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Macrophages are plastic and play a key role in the maintenance of tissue homeostasis. In cancer
progression, macrophages also take part in all processes, from initiation to progression, to final tumor
metastasis. Although energy deprivation and autophagy are widely used for cancer therapy, most of
these strategies do not target macrophages, resulting in undesired effects and unsatisfactory outcomes
for cancer immunotherapy. Herein, we developed a lanthanum nickel oxide (LNO) nanozyme with
phosphatase-like activity for ATP hydrolysis. Meanwhile, the autophagy of macrophages induced by LNO
promotes the polarization of macrophages from M2-like macrophages (M2) to M1-like macrophages

(M1) and reduces tumor-associated macrophages in tumor-bearing mice, exhibiting the capability of
Received 12th March 2024 Killi t iated h d tit fracts | . Furth i th
Accepted 10th June 2024 illing tumor-associated macrophages and antitumor effects in vivo. Furthermore, pre-coating the
surface of LNO with a myeloid cell membrane significantly enhanced antitumor immunity. Our findings

DOI: 10.1039/d4sc01690d demonstrate that phosphatase-like nanozyme LNO can specifically induce macrophage autophagy,
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Introduction

Macrophages are immune surveillance cells and phagocytes
belonging to the innate immune system. Macrophages are
responsible for managing dangerous substances, including
pathogens and dangerous endogenous factors, to maintain
homeostasis in the body and serve as an important part of the
body's first line of immune responses. Macrophages also play
a key role in cancer progression through all the different tumor
stages, from initiation to progression, to final tumor metastasis.
Macrophages are double-edged swords in the tumor
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which improves therapeutic efficacy and offers valuable strategies for cancer immunotherapy.

microenvironment (TME). By secreting various immune factors,
macrophages can crosstalk with other cells in the TME, thereby
supporting or suppressing cancer development."” Tumor-
associated macrophages (TAMs) are generally M2-like pheno-
types that suppress antitumor immune responses for tumor
growth.** In contrast, M1-like macrophages can destroy malig-
nant tumor cells via phagocytosis, which is normally sup-
pressed in the TME. Considering their important roles in
antitumor therapeutic strategies, macrophages have become
a promising target for cancer immunotherapy.® Therefore, the
development of targeted therapies that effectively reprogram
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macrophages in the TME is a promising direction and is
currently being developed with great efforts.

Autophagy is a critical regulatory process in macrophages
that not only maintains cellular homeostasis but also plays
a role in specific immune functions®” and the development of
cardiovascular diseases, neurodegenerative diseases, the
immune system, and cancer,*® which are also involved in
regulating and maintaining normal physiological functions.'
Adenosine triphosphate (ATP)" depletion mediates energy
deprivation conditions that activates AMP-activated protein
kinase (AMPK)" and is involved in autophagy induction.”
AMPK pathways leading to reduced cell proliferation act
through inhibition of mammalian target of rapamycin complex
1 (mTORC1) activity."* mTOR is inactivated during nutrient
shortages, allowing autophagosome formation and activation of
lysosomes through autophagic lysosome reformation process.*
When nutrients are abundant, mTORC1 promotes protein
synthesis via the phosphorylation of substrates implicated in
translation regulation and inhibits autophagy at multiple levels
by inactivating proteins involved in autophagosome forma-
tion." Therefore, the development of nanomedicines that can
trigger macrophage autophagy is an attractive strategy for
cancer immunotherapy. With regard to multifunctionality,
nanomedicines combining intracellular protein dephosphory-
lation with ATP hydrolysis, which specifically trigger macro-
phage autophagy, will be promising for cancer immunotherapy.

Previous studies have indicated that the efficacy of lantha-
nide nanoparticles for oncotherapy was conducted at the
cellular level at high dosages, which could induce cancer cell
death' via autophagy activation'™ and IL-1B production,**?*®
causing cell membrane permeabilization.”® However, little is
known about the therapeutic effects of lanthanide nano-
particles from the chemical and physical aspects at the molec-
ular level and at the interface between nanoparticles and
biological molecules. Considering that nanoparticles might
exhibit toxicity at high doses and off-target delivery, nano-
particles with higher target delivery at lower dose efficacy
should be developed to reduce the existing side effects of ther-
apeutics. In addition, in vitro results in cancer cells are often
difficult to translate in vivo because of the lack of delivery effi-
cacy and sufficient clearance by myeloid cells. In contrast, we
focused on the design of lanthanum-based nanoparticles or
nanomedicines with low toxicity to normal cells, specific
interaction with macrophages, and increased accumulation in
tumor tissues for potential immunotherapeutic applications.
For cancer immunotherapy, it is crucial to fabricate nano-
medicines that are capable of targeting tumor-associated
macrophages, regulating their interactions with intracellular
biomolecules, and resulting in macrophage autophagy.

Herein, we propose a strategy that combines energy modu-
lation with selectively induced autophagy of macrophages using
lanthanide-based metal oxide nanoparticles (LaNiOz, LNO) that
efficiently reprograms macrophages during antitumor
responses. Nickel and oxygen atoms on the surface of LNO play
a crucial role in the transformation and catalytic activities of
ATP hydrolysis and intracellular protein dephosphorylation by
sequestration of phosphates, leading to energy deprivation and
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autophagy in macrophages. Moreover, cell membrane-coated
LNO-mediated cancer immunotherapy has been effective in
targeting the TME and is recognized by macrophages, reducing
the amount of M2 macrophages and resulting in macrophage
reprogramming and tumor suppression in vivo, suggesting its
potential use in cancer treatment. Based on LNO-mediated
macrophage autophagy, we used cell membrane-coated LNO
to evaluate the efficiency of cancer immunotherapy (Scheme 1).
Overall, our study introduces a novel approach to nanomedicine
with phosphatase-like activity, including ATP hydrolysis and
protein dephosphorylation capabilities, which eventually
promotes macrophage autophagy and holds promise for future
cancer immunotherapy. These findings have significant impli-
cations for the development of cancer immunotherapy.

Results and discussion
Molecular and intracellular ATP hydrolysis by LNO

The structure of the engineered LNO is shown in Fig. 1a. LNO*
(Fig. 1b) was characterized by various techniques such as
transmission electron microscopy (TEM), zeta potential anal-
ysis, and X-ray photoelectron spectroscopy (XPS) that analyzed
its size, morphology, surface, and structural properties (Fig. 1c
and ESI Fig. S1t). Elemental identification and valence state
analysis of LNO were performed by XPS (Fig. 1c and S1a, b¥).
The surface charges of LNO were measured at pH 7.4 and pH 4.5
which exhibited —12.5 mV and —3.8 mV, respectively (Fig. S1ct).

Next, we measured the catalytic activity of LNO on biomol-
ecules, such as ATP and GTP. We first attempted to identify the
factors that influence ATP hydrolysis and catalytic activity of
LNO (Fig. S21). The results showed efficient hydrolysis of ATP by
LNO under acidic conditions (Fig. S2a and bt) in a concentra-
tion-dependent manner (Fig. S2ct). We concluded that LNO
acts as an acidic phosphatase-like nanozyme and is most
effective at an optimal pH of 4.5 at 37 °C. To further investigate
the mechanism of LNO's catalytic activity, we compared the
hydrolysis of ATP and ADP by LNO and apyrase under acidic and
physiological conditions (Fig. 1d-f and S37). The results showed
that both LNO and apyrase decreased the characteristic peaks of
v-ATP and B-ATP within 30 min of incubation. We observed that
the characteristic peaks of y-ATP (—6.4 ppm) and B-ADP (—6.4
ppm) disappeared within 30 min of incubation with LNO and
apyrase. Interestingly, we observed a phosphate peak (1.6 ppm)
during hydrolysis by apyrase. These findings suggest that LNO
functions similarly to the apyrase enzyme by cleaving y-ATP or
B-ADP but without producing detectable amounts of free
phosphate (Pi). To ensure efficient ATP hydrolysis over LNO
(Fig. 1g), the catalytic activity of LNO was calculated using the
Michaelis—-Menten curve (Fig. 1h). Importantly, we also
observed that LNO could hydrolyze various phosphate bond-
containing substrates such as ADP, AMP, and GTP, etc.
(Fig. 1i). To compare the hydrolytic activity of LNO, several
metal ions were tested (Fig. 1j), and the results showed that LNO
was a more effective phosphatase-like nanozyme for biotech-
nological applications.

We hypothesized that LNO might have a strong impact on
the phosphate groups (i.e., intracellular ATP) acting as
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Scheme1l Schematic illustration of the mechanism by which LNO nanoparticles boost antitumor immunotherapy by ATP hydrolysis and protein
dephosphorylation, leading to the autophagy in macrophages. Myeloid cell membrane-coated LNO nanoparticles are injected into tumor-

bearing mice that are marked as LNO@M.

a nanozyme,* resulting in ATP hydrolysis. We assumed that
immune cells might undergo energy deprivation upon interac-
tion with LNO, significantly affecting macrophage viability.
Likewise, we observed a dramatic decrease in intracellular ATP
of macrophages, dendritic (DC) cells and neglectable alterations
in other types of cells (Fig. 1k and S4, S5t). We observed that
LNO significantly affects the viability of macrophages at low
concentrations (Fig. 11 and S4+).

It has been suggested that LNO can induce cytotoxicity in
macrophages and DC, providing an opportunity for cancer
immunotherapy by targeting macrophages. To further investi-
gate this concern, we applied the LDH assay, as the release of
LDH molecules is triggered upon disruption of the cell
membrane due to cell death. Similarly, we found that LNO
induced a dramatic release of LDH from the immune cells
(Fig. S4 and S67). Taken together, our results revealed that LNO
may significantly hydrolyze intracellular ATP in a concentra-
tion-dependent manner, leading to energy deprivation in
macrophages.

Nickel and oxygen active sites of LNO for ATP hydrolysis

To determine the underlying mechanism of ATP hydrolysis,
density functional theory (DFT) calculations were conducted
(Fig. 2). LNO was chosen as the model material for this study
due to the best POD-mimicking performance,* attributed to its
ability to break the O-O bond and form the key intermediate,
adsorbed HO*, which is also pivotal in our current work. The
NiO, termination of the LaNiO; (001) surface was selected as the

10840 | Chem. Sci, 2024, 15, 10838-10850

surfaces of reactions, because transition metal Ni atoms in
these surfaces are all five coordinated and each has one open
coordination site. The five coordinated NiO, termination is
analogous to metals in metalloporphyrins, the active centers of
many natural enzymes. Besides, our previous work demon-
strated that the intrinsic peroxidase-like activity of ABO; is
sensitive to the change of B atom instead of A.** Also, other
researchers used the BO, termination as the active surface for
other reactions like the OER and ORR.**** We designed a two-
step hydrolysis process from ATP to ADP and then to AMP on
the surface of LNO, which consumes two equivalent water
molecules and releases two equivalent phosphoric acids (Pi),
involving 12 intermediates (int1-int12) in the cycle. First, the
adsorption of H,O to LNO surface with a free energy release
(—1.06 eV), with further breakage of the O-H bond (II-III), was
accompanied by an energy increase to 1.14 eV and generation of
H* and OH* (* indicates adsorbed state). Furthermore, the
adsorption of ATP onto LNO (G,qs, ATP = —1.65 eV) (III-1V)
indicates a strong interaction between ATP and LNO. The OH*
connects to the P atom of the outermost Pi, generating int4 with
a relatively small energy increase (IV-V). Subsequently, the P-O
bond breaks with a notable energy release, generating int5 with
Pi* (V-VI). The H* automatically bonds with the dangling O
terminal to form int6, which consists of ADP* and Pi*, while the
desorption of Pi requires a relatively high energy release (2.23
eV). Then, the second water molecule joins the reaction with
ADP* (int7), hydrolyzes the outermost P-O bond of ADP
through a similar path (VIII-XIII), and finally generates AMP*
and Pi* (int12). In contrast to the first step of hydrolysis, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Hydrolysis mechanism of phosphate-containing biological molecules by LNO. (a) Schematic illustration and (b) TEM image of LNO. The
scale bar represents 200 nm. (c) XPS spectrum of La 3d in LNO. The binding energies of La 3ds/,, and La 3ds/, peaks are present at 833.2 and
850.2 eV. (d—f) *'P-NMR spectra of the catalytic hydrolysis of ATP (d, ) and ADP (f) by LNO and apyrase. **P-NMR spectra of ATP and ADP
solutions and their hydrolyzed samples are obtained by incubating ATP or ADP solution with apyrase at pH 7.4, and LNO at pH 4.5 and 7.4,
respectively. (g) Schematic illustration of ATP/ADP hydrolysis by LNO. (h) Michaelis—Menten plots for LNO at various ATP concentrations. (i)
Relative activity of LNO toward the catalytic hydrolysis of various phosphate-bond-containing substrates. The hydrolytic activity of LNO toward
ATP and GTP is presented as 100%. (j) Catalytic activities of La(NOs)s, La,Os, and NiO aqueous solutions toward ATP hydrolysis. (k and 1)
Intracellular ATP levels (k) and cytotoxicity () of LNO in different cell lines, including macrophages, dendritic cells, and other cells after 24 h
treatment with different doses of LNO. Statistical significance is calculated using one-way ANOVA with Tukey's multiple comparison test; **p <
0.01; ***p < 0.001; ****p < 0.0001. Data are expressed as the mean =+ standard deviation for replicated samples (n = 3 for (h—k), and n = 5 for (1)).

breaking of the O-H bond of water (IX-X) and the binding of H involving proton-electron transfers in catalytic processes.?”?*
to A-P-O (XII-XIII) require overcoming higher energies (3.49 Therefore, our findings are supported by DFT calculations for
and 1.87 eV, respectively). The above results show that LNO can ATP hydrolysis mechanisms, showing that both nickel and
effectively catalyze the hydrolysis of ATP phosphate bonds, oxygen act as active sites for LNO perovskites, resulting in
whereas the hydrolysis of ADP phosphate bonds is much more phosphate sequestration.
difficult than that of ATP. The DFT calculations agreed well with
the experimental observations and explained why less free Pi
was detected because of the strong adsorption of Pi on LNO Intracellular protein dephosphorylations lead to sequential
(Gags, Pi = —2.41 €V). autophagy activation

It has been shown that the metal-oxygen bonds in perov- Based on the ATP hydrolase-like activity of LNO, we hypothesized
skites have mixed ionic-covalent character due to the similar that LNO might affect functional phosphoproteins upon phagocy-
covalency and spatial overlap of metal and oxygen orbitals  tosis by macrophages. To test this hypothesis, we administered LNO
influencing catalytic activities of perovskites. Therefore, as to cells and assessed their ability to dephosphorylate intracellular
highly covalent late-transition-metal perovskites, LNO can have proteins (Fig. S7t). The intracellular ATP hydrolysis was highly
both metal and oxygen as active sites, and in some cases, can  dependent on the concentration of LNO for the macrophages,
exhibit pH-dependent oxygen evolution reaction activity however, at higher dosage, the ATP level reduced slowly suggesting

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 10838-10850 | 10841
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are also illustrated.

protein dephosphorylation by LNO was involved at a higher dosage
(>5 ug mL ™). Based on western blotting, the dephosphorylation of
intracellular proteins was evident at higher concentrations of LNO
(>5 ug mL™"). To better illustrate the double effects of LNO on
hydrolysis of phosphate groups, we used different concentrations of
LNO for ATP level and protein dephosphorylation studies. We
observed that LNO, even at a low dose, induced intracellular protein
dephosphorylation. To further understand the impact of LNO
cleavage on macrophages, we performed a standard phosphoryla-
tion proteomic analysis on RAW 264.7 cells (Fig. 3a-f). Although
there is concern about cytotoxicity at a lower dosage of LNO, we
calculated that in RAW 264.7 cells the half maximal inhibitory
concentration (IC50) of LNO was 8.16 ug mL ™. Thus, a dose of 10
ng mL~" was chosen to achieve meaningful results with proper
cytotoxicity. It should be noted that after performing quality control
of the data, phosphorylation abundance missing in any replicate
was removed from further analysis. We observed that phosphory-
lated proteins changed significantly upon LNO treatment (Fig. 3a
and b).

10842 | Chem. Sci., 2024, 15, 10838-10850

In total, we identified 7503 phosphosites in the control group
and 7774 phosphosites in the LNO group with 6857 overlaps
(ESI Table S1f). We first examined whether LNO treatment
induced omics-scale changes in protein phosphorylation. Based
on this criterion, we identified 757 upregulated and 797
downregulated phosphosites (Fig. 3c and Table S2). These
results suggest that LNO treatment alters the phosphorylation
levels of a small fraction of proteins.

We next studied whether significant phosphorylation site
changes are associated with subcellular localization prefer-
ences. The number of up-and downregulated phosphosites was
similar in most subcellular locations, including the nucleo-
plasm, cytoplasm, and endomembrane system (Fig. S8 and
Table S31). Furthermore, we determined the impact of LNO
treatment on biological processes and molecular functions.
With respect to the upregulated proteins co-involved in the
process, we found that upregulated phosphosites were mainly
enriched in the regulation of protein catabolic processes,
apoptotic pathways, and cellular responses to metal ions, while

© 2024 The Author(s). Published by the Royal Society of Chemistry
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treated and untreated RAW264.7 cell line. The level of phosphorylated proteins changes after LNO treatment compared to that in untreated cells.
(b) Hierarchical clustering of Z-scores derived from differentially expressed proteins between LNO treatment and controlin triplicate cultures. (c)
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phosphosites on proteins in the autophagy signalling network and several upstream pathways, including PI3K-Akt, MAPK, AMPK, and mTOR.
Phosphosites with significant changes are labelled using Z-score of biological triplicates. (e) Pearson correlation coefficients of protein group and
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the downregulated phosphosites were mainly enriched in
protein deubiquitination, TOR signalling, and macrophage
proliferation (Fig. S9 and Table S47). Upregulated phosphosites
were related to miRNA binding, SUMO transferase activity,
histone demethylase activity, and ubiquitin binding functions,
whereas downregulated phosphosites were related to snoRNA
binding, methyltransferase activity, ubiquitin protein ligase
activity, and JUN kinase binding (Fig. S10 and Table S51). We
observed that there were no obvious subcellular localization
preferences of LNO due to the shared small coverage of
phospho-proteins; however, we discovered that differentially
phosphorylated proteins at the same subcellular localization
can interact with each other and form a complete network
(Fig. S117).

Finally, we focused on proteins with altered phosphorylation
involved in different pathways (Fig. 3d and Table S61). However,

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

the Pearson correlation coefficient was found to be higher than
0.92 for both protein group and phosphorylation abundance
data (Fig. 3e).

Significant differences in phosphosite expression between
LNO and control were set at p-value < 0.05, and the change in
the fold change was larger than 1.5. Importantly, we found that
phosphorylation levels of key enzymes in different upstream
signalling pathways were altered, especially among which
autophagosome formation was regulated through activation of
ULK and PI3K complexes. We determined various phosphory-
lation levels of upstream-activated proteins involved in different
pathways (Fig. 3f), including the PI3K-Akt, MAPK, and low-
energy pathways.

The presented pathways were partly involved in AMPK,
although we did not identify any differences in AMPK phos-
phorylation. The phosphorylation difference in core kinases,
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that is, AKT, MAPK2K2, and ERK, resulted in the upregulated
phosphorylation of TSC2. With respect to the activated down-
stream proteins, the phosphorylation level of Deptor, an
important inhibitor of the mTOR pathway, was downregulated,
which led to sequential activation of ULK and PI3K complexes,
resulting in autophagosome formation.

To address whether LNO-induced intracellular dephos-
phorylation could alter macrophage polarization, we further
investigated phospho-proteomics data (Table S77). It has been
reported that Notch activation could suppress SIRPa expression,
which promotes M2 macrophage polarization.” While miR-
148a-3p promotes M1 and inhibits M2 polarization of macro-
phages upon Notch activation.*® In our phospho-proteome data,
phosphorylation levels of Notch pathway proteins were upre-
gulated in five genes (seven sites) and downregulated in one
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gene (three sites), suggesting that LNO treatment might lead to
M1 polarization. The effect of Akt1l kinase was modulated by
miR-155 induction and C/EBPf suppression, which are master
regulator genes of M2 differentiation.** We observed that
phosphorylation levels of PI3K-Akt pathway proteins were
upregulated in 11 genes (16 sites) and downregulated in 11
genes (15 sites). However, the phosphorylation level of AKT1
was significantly upregulated (fold-change 1.85 and p value
0.004).

TEM (Fig. 4a) and confocal microscopy (Fig. 4b and S12)
confirmed that LNO effectively activated macrophage auto-
phagy. We observed the accumulation of LNO in macrophages
and formation of autophagosomes. Fluorescence microscopic
images showed that the red signals (reflecting LC-3 intensities)
intensified with increasing doses of LNO, suggesting the
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Fig. 4 Selective macrophage autophagy mediated by LNO. (a) Subcellular distribution of LNO in RAW264.7 macrophages, non-treated and
treated cells as determined by TEM. Black arrow indicates LNO, and orange arrow indicates autophagosome. Scale bar represents 1 um. (b)
Confocal images of LNO-treated RAW264.7 macrophages. Cell nuclei are stained with DAPI (blue), and macrophages are incubated with LC-3
primary antibody and AF633 secondary antibody (red). Scale bar represents 100 pm. Two TEM and confocal microscopy images per sample are
obtained to observe cell conditions after LNO phagocytosis. An average of 94.3% of autophagy positive cells are quantified based on confocal
images. (c—e) Western blotting analysis of LNO-treated RAW264.7 macrophages. Western blot quantification of LC-3II/LC-3l (d), p-AMPK/B-
actin, p-mTOR/B-actin (f) in RAW264.7 macrophages (n = 3). (g) Three-dimensional tomographic image showing the accumulation of LNO in
RAW264.7 macrophages captured by cryo soft X-ray transmission microscope together with nano-computer tomography (nano-CT). (h)
Schematic illustration of ATP hydrolysis by LNO leading to autophagy in macrophages. Statistical significance is calculated by t test; *p < 0.5; **p
< 0.01; ****p < 0.0001. Data are expressed as mean =+ standard deviation for replicated samples (n = 3 for (d and f)).
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occurrence of autophagy in the presence of LNO. Energy
deprivation activates autophagy by isolating damaged organ-
elles and cytoplasmic materials from autolysosomes.***> The
dramatic shortage of intracellular ATP and activation of ULK
and PI3K complexes were supported by the results of LNO-
induced autophagy in macrophages. AMP-activated protein
kinase (AMPK) is a central regulator of cellular metabolism,
activated by a decrease in intracellular ATP,*® and autophagy-
associated microtubule-associated protein light chain 3 II (LC-
3II) was tested by western blotting (Fig. 4c-f). As a specific
inhibitor of autophagy, cells were treated with bafilomycin A1
(Baf-A1), which inhibits autophagic flux. We observed that LC3-
II expression increased upon LNO treatment and further
increased after Baf-Al treatment, suggesting an increased
synthesis of autophagosomes. These results suggest that LNO
activates macrophage autophagy mediated by intracellular ATP
hydrolysis through activation of the AMPK/mTOR pathway. We
demonstrated that LNO activates the AMPK/mTOR pathway,
suggesting its role in inducing autophagy independent of lyso-
somal degradation, even in the presence of Baf-A1. Additionally,
the accumulation of LNO in RAW264.7 cells was visualized
using a cryo-soft X-ray transmission microscope together with
nano-computer tomography (Nano-CT, Fig. 4g and ESI Movie
S1t). Overall, our results suggest that LNO may be a useful
nanomaterial in cancer immunotherapy by influencing macro-
phages (Fig. 4h).

In vitro bone marrow-derived macrophage reprograming by
LNO

Invitro studies further showed that LNO significantly expressed
iNOS markers in both mouse and human macrophages (Fig. 5a
and b) and upregulated pro-inflammatory cytokine expression
in macrophages (Fig. 5a and c)," indicating that LNO increases
Mi-like macrophages.** LNO specifically induced ATP hydro-
lysis in macrophages and DC (Fig. 1k). We then studied the
repolarisation effect of LNO on M2-like bone marrow-derived
macrophages (BMDMs, Fig. S131). Upon treatment with LNO,
we observed a notable increase in Mi-like (F4/80, CD11b",
CD86") BMDMs and a reduction in the M2-like (F4/80, CD11b",
CD206") phenotype (Fig. 5d and e). Remarkably, we observed
similar effects of LNO on human blood-derived mononuclear
macrophages (Fig. 5f, g and S14+). To investigate the ability of
LNO-treated macrophages to eliminate tumor cells, we con-
ducted co-culture experiments using luciferase-labelled B16
cells (B16-luc) and BMDM cells. We observed that LNO exhibi-
ted the strongest cytotoxic effect against B16 cells in the pres-
ence of BMDMs (Fig. 5h and i). We selected B16-LUC as a cell
model to evaluate the viability of B16 cells by the fluorescence
intensity of luciferase. We observed that LNO could inhibit B16
cells by reprogramming BMDM cells. In the LNO treatment
group, the activity of B16-LUC cells decreased by 8.66%, while
the activity of B16-LUC cells decreased by 72.72% when BMDM
and LNO were added simultaneously. To exclude the effect of
BMDM cells on B16 activity, we compared the LNO + BMDM and
BMDM treatment groups, and the addition of LNO reduced B16
activity by 31.41%. Taken together, our results show that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reprogrammed macrophages play a crucial role in tumor
elimination.

In vivo tumor-associated macrophages reprogramming for
cancer immunotherapy

We investigated the potential of LNO to inhibit in vivo tumor
growth by regulating tumor-associated macrophages in murine
melanoma cell (B16F10)-bearing mice* (Fig. 6a). High dose of
LNO (25 mg kg~ ') were intravenously injected into mice
revealing a slight reduction in tumor growth due to the treat-
ment (Fig. 6b and c). Western blotting analysis of tumor tissue
indicated that LNO mediated macrophage autophagy through
the activation of AMPK/mTOR pathway (Fig. 6d). While Fig. 6d
demonstrates the promotion of tissue autophagy, additional
experiments (Fig. 11, 4a-c, and S23}) provide substantial
evidence supporting our conclusion that LNO affects macro-
phage autophagy, with approximately 30-50% of the tumor
composition consisting of macrophages.*® Furthermore, to
determine the effects of LNO on the macrophages in vitro, we
examined phagocytosis in various cell types (Fig. S15 and S167).
We found that macrophages exhibited lower phagocytosis of
LNO compared to cancer cells, but higher than most of normal
cell lines (HUVEC and 16HBE). Despite lower phagocytosis
compared to cancer cells, LNO demonstrated significant cyto-
toxicity in macrophages (Fig. 11), suggesting a stronger effect of
LNO on macrophages. In LNO-treated tumor mice, we observed
a significant increase in M1-like (F4/80, CD86") and a decrease
in M2-like (F4/80, CD206") macrophages, indicating that LNO
treatment promotes the reprogramming of TAMs (Fig. 6e).

To enhance tumor targeting, we performed camouflage®
using myeloid cell membranes on the surface of LNO (Fig. S17
and Table S8%), which resulted in reduced reticuloendothelial
system (RES) uptake and enhanced tumor microenvironment
accumulation and suppression (Fig. 6f-h).

To confirm the retention of catalytic activity in LNO@M, we
measured intracellular ATP levels in RAW264.7, demonstrating
that LNO@M maintained its efficient capability for ATP
hydrolysis even after being coated with cell membranes
(Fig. S1871). Next, we investigated the effects of different LNO
formulations on the function of TAMs (Fig. 6i-k and S197). The
injection of 150 pg of LNO and LNO@M into B16 tumor-bearing
mice revealed that 0.02% of LNO and 0.07% of LNO@M reached
tumor after 24 h of treatment. Interestingly, we found that
LNO@M significantly increased the proportion of Mi-like
macrophages and inhibited M2-like macrophages and dendric
cells compared with bare LNO. There were no significant
changes in other immune cells, suggesting that LNO specificity
induces macrophage reprogramming. A possible reason is that
macrophages are the first line of defense of the body's immunity
and can recognize extraneous pathogens (Fig. S207). ICP-MS
results also showed that, compared with LNO, LNO@M envel-
oped with the myeloid cell membrane accumulated more in
tumors and less in other tissues. We injected 150 pg of LNO and
LNO@M into B16 tumor-bearing mice, 0.02% of LNO and
0.07% of LNO@M (Fig. 61) reached the tumor after 24 h of
treatment. By comparing bare LNO with LNO@M, there was
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a significant difference in their accumulation in various tissues,
such as 2 folds and 1.5 folds reduced accumulation of LNO@M
in liver, kidney, and lung tissues (Fig. S211), minimizing the
accumulation of nanoparticles in these organs. However, the
LNO@M formulation showed a remarkably higher accumula-
tion of approximately 3.5 folds in tumor tissue (Fig. 61) than
bare LNO, suggesting preferential accumulation in tumor cells,
which is vital in cancer treatment strategies.

To further verify the biosafety and therapeutic efficiency of
LNO and LNO@M, the main organs of the mice in each group
were harvested for H&E staining. As shown in Fig. S22, no

10846 | Chem. Sci, 2024, 15, 10838-10850

obvious histopathological lesions were observed in the organs
of any group, indicating good biosafety of LNO@M. To confirm
the selective effects of LNO on macrophages in vivo, we studied
the cell viability of cancer cells (B16) after treatment with
different concentrations of LNO. We observed that LNO
induced much lower toxicity than LNO-treated macrophages
(Fig. S23t). Furthermore, we studied the dephosphorylation
(Fig. S241) and ATP hydrolysis (Fig. S251) of LNO in vivo. We
observed that 31% of the tumor tissue proteins were dephos-
phorylated and 40% ATP was hydrolyzed upon LNO treatment.
Overall, these results revealed that LNO could significantly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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change the M1/M2 ratio in the TME, thus acting as a promising
nanomedicine for cancer immunotherapy.

Conclusions

TAMs can be interconverted with changes in the tumor micro-
environment and play an important role in the stages of
tumorigenesis, progression, invasion, and metastasis; their
typing and number may also be used as indicators of tumor
prognosis. In tumor-bearing mouse models, macrophages
promote cancer initiation and malignant progression by stim-
ulating angiogenesis, increasing tumor cell migration, and
suppressing antitumor immunity. Tumor-associated macro-
phages (TAMs) are promising targets for cancer immuno-
therapy through ablation or differentiation of macrophages.
Nanoparticle-based cancer immunotherapy has shown prom-
ising therapeutic potential in clinics, with the majority of
studies focusing on the use of nanoparticles as drug delivery
agents and for the direct treatment of cancer cells. Although
nanoparticles have shown immune-regulatory
responses, there is a lack of development of selective thera-
pies that effectively reprogram macrophages in tumors. Herein,
we first proposed a conceptional TAM-targeting strategy by
coating the myeloid cell membrane on LaNiO3 (LNO) nano-
material and show that the employed LNO acts as a phospha-
tase-like nanomaterial with efficient catalysis of intracellular
ATP hydrolysis and protein dephosphorylation at the interfaces
(Fig. 1 and 2). LNO causes energy deprivation in macrophages
and efficiently induces autophagy, even at low dosages. We
revealed that nickel and oxygen are the active sites of LNO,
determining the catalytic activity resulting in ATP hydrolysis
(Fig. 3). Moreover, we observed that LNO, even at a low dose,
showed a strong capability of sequestrating phosphate groups,
resulting in the de-phosphorylation of intracellular proteins.
Both the energy deprivation and upstream protein alterations
due to dephosphorylation activated the AMPK/m-TOR pathway
induced macrophage autophagy, suggesting that LNO could be
used as a promising immunotherapy agent for cancers (Fig. 4
and 5). We studied the repolarization effect of LNO on M2-like
bone marrow-derived macrophages and observed that reprog-
rammed macrophages play a crucial role in tumor elimination
(Fig. 6). To enhance the ability of LNO-treated macrophages to
eliminate tumor cells, we combined LNO surface coating with
myeloid cell membranes, which resulted in higher accumula-
tion of LNO in tumor-associated macrophages and promoted
their reprogramming, resulting in significant changes in the
M1/M2 ratio, and enhanced tumor elimination in vitro and in
vivo for cancer immunotherapy (Fig. 6). These unique proper-
ties of LNO enable its use as a novel reagent in cancer
immunotherapy.

In conclusion, we have revealed the potential of LNO-based
nanomedicine as a cancer immunotherapeutic reagent by
inducing macrophage autophagy via catalysis of phosphate
group hydrolysis. Our findings offer mechanistic insights into
how rare-earth lanthanum nickel oxide nanomaterials promote
autophagy that selectively interferes with tumor-associated
macrophages and provide a valuable strategy for the

several
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development of immune cell-targeted agents for cancer
immunotherapy.
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presented in ESI Tables S1-S7.}

Author contributions

This project was conceived by D. B., L. W. and Y. L. and
designed by D. B. and supervised by L. W., Y. L., X. G., and C. C.
LNO was synthesized by X. W. under the supervision of H. W.
DFT calculations were conducted by X. G. and ]J. L. under
supervision of X. G. WB experiments, LNO@M synthesis and
tumor-bearing mice model experiments were performed by S. L.
with the assistance of Q. L. under supervision of G. Z. and Y. L.
Phospho-proteomics results were processed by Y. L. and D. B.
under supervision of J. W. through continues discussion with D.
B., H. D. and L. W. NMR experiments were performed by D. B.
with the assistance of F. L. The remaining experiments were
performed by D. B. with the assistance of K. L. and R. C. The
manuscript was written with the contributions of all authors. All
authors approved the final version of the manuscript.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

We appreciate fundings from the National Natural Science
Foundation of China (grant numbers 32371469, 31971322,
U12AV123456, 82261138630, 32171390, 32201154, and
22388101), Beijing Natural Science Foundation (IS23023), China
Postdoctoral Science Foundation (grant number 2023M742048),
the National Basic Research Program of China (grant numbers
2021YFA1200900, 2020YFA0710702), Science and Technology
Innovation Project in IHEP (grant number E25459U210), the
Key Laboratory of Medical Imaging Science and Technology
System, Chinese Academy of Sciences, the International Part-
nership Program (IPP) of CAS (172644KYSB20210011), the
Natural Science Foundation of Guangdong Province
(2023B1515020104) and the New Cornerstone Science Founda-
tion (NCI202318).

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


http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
https://www.uniprot.org
https://www.uniprot.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01690d

Open Access Article. Published on 17 June 2024. Downloaded on 3/17/2026 4:24:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Notes and references

1 W. Zeng, M. Yu, T. Chen, Y. Liu, Y. Yi, C. Huang, J. Tang,
H. Li, M. Ou, T. Wang, M. Wu and L. Mei, Polypyrrole
nanoenzymes as tumor microenvironment modulators to
reprogram macrophage and potentiate immunotherapy,
Adv. Sci., 2022, 9, 2201703.

2 Z. Duan and Y. Luo, Targeting macrophages in cancer
immunotherapy, Signal Transduct, Target. Ther., 2021, 6, 127.

3 T. Beltraminelli and M. De Palma, Biology and therapeutic
targeting of tumour-associated macrophages, J. Pathol.,
2020, 250, 573-592.

4 U. Andersson, Hyperinflammation: on the pathogenesis and
treatment of macrophage activation Acta
Paediatr., 2021, 110, 2717-2722.

5 C. D. Mills, Anatomy of a Discovery: M1 and M2
Macrophages, Front. Immunol., 2015, 6, 212.

6 G. Lemke, How macrophages deal with death, Nat. Rev.
Immunol., 2019, 19, 539-549.

7 T. Into, M. Inomata, E. Takayama and T. Takigawa,
Autophagy in regulation of toll-like receptor signaling, Cell
Signal., 2012, 24, 1150-1162.

8 B. Levine, N. Mizushima and H. W. Virgin, Autophagy in
immunity and inflammation, Nature, 2011, 469, 323-335.

9 M. Sun, T. Hao, X. Li, A. Qu, L. Xu, C. Hao, C. Xu and
H. Kuang, Direct observation of selective autophagy
induction in cells and tissues by self-assembled chiral
nanodevice, Nat. Commun., 2018, 9, 4494.

10 Y. Wang, Y.-X. Lin, Z.-Y. Qiao, H.-W. An, S.-L. Qiao, L. Wang,
R. P. Y. J. Rajapaksha and H. Wang, Self-assembled
autophagy-inducing polymeric nanoparticles for breast
cancer interference in vivo, Adv. Mater., 2015, 27, 2627-2634.

11 J. Deng and A. Walther, ATP-responsive and ATP-fueled self-
assembling systems and materials, Adv. Mater., 2020, 32,
2002629.

12 D. G. Hardie, AMPK—sensing energy while talking to other
signaling pathways, Cell Metab., 2014, 20, 939-952.

13 J. Kim, M. Kundu, B. Viollet and K.-L. Guan, AMPK and
mTOR regulate autophagy through direct phosphorylation
of Ulk1, Nat. Cell Biol., 2011, 13, 132-141.

14 N. X. Y. Ling, A. Kaczmarek, A. Hoque, E. Davie,
K. R. W. Ngoei, K. R. Morrison, W. J. Smiles, G. M. Forte,
T. Wang, S. Lie, T. A. Dite, C. G. Langendorf, J. W. Scott,
J. S. Oakhill and J. Petersen, mTORC1 directly inhibits
AMPK to promote cell proliferation under nutrient stress,
Nat. Metab., 2020, 2, 41-49.

15 L. Yu, C. K. McPhee, L. Zheng, G. A. Mardones, Y. Rong, J. Peng,
N. Mi, Y. Zhao, Z. Liu, F. Wan, D. W. Hailey, V. Oorschot,
J. Klumperman, E. H. Baehrecke and M. ]. Lenardo,
Termination of autophagy and reformation of lysosomes
regulated by mTOR, Nature, 2010, 465, 942-946.

16 A. Nowosad, P. Jeannot, C. Callot, J. Creff, R. T. Perchey,
C. Joffre, P. Codogno, S. Manenti and A. Besson, p27
controls Ragulator and mTOR activity in amino acid-
deprived cells to regulate the autophagy-lysosomal

syndrome,

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

View Article Online

Chemical Science

pathway and coordinate cell cycle and cell growth, Nat.
Cell Biol., 2020, 22, 1076-1090.

17 J. Tian, X. Zeng, X. Xie, S. Han, O.-W. Liew, Y.-T. Chen,
L. Wang and X. Liu, Intracellular adenosine triphosphate
deprivation through lanthanide-doped nanoparticles, J.
Am. Chem. Soc., 2015, 137, 6550-6558.

18 Y. Zhang, F. Zheng, T. Yang, W. Zhou, Y. Liu, N. Man,
L. Zhang, N. Jin, Q. Dou, Y. Zhang, Z. Li and L.-P. Wen,
Tuning the autophagy-inducing activity of lanthanide-
based nanocrystals through specific surface-coating
peptides, Nat. Mater., 2012, 11, 817-826.

19 R. Li, Z. Ji, H. Qin, X. Kang, B. Sun, M. Wang, C. H. Chang,
X. Wang, H. Zhang, H. Zou, A. E. Nel and T. Xia,
Interference in autophagosome fusion by rare earth
nanoparticles disrupts autophagic flux and regulation of
an interleukin-1f producing inflammasome, ACS Nano,
2014, 8, 10280-10292.

20 R. Li, Z. Ji, C. H. Chang, D. R. Dunphy, X. Cai, H. Meng,
H. Zhang, B. Sun, X. Wang, J. Dong, S. Lin, M. Wang,
Y.-P. Liao, C. ]J. Brinker, A. Nel and T. Xia, Surface
interactions with compartmentalized cellular phosphates
explain rare earth oxide nanoparticle hazard and provide
opportunities for safer design, ACS Nano, 2014, 8, 1771-
1783.

21 J. Gao, R. Li, F. Wang, X. Liu, J. Zhang, L. Hu, J. Shi, B. He,
Q. Zhou, M. Song, B. Zhang, G. Qu, S. Liu and G. Jiang,
Determining the cytotoxicity of rare earth element
nanoparticles in macrophages and the involvement of
membrane damage, Environ. Sci. Technol., 2017, 51, 13938-
13948.

22 X. Wang, X. J. Gao, L. Qin, C. Wang, L. Song, Y.-N. Zhou,
G. Zhu, W. Cao, S. Lin, L. Zhou, K. Wang, H. Zhang, Z. Jin,
P. Wang, X. Gao and H. Wei, eg occupancy as an effective
descriptor for the catalytic activity of perovskite oxide-
based peroxidase mimics, Nat. Commun., 2019, 10, 704.

23 J.Yang, K. Li, C. Li and J. Gu, Intrinsic apyrase-like activity of
cerium-based  metal-organic  frameworks  (MOFs):
dephosphorylation of adenosine tri- and diphosphate,
Angew. Chem., Int. Ed., 2020, 59, 22952-22956.

24 Y.-L. Lee, J. Kleis, J. Rossmeisl, Y. Shao-Horn and D. Morgan,
Prediction of solid oxide fuel cell cathode activity with first-
principles descriptors, Energy Environ. Sci., 2011, 4, 3966-
3970.

25 J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough and
Y. Shao-Horn, A perovskite oxide optimized for oxygen
evolution catalysis from molecular orbital principles,
Science, 2011, 334, 1383-1385.

26 Y.-L. Lee, M. J. Gadre, Y. Shao-Horn and D. Morgan, Ab initio
GGA+U study of oxygen evolution and oxygen reduction
electrocatalysis on the (001) surfaces of lanthanum
transition metal perovskites LaBO3 (B = Cr, Mn, Fe, Co
and Ni), PCCPPhys. Chem. Chem. Phys., 2015, 17, 21643~
21663.

27 J. Hwang, R. R. Rao, L. Giordano, Y. Katayama, Y. Yu and
Y. Shao-Horn, Perovskites in catalysis and electrocatalysis,
Science, 2017, 358, 751-756.

Chem. Sci., 2024, 15, 10838-10850 | 10849


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01690d

Open Access Article. Published on 17 June 2024. Downloaded on 3/17/2026 4:24:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

28 R. Jacobs, J. Booske and D. Morgan, Understanding and
controlling the work function of perovskite oxides using
density functional theory, Adv. Funct. Mater., 2016, 26,
5471-5482.

29 Y. Lin, J.-L. Zhao, Q.-]. Zheng, X. Jiang, J. Tian, S.-Q. Liang,
H.-W. Guo, H.-Y. Qin, Y.-M. Liang and H. Han, Notch
signaling modulates macrophage polarization and
phagocytosis through direct suppression of signal regulatory
protein o expression, Front. Immunol., 2018, 9, 1744.

30 F. Huang, J.-L. Zhao, L. Wang, C.-C. Gao, S.-Q. Liang, D.-]. An,
J. Bai, Y. Chen, H. Han and H.-Y. Qin, miR-148a-3p mediates
Notch signaling to promote the differentiation and M1
activation of macrophages, Front. Immunol., 2017, 8, 1327.

31 E. Vergadi, E. Ieronymaki, K. Lyroni, K. Vaporidi and
C. Tsatsanis, Akt Signaling Pathway in Macrophage
Activation and M1/M2 Polarization, J. Immunol., 2017, 198,
1006-1014.

32 N. Mizushima, B. Levine, A. M. Cuervo and D. J. Klionsky,
Autophagy fights disease through cellular self-digestion,
Nature, 2008, 451, 1069-1075.

10850 | Chem. Sci, 2024, 15, 10838-10850

View Article Online

Edge Article

33 M. M. Mihaylova and R. J. Shaw, The AMPK signalling
pathway coordinates cell growth, autophagy and
metabolism, Nat. Cell Biol., 2011, 13, 1016-1023.

34 J. L. Guerriero, Macrophages: their untold story in T cell
activation and function, Int. Rev. Cell Mol. Biol., 2019, 342,
73-93.

35 Y. Liu, S. Liang, D. Jiang, T. Gao, Y. Fang, S. Fu, L. Guan,
Z. Zhang, W. Mu, Q. Chu, Y. Liu and N. Zhang,
Manipulation of TAMs functions to facilitate the immune
therapy effects of immune checkpoint antibodies, J.
Controlled Release, 2021, 336, 621-634.

36 P. Pathria, T. L. Louis and ]J. A. Varner, Targeting tumor-
associated macrophages in cancer, Trends Immunol., 2019,
40, 310-327.

37 Y. Guo, Y. Fan, Z. Wang, G. Li, M. Zhan, ]. Gong,
J.-P. Majoral, X. Shi and M. Shen, Chemotherapy mediated
by biomimetic polymeric nanoparticles potentiates
enhanced tumor immunotherapy via amplification of
endoplasmic  reticulum stress and mitochondrial
dysfunction, Adv. Mater., 2022, 34, 2206861.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01690d

	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d

	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d
	A phosphatase-like nanomaterial promotes autophagy and reprograms macrophages for cancer immunotherapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01690d


