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Macrophages are plastic cells of the immune system that can be broadly classified as having pro-
inflammatory (M1-like) or anti-inflammatory (M2-like) phenotypes. M2-like macrophages are often
associated with cancers and can promote cancer growth and create an immune-suppressive tumor
microenvironment. Repolarizing macrophages from M2-like to M1-like phenotype provides a crucial
strategy for anticancer immunotherapy. Imiquimod is an FDA-approved small molecule that can polarize
macrophages by activating toll-like receptor 7/8 (TLR 7/8) located inside lysosomes. However, the non-
specific inflammation that results from the drug has limited its systemic application. To overcome this
issue, we report the use of gold nanoparticle-based bioorthogonal nanozymes for the conversion of an

inactive, imiquimod-based prodrug to an active compound for macrophage re-education from anti- to

iig:gé% 32%% ';Z\ézr;k;:zz%g pro-inflammatory phenotypes. The nanozymes were delivered to macrophages through endocytosis,
where they uncaged pro-imiquimod in situ. The generation of imiquimod resulted in the expression of

DOI: 10.1039/d35c06431] pro-inflammatory cytokines. The re-educated M1-like macrophages feature enhanced phagocytosis of

rsc.li/chemical-science cancer cells, leading to efficient macrophage-based tumor cell killing.
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Introduction

Macrophages are plastic phagocytes that serve as a first-line
defense against pathogens including tumors.”* Macrophage
subtypes exist as a complex spectrum with broadly two major
phenotypes: classically-activated M1-like macrophages and
alternatively-activated M2-like macrophages.*® M1-like macro-
phages are associated with inflammation by secreting pro-
inflammatory cytokines, generating reactive oxygen and
nitrogen species, and engulfing antigens to fight viruses,
bacteria, or cancers.” In contrast, M2-like macrophages reduce
inflammation, and promote wound healing and angiogenesis.®
Studies have revealed, however, that several cancer types can
hijack macrophages, which in the tumor environment facilitate
proliferation, angiogenesis, and invasion, and provide defense
against anticancer therapies.**> These tumor-associated
macrophages (TAMSs)" exist primarily in M2-like phenotype
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and can constitute up to 50% of the tumor mass."* TAMs
provide an immunosuppressive microenvironment
surrounding the cancer cells,"” hampering cancer immuno-
therapies including immune checkpoint blockades'® and
chimeric antigen receptor (CAR) T cell therapy.”” Moreover,
TAMs can hinder chemotherapy by sacrificing themselves to
deplete drugs from cancer cells.'>**° Overall, the M2-like TAMs
promote cancer growth and pose an obstacle to multiple effi-
cient cancer therapies.

In contrast, M1-like macrophages display strong antitumor
activity. M1-like macrophages can eliminate tumor cells via
direct phagocytosis and secretion of proinflammatory cytokines
that induce the apoptosis of cancer cells.”* Moreover, M1-like
macrophages can also recruit T cells and B cells to the tumor
site to initiate the adaptive immune response.”>** Therefore, the
polarization of TAMs to the Mi1-like phenotype provides
a macrophage-based immunotherapeutic approach to cancer
eradication.*

Imiquimod is an FDA-approved small molecule toll-like
receptor (TLR) agonist that polarizes macrophages to the M1-
like phenotype by activating lysosomal TLR7/8.>*” Imiquimod
is used clinically to treat genital warts®*® and basal cell carci-
nomas.” The therapeutic use of imiquimod requires topical
delivery; systemic administration results in non-specific
inflammation including cytokine storms.** Prodrug strategies

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure, transmission electron microscopy (TEM) imaging, dynamic light scattering (DLS) measurement, and zeta potential of thi-

oalkyl tetra(ethylene glycol) trimethylammonium nanoparticles and nanozymes (TTMA-NP and TTMA-NZ, respectively). Scale bar = 50 nm. (b)
Intracellular activation of the prodrug (pro-Imqg) by TTMA-NZ. (c) Schematic representation of macrophage re-education by nanozyme-
mediated imiquimod activation. (d) Structure of the palladium catalyst, pro-Imq, and Imaq.

can minimize off-target effects via the use of an inert drug
precursor (prodrug), which is converted into the active entity
following exposure to either an exogenous or endogenous
stimulus.*"** Therefore, converting imiquimod from the inac-
tive precursor can potentially avoid cytokine storms throughout
the body. Light,* enzymes,* and redox potential®*® have been
used as stimuli to activate imiquimod prodrugs, however,
controlled activation and sustained dosing aspects remain
challenging.

Bioorthogonal catalysis via transition metal catalysts (TMCs)
offers an approach for prodrug activation that employs chem-
ical reactions inaccessible to natural enzymes.*””** The in situ
activation of prodrugs overcomes the concern of non-specific
leakage of the drug through the conventional delivery
strategy. Specifically designed catalysts have shown their
potential for drug conversion in biomedical applications,***
however, the direct use of TMCs can face challenges such as
limited solubility,** low stability,>® and poor biocompatibility>*
in biological environments. Surface-engineered nanomaterials
can solubilize TMCs and protect them from deactivation,
providing a modular system for catalysts.”>** The loading of
TMCs into nanomaterials can be used to fabricate bio-
orthogonal nanozymes with high catalytic activity for the

© 2024 The Author(s). Published by the Royal Society of Chemistry

sustained generation of therapeutics for anticancer,*
antimicrobial,”*” and anti-inflammatory treatments.”®

We report here the use of bioorthogonal nanozymes to re-
educate tumor-associated macrophages to pro-inflammatory
phenotypes through the intracellular uncaging of an imiqui-
mod prodrug. The encapsulation of palladium catalysts into the
monolayer of gold nanoparticles yields bioorthogonal nano-
zymes and avoids non-specific immunogenicity resulting from
the hydrophobic catalysts. Significantly, nanozymes are inter-
nalized by macrophages via endocytosis, and subsequently
activate imiquimod intracellularly, in proximity to the lyso-
somal TLR7/8 receptors (Fig. 1). The in situ generation of imi-
quimod facilitates macrophage re-education from an M2-like to
the M1-like phenotype, evidenced by significant upregulation of
inflammatory biomarkers, resulting in enhanced phagocytosis
of cancer cells. M1-like macrophages polarized by this
nanozyme-based strategy possess efficient anticancer activity
and provide a biocompatible strategy for potential cancer
immunotherapy use.

Results and discussion

The bioorthogonal nanozyme was comprised of palladium
catalysts and 2 nm thioalkyl tetra(ethylene glycol)

Chem. Sci., 2024, 15, 2486-2494 | 2487
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(a) pro-Rho activation by 400 nM TTMA-NZ. (b) Kinetic study of pro-Rho activation by TTMA-NZ in phosphate-buffered saline (PBS)

solution at 37 °C. (c) Quantification of TNF-a mRNA levels following 24 h treatment with free catalysts and TTMA-NZ using gRT-PCR. For (b and
c), data shown is the average of three replicates; error bars represent standard deviation. (d) Confocal images of RAW 264.7 cells incubated with
nanozymes followed by incubation with pro-Rho for 24 h and controls. Nuclei were stained by using Hoechst 33342, and lysosomes were
stained with deep red Lysotracker. Scale bar = 50 pm. The colocalization of green and red fluorescence indicates the lysosomal activation of the

substrate by TTMA-NZ.

trimethylammonium ligand (TTMA)-functionalized gold nano-
particles (TTMA-NP). The TTMA ligand consisted of three parts:
an aliphatic chain to stabilize the nanoparticle and encapsulate
catalysts, an oligo ethylene glycol spacer to enhance water
solubility and avoid serum protein denaturation,*®’””® and
a cationic charge to facilitate efficient endocytosis. The TTMA
nanozyme (TTMA-NZ) was then generated by encapsulating

2488 | Chem. Sci, 2024, 15, 2486-2494

Pd(dppf)Cl, catalysts ([1,1'-bis(diphenylphosphino)ferrocene]
dichloropalladium(u)) into the nanoparticle through nano-
precipitation. The hydrophobicity of the ligands kept the
palladium catalysts inside the hydrophobic monolayer of
nanoparticles for a prolonged period.” Briefly, Pd catalysts were
dissolved in the mixture of acetone and tetrahydrofuran and
added dropwise into the nanoparticle solution in water. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Re-education of M2-like RAW 264.7 cells by nanozyme-mediated pro-lmq activation. Cells were treated with 400 nM nanozymes for
24 h, followed by the addition of 10 uM pro-Imq for another 24 h. Imq (2 uM) was used as a positive control. Quantification of expression of (a)
TNF-o and (b) IL-6 of RAW 264.7 macrophages using enzyme-linked immunosorbent assay (ELISA). (c) Nitrite expression in RAW 264.7
macrophages determined by Griess assay. (d) The expression of M1-related surface marker CD80 tested by flow cytometry using APC-labeled
CD80 antibody (APC-aCD80). M2-like RAW 264.7 macrophages treated with nanozymes and pro-Imq expressed significantly higher levels of
pro-inflammatory biomarkers, showing the re-education of the macrophages to the M1-like phenotype. Data shown is the average of three
biological replicates and error bars represent the standard deviation. Statistical significance was determined by a two-tailed Student's t-test. ***:

p < 0.001.

mixture was applied to a molecular cut-off filter and washed
with water to remove excess catalysts to obtain nanozymes. The
resulting nanozyme maintained a similar size and surface
charge compared to TTMA-NP after formulation, as indicated by
transmission electron microscopy (TEM), dynamic light scat-
tering (DLS), and zeta potential (Fig. 1a). Inductively coupled
plasma mass spectrometry (ICP-MS: '°°Pd and '*’Au) verified
the presence of ~29 Pd molecules per nanozyme (Table S17).
The catalytic activity of nanozymes was evaluated through
the activation of a caged fluorophore both in solution and in cell
culture. The caged fluorophore was prepared by reacting
Rhodamine 110 (Rho) with propargyl chloroformate to obtain
the non-fluorescent precursor (pro-Rho).** TTMA-NZ removes
the propargyl groups, resulting in the generation of fluorescent
Rho (Fig. 2a). The green fluorescence signal increased

© 2024 The Author(s). Published by the Royal Society of Chemistry

significantly after adding nanozymes and pro-Rho (Fig. 2b),
indicating the decent catalytic activity of nanozymes. The rate
(~2 nM min~") was calculated by the calibration curve of Rho
(Fig. S17). This activity was further probed in RAW 264.7 murine
macrophage cells (MO macrophages) through intracellular
imaging. A cytotoxicity study was first performed to optimize the
working concentration of nanozymes. Results showed that
400 nM TTMA-NZ started to have slight toxicity after 48 h
treatment, 50 nM nanozyme, however, started to be toxic after
72 h treatment (Fig. S21). Non-specific immunogenicity of the
agents toward macrophages was then determined by evaluating
the mRNA expression of the pro-inflammatory biomarker tumor
necrosis factor-o. (TNF-o) following 24 h treatment with TTMA-
NZ (400 nM, containing 11.6 uM Pd catalysts) or the same
amount of free catalysts (11.6 pM) using quantitative real-time

Chem. Sci., 2024, 15, 2486-2494 | 2489
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Fig. 4 Phagocytosis percentage of M2-like RAW 264.7 macrophages
against U20S cells determined by flow cytometry (Fig. S101). Cells
were treated with 400 nM nanozymes for 24 h followed by the addi-
tion of 10 uM pro-Imq for another 24 h. Imqg (2 uM) was used as
a positive control. Nanozyme-based strategy resulted in elevated
phagocytosis by ~4-fold compared to untreated controls. Data shows
the average of three biological replicates and error bars represent the
standard deviation. Statistical significance was determined by a two-
tailed Student's t-test. **: 0.01 > p > 0.001.

polymerase chain reaction (QRT-PCR). Compared to the free
catalysts, nanozymes are much less immunogenic, presumably
due to the shielding of the hydrophobic catalysts from the
environment (Fig. 2c). TTMA-NZ was then used for pro-Rho
activation in vitro. Confocal microscopy showed the generation
of green fluorescence inside the macrophages that were treated
with nanozymes and pro-Rho (Fig. 2d). Considering pro-Rho
cannot be activated by cellular components, fluorogenesis
indicates that nanozymes retain significant activity inside the
living cells. Significantly, the green fluorescence co-localized
with red fluorescence from the Lysotracker, mirroring the in
situ intracellular uncaging of substrates inside the lysosomes.

Encouraged by the results obtained from cell imaging, we
applied the same caging strategy to generate a prodrug of the pro-
inflammatory drug imiquimod (pro-Imgq; synthesis and charac-
terization in Fig. S3-S57). pro-Imq was obtained by blocking the
imiquimod (Imq) pharmacophore with a propargyloxycarbonyl
group. Compared to Imgq, pro-Imq resulted in a more than 50-
fold lower expression of the pro-inflammatory cytokine TNF-
o (Fig. S6at) and only 10 pM pro-Imq started to have slight
toxicity after 72 h treatment (Fig. S61). Even though immortalized
macrophages mimic the main phenotypical and metabolic
features of their primary cell counterparts, they still differ in
multiple aspects.®* We therefore, also tested the cytotoxicity of
TITMA-NZ and pro-Imq on primary bone marrow-derived
macrophages (BMDMs) isolated from C57/B6] mice (Fig. S77),
which demonstrated that TTMA-NZ and pro-Imq showed even
lower toxicity toward BMDMs compared to RAW 264.7 cells.
Based on the cytotoxicity results, 400 nM TTMA-NZ, 10 uM pro-
Imq and 2 uM Imq were used for the following studies.

We next investigated macrophage re-polarization through
intracellular uncaging of the pro-Imq using nanozymes. M2-like

2490 | Chem. Sci, 2024, 15, 2486-2494
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macrophages were induced by incubating RAW 264.7 cells with
interleukin-4 (IL-4) for 24 h. The M2-polarized RAW 264.7
macrophages were then incubated with nanozymes for 24 h,
followed by washing with PBS four times to remove the non-
internalized nanozymes. pro-Imq was then added to the cells.
After 24 h, the supernatant was collected for analysis. The pro-
Imq and Imq alone were used as negative and positive controls,
respectively. The re-polarization of M2-like macrophages to M1-
like macrophages was investigated through analysis of the
expression of pro-inflammatory cytokines (TNF-a and
interleukin-6 (IL-6)), and nitrite production. Nanozyme and pro-
Imq treated RAW 264.7 macrophages expressed significantly
higher levels of all three proinflammatory signaling molecules
(Fig. 3), comparable to the positive controls. Negative controls
(nanozyme and pro-Imq, independently) did not show elevated
expression of pro-inflammatory cytokines or nitrite levels. M1-
like polarization was further assessed by analyzing the expres-
sion of the M1-like macrophage-related surface marker CD80.
CD80 serves as a co-stimulatory molecule for T cell activation
that initiates cell-based immunotherapy.*> RAW 264.7 macro-
phages treated with nanozymes and pro-Imq showed a two-fold
greater expression of CD80 receptors versus negative control
groups, as determined by flow cytometry (Fig. 3d). Together, in
situ uncaging of pro-Imq by nanozymes results in the efficient
polarization of RAW 264.7 macrophages to M1-like macro-
phages. In addition, we determined the TNF-o. and IL-6
expression of IL-4-induced M2-like BMDMs after treatment
with nanozyme and pro-Imq (Fig. S8f). The significantly
increased levels of TNF-o and IL-6 indicated that nanozymes
uncaging pro-Imgq in situ can also induce efficient M2-like to
Mi-like repolarization of primary macrophages, further
demonstrating the immunotherapeutic potential of our system.

A key aspect of macrophage-mediated anticancer activity is
their engulfment of cancer cells via phagocytosis;**** M2-like
macrophages repolarized to the Mi-like phenotype have
enhanced phagocytosis.®® We tested the phagocytic ability of
Mi-like macrophages re-polarized by the nanozyme-based
treatment against green-fluorescent protein-expressing osteo-
sarcoma U20S cancer cells (GFP-U20S cells). The cytotoxicity of
Imq itself toward GFP-U20S cells was first determined
(Fig. S97), with 2 uM Imq exhibiting no toxicity after up to 72 h
treatment. For phagocytosis studies, M2-like RAW 264.7
macrophages were pre-treated with nanozymes and pro-Imq
subsequently. Afterward, the macrophages were harvested and
labeled by phycoerythrin (PE)-conjugated F4/80 antibody. The
cells were then washed and incubated with GFP-U20S cells for
4 h at 37 °C. Phagocytosis was evaluated by tracking the red PE
channel and green FITC channel using flow cytometry. RAW
264.7 macrophages treated with NZ and pro-Imq showed a 4-
fold increase in phagocytosis of U20S cells compared to the
non-treated controls, reaching the same level as the positive
control (Fig. 4 and S10f). This result reflects the efficient
recognition and engulfment of cancer cells by the re-educated
macrophages using nanozymes.

The anti-cancer potential of nanozyme re-educated macro-
phages was further evaluated through a co-culture model. M2-
like RAW 264.7 macrophages were seeded with GFP-U20S

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Confocal imaging of M2-like RAW 264.7 macrophages and GFP-U20S cells (a) without further treatment, and with M2 macrophages
treated by (b) pro-Imq, (c) Imq, (d) TTMA-NZ, and (e) TTMA-NZ + pro-Imq subsequently. Where applicable, cells were treated with nanozymes
(400 nM) and pro-Imq (10 uM). Imq (2 uM) was used as the positive control. The nucleus was stained by Hoechst 33342. Scale bar = 100 pm. (f)
Viability of cancer cells. The result was determined by tracking the intensity of green fluorescence. Data shows the average of triplicates and error
bars represent the standard deviation. Statistical significance was determined by a two-tailed Student’s t-test. **: 0.01 > p > 0.001.

cells in confocal microscopy dishes followed by sequential
treatment with nanozymes, pro-Imq and indicated controls.
The cells were then incubated for 24 h and imaged using
confocal microscopy. GFP fluorescence was used as a surrogate
readout for the viability of the cancer cells. Diminished levels of
green fluorescence were observed for cells treated with nano-
zymes and pro-Imq, and Imq alone, which can be attributed to
cancer cell death and/or inhibition of proliferation. As expected,
nanozyme alone or pro-Imq alone showed no appreciable
effects on the cancer cells (Fig. 5).

Conclusion

In summary, we report the polarization of tumor-associated
macrophages to an anticancer phenotype by in situ TLR 7/8
agonist activation using bioorthogonal nanozymes. The nano-
zymes were located inside endosomes/lysosomes following
uptake by macrophages and provided on-target uncaging of an
imiquimod prodrug. This uncaged imiquimod re-educated anti-
inflammatory M2-like macrophages to anticancer M1-like cells.
The re-educated M1i-like macrophages possessed enhanced
phagocytosis capabilities and resulted in diminished levels of

© 2024 The Author(s). Published by the Royal Society of Chemistry

cancer cells versus controls. This study demonstrates the polari-
zation of macrophages for anticancer applications by harnessing
the endocytosis of bioorthogonal nanozymes combined with the
administration of an inert prodrug. The nanozymes act as
a localized “drug factory”, enabling the innate immune system to
fight cancer with minimized side effects. Translation to in vivo
application will take advantage of the prodrug design, allowing
pro-imiquimod to be injected intravenously due to the reduced
likelihood of non-specific inflammation. The re-polarization of
M2-like TAMs for cancer immunotherapy can also be coupled
with in situ chemotherapy to provide immuno-chemotherapy for
enhanced therapeutic effects.
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