis is a programmed

@ Springer

death activates the surrounding immature DCs, which primes CTLs
against the tumors. In combination with anti-CTLA-4 antibody, the
Treg activity is suppressed and CTL response is upregulated.

cell death process dependent on iron levels and occurs
because of the failure to check lipid peroxidation. This
could efficiently enhance the activity of immune cells due
to the degradation of dead tumor cells, releasing TAAs.
These results demonstrated that MSNs containing cat-
alytic-nanozymes and TGF-f inhibitor dramatically
decrease tumor hypoxia through the upregulation of tran-
scription factor hypoxia-inducible factors-loe (HIF-1a),
enhance ferroptosis through the downregulation of glu-
tathione peroxidase 4 (GPX4), significantly increasing the
ratio of M1/M2 macrophages and effector T cells/Treg
cells, leading to the suppression of tumor growth.
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Fig. 11 Iron-based (ROS-generating) and manganese-based (ROS-
scavenging) components are encapsuled into mesoporous silica
nanoparticles (MSN) loaded with TGF-f inhibitor. Systemic admin-
istration led to the accumulation of nanoparticles in the tumor site
through the enhanced permeability and retention (EPR) effect. O,
generation from the ROS-scavenging nanozymes relieve tumor
hypoxia and regulate the TME through macrophage polarization.

4 Conclusion and perspectives

Currently, conventional cancer therapies have certain lim-
itations, such as low therapeutic efficiency, high dose
administration, invasive intervention, and severe side
effects. Fortunately, the appearance of artificial nanozymes
is a savior of the cancer immunotherapy field because of its
numerous benefits such as low cost, strong stability, ease of
modification, tumor penetration, high catalytic activity, and
intense enhancement of innate and adaptive immunity.
Based on their catalytic functions, both ROS-scavenging
and ROS-generating nanozymes can enhance the efficacy
of cancer immunotherapy. ROS-scavenging and O,-gen-
erating nanozymes could reverse the immunosuppression
of TME by generating O, through catalytic enzymes such
as SOD or CAT, thereby relieving hypoxia and improving
the efficiency of the immune response. One favorable

5
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ROS-generating nanozymes increase local ROS levels through the
Fenton-reaction, causing ferroptosis. Subsequently, tumor cell death
releases TAAs which are captured, processed, and presented by DCs
which activate effector T cells. TGF- inhibitor was introduced to
restrict the activation of Tregs. Reproduced from [62] with permission
from Wiley—VCH. Copyright 2020

aspect of ROS-scavenging nanozymes is their ability to
synergize with other therapies (PTT, PDT, sonotherapy,
radiotherapy) to inflate the therapeutic immune efficiency
based on the catalytic conversion of endogenous H,0O, to
produce ROS, which induces ICD to awake the CTL
responses. On the other hand, ROS-generating nanozymes
have intrinsic catalytic properties for producing toxic rad-
icals such as OH radicals through POD- and OXD-like
activity. The resulting high ROS levels in the TME induce
ICD in tumor cells, leading to the release of TAAs and
DAMPs, which induce antigen-specific immune responses.

However, recent approaches based on nanozymes for
cancer immunotherapy have certain limitations. First, the
off-target effect of nanozymes after systemic administra-
tion causes damage to normal cells in the other organs. For
a more practical approach, intratumoral injection of the
nanozymes into solid tumors that are accessible through the
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needle injection or the endoscope would be beneficial to its
safe delivery to tumors without undesired accumulation in
other organs. However, for the most cancer with less
accessibility through intratumoral injection, innovative
strategy enabling high targeting efficiency after intra-
venous injection needs to be developed. Second, a myriad
of nanozymes simultaneously exhibit two different cat-
alytic activities, ROS-scavenging, and ROS-generating;
thus, controlling ROS levels in the TME are challenging
missions and affect the ability to modulate TME.
Depending on immuno-activating strategies, for example,
ROS-induced ICD and supply of O, to the TME and ROS-
scavenging and ROS-generating activities have been
combined simultaneously for utilizing both activities for
different immuno-activating purposes. In this case, an
appropriate design of nanozymes is needed to balance their
catalytic reactions so as not to significantly compromise the
activity of the other. Finally, most nanozyme-based
strategies have focused on the response to physiological
conditions of the TME, including endogenous ROS such as
H,0,, high oxidative stress, hypoxia, and acidic conditions.
Novel strategies inducing the modulation of immunosup-
pressive cells (MDSCs, TAMs, and Tregs) can be com-
bined; for example, CRISPR gene editing/deleting to
suppress the metabolism of these cells to suppress immune
checkpoints or enhancing immunoactive signals such as
pro-inflammatory cytokine and co-stimulatory molecules
can be simultaneously applied. Taken together, nanozyme
use for cancer immunotherapy is still challenging and has
room for further improvement. Nevertheless, there is no
doubt that nanozymes play an expansive role in cancer
immunotherapy. In the future, we contend that nanozymes
with transcendental improvements will contribute to the
eradication of cancer in clinics.
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