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KEY WORDS Abstract  Cuproptosis shows enormous application prospects in lung metastasis treatment. However, the
glycolysis, Cu™ efflux mechanisms, and insufficient lung drug accumulation severely restrict cuproptosis

Immunogenic cell death; efficacy. Herein, an inhalal?le poly (2—(N—0xide—N,]Y—diethylamino)ethyl methacr}'llate) (O.IDDEA)—?oated
PD-L1 checkpoint copper-based metal—organic framework encapsulating pyruvate dehydrogenase kinase 1 siRNA (siPDK)
blockade: is constructed for mediating cuproptosis and subsequently promoting lung metastasis immunotherapy,
namely OMP. After inhalation, OMP shows highly efficient lung accumulation and long-term retention,
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ascribing to the OPDEA-mediated pulmonary mucosa penetration. Within tumor cells, OMP is degraded
to release Cu?* under acidic condition, which will be reduced to toxic Cu™ to induce cuproptosis under
glutathione (GSH) regulation. Meanwhile, siPDK released from OMP inhibits intracellular glycolysis
and adenosine-5'-triphosphate (ATP) production, then blocking the Cu™ efflux protein ATP7B, thereby
rendering tumor cells more sensitive to OMP-mediated cuproptosis. Moreover, OMP-mediated cupropto-
sis triggers immunogenic cell death (ICD) to promote dendritic cells (DCs) maturation and CD8* T cells
infiltration. Notably, OMP-induced cuproptosis up-regulates membrane-associated programmed cell
death-ligand 1 (PD-L1) expression and induces soluble PD-L1 secretion, and thus synergizes with anti-
PD-L1 antibodies (aPD-L1) to reprogram immunosuppressive tumor microenvironment, finally yielding
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improved immunotherapy efficacy. Overall, OMP may serve as an efficient inhalable nanoplatform and
afford preferable efficacy against lung metastasis through inducing cuproptosis and combining with

aPD-L1.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of
Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lung metastasis is the spread of tumor cells from other primary
tumors to the lungs, which is critical cause of cancer mortality in
patients'%. Currently, the treatment options on hand are surgery,
chemotherapy, and radiation therapy”*. However, these therapies
available for lung metastasis are failing because they are only
effective in the preliminary stages of the disease and their effects
on the survival of patients are still far from satisfactory”. More-
over, chemotherapy and radiation therapy are prone to resistance
due to the apoptotic mechanism®. Immunotherapeutic strategies
have shown encouraging results against various cancers. Among
the numerous immunotherapeutic strategies available, immune
checkpoint blockade (ICB) therapy, such as anti-programmed cell
death protein ligand-1 antibodies (aPD-L1), has been effective
against lung metastasis, owing to the effect on the restoration of
exhausted T cells. However, the responsiveness to immunotherapy
among patients is limited. On the one hand, the tumor-associated
macrophages (TAMs), regulatory T cells (Tregs), and myeloid-
derived suppressor cells (MDSCs) at the lung metastatic sites
create a robust suppressive immune microenvironment that
significantly promotes cancer cell immune escape’™®. On the other
hand, insufficient PD-L1 expression in lung metastasis sites re-
stricts the clinical implementation of aPD-L1°. Therefore, it is
crucial to develop a synergistic treatment strategy to induce tumor
cells death and reverse the immunosuppressive tumor microenvi-
ronment (TME) to facilitate effective anti-metastatic therapy.
Very recently, Cu™ overload-induced cell death pathway,
cuproptosis, was recognized by Tsvetkov et al.,'” which opens a
new horizon for the development of Cu™ in cancer treatment.
Cuproptosis is distinct from other known cell death pathways,
including apoptosis, ferroptosis, pyroptosis, and necroptosis,
which is a Cu™-dependent cell death pathway characterized by an
accumulation of lipid peroxides, and cannot be inhibited by the
inhibitors of the above cell death methods. On the one hand, lipoyl
synthase (LIAS) and ferredoxinl (FDX1) factors regulate dihy-
drolipoamide S-acetyltransferase (DLAT) to undergo lipoylation,
and Cu™ directly binds to lipoylated components of the tricar-
boxylic acid (TCA) cycle (lipoylated DLAT (Lip-DLAT)), ag-
gregates lipoylated proteins. On the other hand, Cu™ destabilizes
iron-sulfur (Fe—S) cluster proteins. These two together will lead
to proteotoxic stress and eventually induce cell death, namely,
cuproptosis. Although promising, glycolysis-dominated meta-
bolism patterns (cells that are more reliant on mitochondrial
respiration are nearly 1000-fold more sensitive to Cu™ than cells
undergoing glycolysis) and Cu™-transporting ATP7B (a main Cu™
exporter that relies on ATP for energy) in cancer cells inhibit the
occurrence of cuproptosis'®!!. Therefore, it is a formidable
challenge to overcome these hurdles for the enhancement of
cuproptosis. Pyruvate dehydrogenase complex (PDH) and

pyruvate dehydrogenase kinase 1 (PDK1) are key mitochondrial
enzymes, which could dominate the critical switch between the
mitochondrial respiration and glycolysis'>. PDK1 overexpresses
in cancer cells and controls the activity of PDH: stimulation in
PDKI1 could suppress PDH, accordingly restrain pyruvate from
entering into mitochondrion, aggravate the glycolysis and increase
ATP generation'”. PDKI thus represents a promising target in
sensitizing tumor cells to cuproptosis. While no therapy is
currently clinically available, several PDK1 inhibitors are in the
pre-clinical or clinical development stage'*'>. RNA interference
(RNAI) with small interfering RNA (siRNA) can be used to target
any genes of interest with high efficiency and specificity'.
Consequently, suppressing glycolysis and subsequently reducing
ATP production by siRNA targeting PDK1 (siPDK) can produce a
strong anti-tumor effect via cuproptosis. At the same time,
cuproptosis can evoke immunogenic cell death (ICD) to release
damage-associated molecular patterns (DAMPs), including cal-
reticulin (CRT), high mobility group box 1 (HMGBI1), and ATP
from dying tumor cells'”'?. The release of these “eat me” signals
can improve DCs maturation, resulting in the activation of CD8™"
T cells and the initiation of antitumor immune responses”™>'.
Moreover, cuproptosis regulates PD-L1 expression, which can
reverse immunosuppression tumor microenvironment and enhance
the effect of immunotherapy. These findings would be of great
significance for the development of the link between cuproptosis
and immunotherapy.

Metal-organic frameworks (MOF), composed of organic li-
gands and metal ions/ion clusters, are considered to be a prom-
ising class of siRNA delivery carriers due to the biocompatibility,
protecting siRNA from enzyme degradation, and achieving effi-
cient delivery to the site of action’>*’. Coincidentally, MOFs can
respond to the tumor microenvironment and burst out abundant
metal ions. Inspired by this, a nanoplatform was established by
encapsulating siPDK into copper-based MOF (MP), which would
release Cu®™ and siPDK in the acidic microenvironment. In
addition, for the improvement of the lung metastasis therapeutic
effect, the accurate delivery of MP to the lung lesions is crucially
important. A pulmonary inhalation delivery system exhibits many
unique advantages such as excellent lung targeting capacity, high
drug concentrations in the lung lesions, and low systemic adverse
effects, which can be employed as a prospective drug delivery
route for lung metastasis treatment® >’. However, the design of
inhalable nanomedicines is much more challenging because of the
existence of alveolar mucosal barriers”®~’. Interestingly, a water-
soluble polyzwitterion, poly (2-(N-oxide-N,N-diethylamino)ethyl
methacrylate) (OPDEA) exhibited efficient intestinal mucosal
penetration in oral drug delivery”. In light of these findings, the
administration of MP with OPDEA cloak may be an ideal
candidate to achieve efficient mucosa penetration and lung
retention after inhalation, which may not only enhance the
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therapeutic effect against lung metastasis but also improve bio-
logical safety.

To prove our concept, herein, we designed an OPDEA-coated
siPDK-containing copper-based MOF system (OMP) for the
effective treatment of lung metastasis via regulating cuproptosis-
mediated immunotherapy by inhalation administration (Fig. 1).
Specifically, first, siPDK was loaded inside copper-based MOF
through a facile one-pot protocol with high loading efficiency,
named MP. The structural integrity of the MP scaffolds was pH
dependent, a property that we leveraged to traffic siPDK payloads
to the cytosol. Subsequently, OPDEA was legitimately coated on
the surface of MP to obtain OMP, (where O represents OPDEA, M
for copper-based MOF, and P for siPDK) (Fig. 1A). The obtained
OMP administrated by aerosol inhalation route could effectively
pass through the pulmonary mucosal layer and greatly enhance the
accumulation and long-term retention in lung tissues. Subse-
quently, OMP was taken up by tumor cells and rapidly degraded to
release Cu”™ within the acidic environment. Cu®" was then con-
verted to toxic Cu™ by GSH to induce cuproptosis. Meantime, the
co-released siPDK could effectively down-regulate PDKI1
expression, suppress cancer cells glycolysis, leading to the
decrease of intracellular ATP concentration and the following
blocking of ATP7B. The combined effects could significantly lead
to bidirectional amplification of cuproptosis. Subsequently,
OMP-induced cuproptosis evoked ICD effect to enhance DCs
maturation and in turn promote CD8" T cells proliferation to
potentiate antitumor immunity. More importantly, OMP-mediated
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cuproptosis increased the expression of membrane-associated PD-
L1 (mPD-L1) and induced the secretion of soluble PD-L1 (sPD-
L1) in tumor cells (Fig. 1B). Based on this observation, combined
administration of OMP and aPD-L1 was evaluated as a means to
promote CD8" T cells infiltration and remodel immunosuppres-
sive TME. Collectively, an augmentative synergistic efficacy can
be achieved by combining inhalable OMP-mediated cuproptosis
with PD-L1 checkpoint blockade, which is promising to against
lung metastasis with high efficiency and safety.

2. Materials and methods
2.1. Materials

N,N-Diethylaminoethyl methacrylate (DEA), 3-chloroperbenzoic
acid (mCPBA), 2,2'-azobis (2-methylpropionitrile)
(AIBN, 99%), N-hydroxysuccinimide (NHS, 99%), and
N,N'-dicyclohexylcarbo-diimide (DCC, 99%) were bought from
J&K Chemical (Beijing, China). 3-Maleimidopropionic acid and
4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPADB)
were purchased from Aladdin company (Shanghai, China).
Cupric nitrate [Cu(NOs),] and zinc nitrate hexahydrate
[Zn(NO3),-6(H,0)] were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Glutathione (GSH) and
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) were ordered
from Sigma—Aldrich (Wisconsin, USA). RPMI 1640
medium, Dulbecco’s modified Eagle’s medium (DMEM),
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Schematic illustration of the mechanism of inhalable OMP-mediated cuproptosis activation for evoking strong anti-tumor immunity

in lung metastasis. (A) Synthetic process of inhalable OMP nanoparticles. (B) The synergistic potency of inhalable OMP-induced cuproptosis
combined with PD-L1 checkpoint blockade for provoking robust immune response, and further reshaping immunosuppressive TME. siRNA
targeting pyruvate dehydrogenase kinase 1 (siPDK), membrane-associated PD-L.1 (mPD-L1), soluble PD-L1 (sPD-L1), anti-PD-L1 antibodies
(aPD-L1), immunogenic cell death (ICD), calreticulin (CRT), high mobility group box 1 (HMGBI1), adenosine-5'-triphosphate (ATP), dendritic
cells (DCs), myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor microenvironment (TME). This illustration was

created with BioRender.com.
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penicillin—streptomycin, fetal bovine serum (FBS), and trypsin
were purchased from Gibco Life Technologies (Grand Island,
USA). Lysosome red fluorescent probe was obtained from Mei-
lunbio Co., Ltd. (Dalian, China). Glucose content detection Kkit,
ATP content detection kit, and anti-ATP7B polyclonal antibody-
FITC were purchased from Biosharp Co., Ltd. (Hefei, China).
DAPI, lactate content detection kit, and pyruvate dehydrogenase
(PDH) activity detection kit were obtained from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China). (-Actin
monoclonal antibody (AF5001), PD-L1 polyclonal antibody
(AF7710), actin-tracker red, 3-(4,5-dimethylthiazole)-2,5-
diphenyltetrazolium bromide (MTT), GSH assay kit, Alexa
Fluor 488-labeled goat anti-rabbit IgG (H+L), and hematoxylin
and eosin (H&E) staining kit were purchased from Beyotime
(Shanghai, China). aPD-L1 antibodies (cat. no. BE0101) used for
in vivo therapy were purchased from BIOXCELL Biotech Co.
(New Hampshire, USA). Blanked siRNA, siPDK, FAM- and Cy5-
labeled siPDK were purchased from Guangzhou RiboBio Co.,
Ltd. and Beijing Tsingke Biotech Co., Ltd. Cu™ colorimetric assay
kit was ordered from Elabscience Biotechnology Co., Ltd.
(Wuhan, China). Coppersensor-1 (CS-1) was purchased from
SAITONG Biotechnology Co., Ltd. (Beijing, China). PDKI1
polyclonal antibody (18262-1-AP), CRT monoclonal antibody
(10292-1-AP), and DLAT polyclonal antibody (13426-1-AP) were
obtained from Proteintech Group, Inc. (Rosemont, USA). Lipoic
acid (ab58724) and FDX1 (ab108257) were ordered from Abcam
Ltd. (Cambridge, UK). ACO-2 (6571) was purchased from Cell
Signaling Technology, Inc. (Massachusetts, USA). HMGBI1
detection kit was obtained from YI FEI XUE Biotech Co., Ltd.
(Nanjing, China). PD-L1, IL-6, IFN-v, IL-12, TNF-«, and IL-10
ELISA Kit were ordered from Multisciences (Lianke) Biotech,
Co., Ltd. (Hangzhou, China). B16F10 cells and Caco-2 cells were
obtained from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). Six weeks old female C57BL/6J mice were
obtained from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). Animal experiments were approved by
the Laboratory Animal Ethical and Welfare Committee of Chee-
loo College of Medicine of Shandong University, and all animal
procedures were performed in accordance with the guidelines of
Institutional Animal Care and Use Committee (IACUC) of
Shandong University (ethical approval number: ECSPSSDU2023-
2-227).

2.2.  Methods

2.2.1.  Synthesis of N,N-diethylaminoethyl methacrylate (ODEA)
2-(Diethylamino) ethyl methacrylate (DEA, 0.93 g, 5 mmol) was
dissolved in anhydrous CH,Cl, (20 mL) in an ice bath. mCPBA
(1.30 g, 0.75 mmol) was added portion-wise within 30 min with
vigorous stirring. Afterward, the solution was allowed to warm to
room temperature and stirred for another 2 h. After removing the
solvent by evaporation, the residues were purified using a neutral
alumina column, affording ODEA (0.82 g, yield: 79.6%) as an oft-
white waxy solid. "H NMR (400 MHz, CDCls) 6 6.16 (s, 1H), 5.61
(s, 1H), 4.74 (t, J = 3.4, 3.6 Hz, 2H), 3.47 (t, J = 9.4, 8.6 Hz,
2H), 3.31(dd, J = 6.5, 7.4 Hz, 4H), 1.95 (s, 3H), 1.32 (t, J = 7.2,
6.8 Hz, 6H).

2.2.2.  Synthesis of 2-cyano-5-(2,5-dioxopyrrolidin-1-yl)-5-
oxopentan-2-yl benzodithioate (NHS-CPADN)
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB,
1.40 g, 5 mmol) and N-hydroxysuccinimide (NHS, 0.58 g,

5 mmol) were co-dissolved in anhydrous CH,Cl, (15 mL).
Dicyclohexylcarbodiimide (DCC, 1.03 g, 5 mmol) was added to
this solution and the reaction mixture was stirred at room tem-
perature for 18 h. An insoluble white by-product was removed by
filtration. The remaining solution was concentrated using a rotary
evaporator, and the resulting liquid was purified by silica column
chromatography using a mixed eluent comprising (PE:EA = 5:1).
A red solid was isolated after evaporation of the solvent (1.67 g,
yield: 92.3%). "H NMR (400 MHz, CDCl5) 6 7.99—7.80 (m, 1H),
7.67—17.51 (m, 1H), 7.51—7.32 (m, 1H), 3.07—2.94 (m, 1H), 2.88
(d, J = 9.4 Hz, 2H), 2.80—2.67 (m, 1H), 2.57 (ddd, J = 9.4, 9.1,
6.2 Hz, 1H), 1.97 (s, 2H).

2.2.3.  Synthesis of OPDEA

NHS-CPADN (36 mg, 100 umol), ODEA (400 mg, 2 mmol), and
AIBN (1.7 mg, 10 pmol) were dissolved in dried DMF (3 mL) and
sealed in a flask under the protection of N,. The reaction was
proceeded under 80 °C for 24 h. Then the solution was cooled
down to room temperature and dialyzed against ethanol and water
for 2 days. The final product of OPDEA (203.1 mg, yield: 48.8%)
was obtained by freeze-drying. The number of ODEA monomeric
units in OPDEA was about 10, determined by '"H NMR.

2.2.4.
(MP)
Cu(NOs); (12 mg), Zn(NO3),-6H,0 (12 mg), and 60 pL of siPDK
solution (100 pmol/L) were added to methanol (500 pL) (solution
A). 2-Methylimidazole (33 mg) was dissolved in methanol (1 mL)
(solution B). Under stirring, the solution B was slowly added into
solution A and stirred for 20 min in an ice bath. After centrifu-
gation, the product was washed three times with ethanol and H,O.
The obtained solid was dried under reduced pressure. The copper-
based MOF and blank siRNA-encapsulating copper-based MOF
were similarly synthesized. The sequence of siPDK was used
as follows: 5-GACAGAAUCCGUCGAGAGA dTdT-3’ (sense);
5-UCUCUCGACGGAUUCUGUC dTdT-3' (antisense). The
blank siRNA sequences: 5'- UUCUCCGAACGUGUCACGUTT-
3’ (sense), 5'~ACGUGACACGUUCGGAGAATT-3' (antisense).

Preparation of siPDK-encapsulating copper-based MOF

2.2.5.  Preparation of OMP nanoparticles

OPDEA solution (2 mg/mL) was provided in bi-distilled H,O. MP
(2 mg/mL in H,O) was added dropwise within 10 min, and the
dispersion was allowed to stir for 20 min. Ultrasound was applied
for 3 min, and the solution was again stirred for 20 min. The
resulting particles were centrifuged at 12,000 rpm for 30 min
(Z36HK, HermLe, DE) and washed twice with H,O. OMP
nanoparticles were stored in an aqueous stock solution. The size,
zeta potential, and morphology of OMP were then measured by a
Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK)
and transmission electron microscope (TEM, Hitachi H-600,
Japan).

2.2.6. pH-Triggered siPDK and Cu’™ release from OMP

To evaluate the in vitro pH-sensitive release properties of siPDK
and Cu®" from OMP, siPDK was labeled with FAM fluorescent
dye. OMP was incubated in PBS (pH 7.4, 6.8, and 5.5) at 37 °C.
At predetermined time intervals (0.5, 1, 1.5, 2, 3, 4, 6, 8, 16, and
24 h), 200 pL of particle solution was taken out and centrifuged at
12,000 rpm for 30 min, and 50 pL of the upper liquid was used for
analysis of the release of FAM-labeled siPDK by a multimode
plate reader (Tecan Infinite® 200 PRO, China). Fifty microliter of
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the upper liquid was used for analysis of the release of Cu** by
inductively coupled plasma mass spectra (ICP—MS).

2.2.7.  OMP-mediated GSH depletion and Cu" generation

For GSH depletion, OMP with different concentrations (0, 10, 25,
50, and 100 pg/mL) were mixed with GSH solution (10 mmol/L)
at pH 5.5 for 20 min at 37 °C, respectively. DTNB solution
(2.5 mg/mL) was then added to each solution, followed by 5 min
of stirring. After that, the absorbance at 412 nm was recorded via a
multimode plate reader. For Cu® generation, OMP suspension
(100 pg/mL) were treated with different concentration of GSH (0,
2.5, 5, 10, and 20 mmol/L) at pH 5.5 for 1 h at 37 °C. The
fluorescence intensity at 608 nm (Ex = 365 nm) was recorded by
a microplate plate reader.

2.2.8.  Cell culture

B16F10 cells and Caco-2 cells were cultured in complete RPMI
1640 cell culture medium or DMEM culture medium containing
10% fetal bovine serum (FBS), 100 U/mL of penicillin, and
100 U/mL of streptomycin. Cell cultures were maintained at 37 °C
in 5.0% CO, atmosphere.

2.2.9. Cellular uptake

To assess the cellular uptake of siPDK-loaded nanoformulations,
FAM-MP and FAM-OMP were formed by encapsulating FAM-
labeled siPDK. B16F10 cells were seeded on 35-mm sterile glass
bottom culture dishes (3 x 10° cells) and cultured for 24 h. Then,
FAM-siPDK, FAM-MP, and FAM-OMP were incubated with
B16F10 cells for 0.5, 1, 2, and 4 h. Next, the cells were washed
three times with PBS, and the cell nuclei were stained with DAPI
for 20 min. Images and data were acquired with confocal laser
scanning microscopy (CLSM, Dragonfly 200, Andor, UK) and
flow cytometry (Beckman CytoFLEX S, USA).

2.2.10.  Invitro cell cytotoxicity assay

The cytotoxicity of B16F10 cells was evaluated using MTT assay.
In brief, BI6F10 cells were seeded into 96-well plates
4 x 10° cells/well) for 24 h. Subsequently, MN, MP, OMN, and
OMP were administrated at concentrations of 3.75, 7.5, 15, 30, 60,
and 90 pg/mL (other groups were converted to the same amount of
siPDK or Cu?"). After 24-h incubation, the B16F10 cells were
incubated with 10 puL of MTT solution in each well at 37 °C for
4 h. And then the absorbance of solution at a wavelength of
490 nm was detected by a microplate reader. The cytotoxicity of
various nanoparticles in Caco-2 cells and bone marrow-derived
DCs (BMDCs) were measured in the same way.

To measure the BI6F10 cells viability in the presence of
different inhibitors, cells were seeded into 96-well plates for 24 h.
Then, OMP (90 pg/mL) was subsequently added to each well
separately. Ferroptosis inhibitors (ferrostatin-1, 10 mmol/L),
necroptosis inhibitors (necrostatin-1, 20 mmol/L), oxidative stress
inhibitors (n-acetylcysteine, 5 mmol/L), apoptosis inhibitors (Z-
VAD-FMK, 30 mmol/L), and copper chelator tetrathiomolybdate
(TTM, 20 mmol/L) were added. The cytotoxicity was then
measured quantitatively using the standard MTT assay after 24 h.

2.2.11.  Intracellular PDH activity, glucose, ATP, and
extracellular lactate determination

For PDH activity quantification, B16F10 cells were seeded into 6-
well plates at a density of 3 x 10 cells/well for 24 h. Then, cells
were treated with PBS, MN, MP, OMN, and OMP (60 pg/mL,
other groups were converted to the same amount of Cu®*" or

siPDK) for 24 h at 37 °C. The cells were first homogenized to get
lysate and then added to the working solution according to the
manufacturer’s protocols. The glucose and ATP were quantified
with a similar method. For lactate contents quantification,
B16F10 cells were seeded into 6-well plates at a density of
3 x 10° cells/well for 24 h. After 24 h, cells were treated with
PBS, MN, MP, OMN, and OMP (60 pg/mL, other groups were
converted to the same amount of Cu®>t or siPDK) for 24 h at
37 °C. The media was directly taken out for lactate determination
according to the manufacturer’s protocols.

2.2.12.  Evaluation of intracellular ATP7B levels

B16F10 cells were seeded into 6-well plates. Then the cells were
treated with PBS, MN, MP, OMN, and OMP (60 pg/mL, other
groups were converted to the same amount of Cu®>" or siPDK)
for 24 h. Thereafter, ATP7B levels were determined by using
FITC-conjugated anti-ATP7B polyclonal antibodies. Briefly,
B16F10 cells were washed with PBS and then incubated with anti-
ATP7B polyclonal antibody-FITC (1:100) overnight at 4 °C.
Following the incubation, the cells were further treated with DAPI
for 20 min, washed 3 times with PBS, and collected for CLSM
and flow cytometry analysis.

2.2.13.  Intracellular GSH assay

The GSH assay kit was applied to investigate the cellular GSH
levels in B16F10 cells. B1I6F10 cells were seeded into 6-well
plates at a density of 3 x 10° cells/well for 24 h. Then the cells
were treated with PBS, MN, MP, OMN, and OMP (60 pg/mL,
other groups were converted to the same amount of Cu®*" or
siPDK). After 24 h, the intracellular GSH contents were deter-
mined by GSH assay kit according to the manufacturer’s protocol.

2.2.14.  Determination of intracellular Cu' contents

The concentrations of intracellular Cut were evaluated using Cu™
colorimetric assay kit and Cu™-responsive probe Coppersensor-1
(CS-1). BI16F10 cells were seeded on 6-well plates
(3 x 10° cells/well) followed by incubation for 24 h. Then, PBS, MN,
MP, OMN, and OMP (60 pg/mL, other groups were converted to the
same amount of Cu®>" or siPDK) were administrated. Afterward, the
cells were collected at 24 h after incubation, followed by ultrasonic
cell disruption. Finally, the Cu™ amounts were determined using Cu™*
colorimetric assay kit according to the manufacturer’s protocols. For
Cu™-responsive probe Coppersensor-1 (CS-1) to detect the concen-
trations of Cu*t, BI6F10 cells were seeded into 6-well plates at a
density of 3 x 10° cells/well for 24 h. Subsequently, different
nanoparticles were incubated with B16F10 cells for 24 h. Next, the
cells were washed three times with PBS, and the cells were stained
with CS-1 (5 pmol/L) for 5 min. Data were acquired with flow
cytometry.

2.2.15.  Western blot analysis

B16F10 cells were seeded into 6-well plates at a density of
3 x 10° cells/well for 24 h. For PDK1, ACO-2, Lip-DLAT, DLAT,
FDX1, and PD-L1 assays, the cells were treated with PBS, MN,
MP, OMN, and OMP (60 pg/mL, other groups were converted to
the same amount of Cu®>" or siPDK) for 24 h, respectively. After
that, the cells were washed thoroughly with ice-cold PBS and then
lysed in radioimmunoprecipitation assay (RIPA) lysis buffer
(POO13B, Beyotime). The lysates were centrifuged at 4 °C at
12,000 rpm for 30 min. Protein concentration was quantified using
the protein concentration determination kit (PO011, Beyotime). A
total of 20 pg protein/lane was separated using 7.5% or 12.5%
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SDS-PAGE. Separated proteins were transferred to a poly-
vinylidene fluoride (PVDF) membrane and blocked with 5% skim
milk powder for 2 h at room temperature. Next, the membrane was
incubated overnight with primary antibodies. The §-actin proteins
were labeled by (-actin antibody (1:8000, 42 kDa) as loading
control for whole-cell lysate, and PDK1, ACO-2, Lip-DLAT,
DLAT, FDX1, and PD-L1 proteins were detected by PDKI1 anti-
body (1:5000, 46 kDa), ACO-2 antibody (1:2000, 85 kDa), Lipoic
acid antibody (1:6000, 71 kDa), DLAT antibody (1:5000, 70 kDa),
FDX1 (1:5000, 14 kDa), and PD-L1 antibody (1:4000, 43 kDa),
respectively. After that, the membrane was further treated with the
horseradish peroxide (HRP)-labeled goat anti-rabbit secondary
antibody (A0208, Beyotime) for 1 h at room temperature. Finally,
protein bands were visualized using an enhanced chem-
iluminescence system. The protein expressions were evaluated by
analyzing the gray levels.

2.2.16.  Evaluation of DLAT aggregation

B16F10 cells were seeded on 35-mm sterile glass bottom culture
dishes (3 x 10° cells) and cultured for 24 h. Then, PBS, MN, MP,
OMN, and OMP (60 pg/mL, other groups were converted to the
same amount of siPDK or Cu®>") were respectively incubated with
B16F10 cells for 24 h. After that, the cells were sequentially fixed
with 4% paraformaldehyde, incubated with the DLAT antibody
(1:100) at 4 °C overnight, treated with Alexa Fluor 488 anti-rabbit
secondary antibody at room temperature for 1 h, stained with
DAPI for 20 min, and imaged by CLSM.

2.2.17.  Invitro investigation of ICD effect and DCs maturation
To evaluate the capacity of OMP-mediated cuproptosis-induced
ICD effect, B16F10 cells were treated with PBS, MN, MP, OMN,
and OMP (60 pg/mL, other groups were converted to the same
amount of siPDK or Cu2+) for 24 h, Then, the treated cells were
fixed using 4% paraformaldehyde and permeabilized using 0.3%
Triton for 30 min. Afterward, B16F10 cells were incubated with
calreticulin (CRT) antibody (1:100) at 4 °C overnight, followed by
further incubation with Alexa Flour 488-conjugated secondary
antibody for another 1 h at room temperature and staining using
DAPI for 20 min. Finally, the cells were rinsed with PBS three
times before observation under CLSM. To investigate HMGB1
and ATP levels, 100 pL of the culture media of B16F10 cells
were collected after treatment with different nanoformulations for
24 h according to the manufacturer’s protocol.

To analyze DCs maturation in vitro, bone marrow-derived DCs
(BMDCs) were obtained from the femurs and tibiae of six-week-
old female C57BL/6J mice. After the lysis of red blood cells, the
collected cells were incubated with 1640 medium and 20 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
10 ng/mL IL-4. The culture medium was half replaced every 2
days. On Day 8, the non-adherent and loosely adherent cells were
collected as inactivated BMDCs. B16F10 cells were pretreated
with PBS, MN, MP, OMN, and OMP (60 pg/mL, other groups
were converted to the same amount of siPDK or Cu*") for 24 h.
Then, BMDCs (5 x 10° cells/well) and the supernatant of the
pretreated B16F10 cells were co-cultured. The maturation of the
BMDCs was determined using flow cytometry after staining with
anti-CD11c-APC, anti-CD86-PE-Cy5.5, and anti-CD80-FITC.
Then, the levels of IL-6 and TNF-« in the culture medium were
measured by ELISA Kkits.

2.2.18.  Evaluation of membrane-associated PD-LI and soluble
PD-LI expression
To evaluate  membrane-associated  PD-L1  expression,
B16F10 cells were seeded on 6-well plates (3 x 10° cells/well)
and incubated for 24 h. Afterwards, B16F10 cells were treated
with PBS, MN, MP, OMN, and OMP (60 pg/mL, other groups
were converted to the same amount of siPDK or Cu®") for 24 h.
Then, the cells were collected, stained with FAM-aPD-L1 for
30 min at room temperature, and analyzed using flow cytometry.
For evaluation of soluble PD-L1 secretion, BI6F10 cells were
seeded on 6-well plates (3 x 10° cells/well) and incubated for
24 h. Then, different nanoformulations were incubated with
B16F10 cells for 24 h. After that, the media was directly taken out
for soluble PD-L1 determination using the PD-L1 ELISA kit ac-
cording to the manufacturer’s protocols.

2.2.19. Invivo tissue distribution of inhalation of OMP

To investigate the in vivo behaviour, siPDK was labeled with a red
fluorescence probe (Cy5) and encapsulated in the nano-
formulations, named Cy5-MP and Cy5-OMP. A total of 27 female
C57BL/6 mice were randomly divided into three groups, including
the Cy5-MP (inh), Cy5-OMP (i.v.), and Cy5-OMP (inh) (where
inh represents inhalation, i.v. for intravenous injection). Cy5-MP
(inh) and Cy5-OMP (inh) groups were administered intra-
tracheally by a microsprayer (MSA-250, PennCentury, USA).
Under the guidance of the small animal laryngoscope (BJ-L,
BioJane, China), the tip of the microsprayer is carefully placed
into the trachea, followed by in situ tracheal administration with
an injection rod. At 1, 6, and 24 h after inhalation of different
nanoparticles (5 mg/kg), mice were sacrificed, and their heart,
lungs, liver, spleen, and kidney were collected for imaging as-
sessments by an IVIS spectrum in vivo imaging system (IVIS,
PerkinElmer, USA). Furthermore, the lungs isolated at 1 h were
made into sections for assessments of the lung accumulation
function by CLSM (VS120, Olympus, Japan).

2.2.20. In vivo anti-metastatic effect of OMP combined with
PD-LI checkpoint blockade
Mice-bearing B16F10 lung melanoma metastasis was selected as a
typical lung metastatic tumor model to evaluate the anticancer
activity of the combination of OMP (inh) + aPD-L1 (i.v.). Met-
astatic lung tumor model was established by intravenous injection
(i.v.) of 3 x 10° B16F10 cells. Seven days after i.v. injection of
cancer cells, mice were randomly divided into five groups,
including 1: PBS (inh), 2: aPD-L1 (i.v.), 3: OMP (i.v.), 4: OMP
(inh), and 5: OMP (inh) + aPD-L1 (i.v.). OMP (5 mg/kg) was
inhaled or injected intravenously for four times every 4 days and
aPD-L1 antibodies (3 mg/kg) were applied together after inhala-
tion of OMP for 24 h to achieve the best therapeutic efficiency.
The therapeutic results were mainly evaluated by the number of
lung metastasis foci and the survival rates of mice. The toxicity of
nanoformulations was evaluated by the body weight of mice. On
Day 18, lungs and sera were collected from the sacrificed mice.
The obtained lung tissues were used for qRT-PCR analysis, he-
matoxylin and eosin (H&E) staining analysis, DLAT and CRT
immunofluorescence assay. Moreover, the analysis of immune
effects was studied by flow cytometry and ELISA assay.

The first was flow cytometry analysis. For analysis of
dendritic cells (DCs) maturation, lymphocytes were extracted
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from tumor-draining lymph nodes, and then stained with anti-
CD45-APC-Cy7, anti-CD11c-APC, anti-CD86-PE-Cy5.5, and
anti-CD80-FITC for 30 min at room temperature, followed by
analysis using flow cytometry. For analysis of immune-attacking
cells infiltration, the lungs were harvested, cut into small pieces,
and digested by dissociation buffer with 1640 medium
containing 100 U/mL of hyaluronidase, 1 mg/mL of collagenase
IV and 30 U/mL of DNase for 1 h at 37 °C. The suspensions were
filtered through 75-pm filters to obtain single cell suspension. To
estimate the CD8™ T cells (CD45TCD3"CD8™ T cells) infiltration
and proportion in metastatic lungs, the cell suspensions were
stained with anti-CD45-APC-Cy7, anti-CD3-FITC, and anti-
CD8a-PE for 30 min. For M1 macrophages and M2 macro-
phages  (CD45'F4/80"CD86"CD206° M1  macrophages,
CD45"F4/80"CDS86.

CD206" M2 macrophages) evaluation, the cell suspensions
were labeled by anti-CD45-APC-Cy7, anti-F4/80-Brilliant violent
421 (BV421), anti-CD86-PE-Cy5.5, and anti-CD206-PE-Cy7. For
analysis of immune-suppressive myeloid-derived suppressor cells
(MDSCs) (CD45"CD11b"Gr-1" MDSCs) in metastatic lungs,
anti-CD45-Cy7, anti-CD11b-APC, and anti-Gr-1-PE were applied
to stain the single cell suspensions for 30 min. For analysis of
immune-suppressive cells regulatory T lymphocytes (Tregs)
(CD457CD4 Foxp3™ Tregs), single cell suspensions were firstly
stained with anti-CD45-Cy7 and anti-CD4-Percp/Cy5.5 for
30 min and further handled with True-Nuclear™ Perm buffer, and
then stained with anti-Foxp3-Brilliant violent 421 (BV421) anti-
body for 60 min.

Next is ELISA and mRNA analysis. Lungs collected from
mice were homogenized in lysis buffer, and then centrifuged at
12,000 x g for 15 min. The supernatant was collected and the
concentrations of IL-10, IL-6, IL-12, TNF-«, and IFN-y were
measured using ELISA Kkits according to the manufacturer’s in-
structions. The PDK1 and PD-LL1 mRNA expression levels were
quantified using the qRT-PCR technology, as described above.
The following primers were used (5'—3’). M-B-actin-S,
CACCCGCGAGTACAACCTTC, M-g-actin-A, CCCATACCC
ACCATCACACC; M-PDK1-S, AATACAGCCGCAGGTTGG
CC, M-PDK1-A, CCGAAGTCCAGGAACTGCTT; M-PD-LI-S,
TCAATGCCCCATACCGCAAA, M-PD-L1-A, TCTCTTCCCAC
TCACGGGTT. RNA expression was normalized to (-actin
expression in the relevant untreated controls. Besides, the blood of
the mice was collected on Day 18 for blood biochemistry analysis.

2.2.21.  Statistical analysis

All statistical analyses were performed with GraphPad Prism 8
software. Data are expressed as mean + standard deviation (SD),
and the differences between groups assessed using two-sided
Student’s t-test or one-way ANOVA with Tukey’s post hoc test.
Statistical differences were defined as: ns means no significant
difference, *P < 0.05, **P < 0.01, **P < 0.001,
kP < 0.0001.

3. Results and discussion

3.1.  Synthesis, characterization, and cellular uptake of OMP

The water-soluble polyzwitterionic OPDEA was synthesized and
characterized, as shown in (Supporting Information Scheme S1
and Figs. S1—S3). OPDEA was prepared by a three-step

procedure using reversible addition—fragmentation chain transfer
(RAFT) polymerization. The OPDEA weight was controlled to be
~3 kDa, as determined using 'H NMR. The siPDK-encapsulating
copper-based MOF (MP) was fabricated by a simple one-step
method, by mixing siPDK, 2-methylimidazole, Cu(NOs),, and
Zn(NO3),+6H,0 in methanol under stirring for 20 min®'. For the
coating process, OPDEA was mixed with the MP at the
weight ratios of 1:1 and stirred vigorously for 20 min. Last, the
OPDEA-coated MP (OMP) were isolated by centrifugation
(Fig. 1A). The TEM imaging indicated that the copper-based
MOF without siPDK loading possessed an average diameter of
80.2 + 0.5 nm (Fig. 2A). DLS measurement displayed the average
hydrodynamic size of 77.9 £ 5.7 nm (Fig. 2B). The MP nano-
particles were slightly larger than unloaded copper-based MOF,
with an average hydrodynamic size of 99.5 &+ 6.7 nm, and OPDEA
coating further increased their size, with the final OMP nano-
formulation exhibiting an average hydrodynamic diameter of
approximately 147.4 £ 2.1 nm (Fig. 2B). Moreover, while loading
of the negatively charged siPDK payload slightly decreased the
surface zeta potential compared with unloaded copper-based
MOF, the OPDEA coating had a profound impact on shielding
the positively charged MP core, resulting in OMP nanoparticles
that were considered neutral in charge (Fig. 2C). Both the size and
surface zeta potential data suggested successful coating of the
OPDEA around the MP nanoparticles, and the core—shell
morphology of the OMP nanoparticles was confirmed by TEM
(Fig. 2A). Moreover, OMP was stable in the fetal bovine serum for
up to a week (Supporting Information Fig. S4). In terms of siPDK
loading, the encapsulation efficiency was quantified by incorpo-
rating FAM-labeled siPDK at increasing concentrations. The
encapsulation efficiency of the siPDK was 95.0 £ 1.0%, at the
weight ratios of 1:20 (siPDK: copper-based MOF) (Supporting
Information Fig. S5). The favorable loading exhibited by the
copper-based MOF was likely attributed to strong electrostatic
interactions between the framework’s metal nodes and the
siPDK’s backbone phosphates, as well as physical confinement
within the nanoporous structure. Moreover, OMP protected siPDK
from RNase A digestion, whereas naked siPDK was degraded
rapidly within 90 min (Supporting Information Fig. S6).
Furthermore, the Cu and P contents in OMP were determined by
ICP-MS to be 12.3% and 0.236%, respectively.

To explore the pH-responsive drug release ability, the ob-
tained OMP nanoparticles were dispersed into phosphate buffer
saline (PBS) solutions with different pH values (7.4, 6.8, and
5.5, which simulated the pH of normal cells, tumor microenvi-
ronment, and the inside of tumor cells, respectively). As ex-
pected, only a minimal amount of siPDK release (less than
20.0% over 24 h) was observed at pH 7.4, suggesting a relatively
good chemical stability, while OMP displayed a considerable
burst siPDK release (more than 90.0% over 24 h) at pH 5.5
(Fig. 2D). And the release curves of Cu®>" showed a similar
trend. Under mildly acidic condition (pH 5.5), the release rate of
Cu®" was 91.2% at 24 h. However, it was 19.5% only under pH
7.4 condition (Fig. 2E). This pH-dependent property of OMP
suggested that the siPDK could be protected within the nano-
particulate structure until after cellular internalization, upon
which the mildly acidic environment of the endosomes
would trigger siPDK release. Therefore, the endosomal escape
of the OMP was investigated. In B16F10 cells treated with OMP,
the overlap between the red fluorescence of Lyso-tracker red
and the green fluorescence of FAM-labeled siPDK was reduced
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Figure 2

Synthesis, characterization, and cellular uptake of OMP. (A) TEM images of MOF, MP, and OMP (scale bar: 200 nm) and enlarged

OMP TEM image (scale bar: 50 nm). (B) Size distribution and (C) zeta potential of MOF, MP, and OMP using DLS. (D) siPDK and (E) Cu*"
release curves of OMP at pH 7.4, 6.8, and 5.5 over time. (F) Absorbance of TNB solutions at 412 nm after treatment with different concentrations

of OMP. (G) Evaluation of GSH-triggered generation of Cu™

. The fluorescence intensity at 608 nm of OMP after incubation with different

concentrations of GSH (Ex = 365 nm). (H) Semi-quantification of intracellular uptake of FAM-OMP by B16F10 cells at different time points. (I)
Representative CLSM images of B16F10 cells after incubation with FAM-OMP for 1 and 4 h. Cell nuclei were stained with DAPI (blue). Scale

bar: 100 pm. Data are shown as mean £+ SD (n = 3).

when the incubation time reached 4 h, indicating the successful
escape of siPDK from endosomes (Supporting Information
Fig. S7).

GSH-mediated reduction of released Cu®>" into Cu™ species is
the prerequisite to trigger cuproptosis. We thus evaluated the
GSH-depleting ability of OMP by using 35,5 -dithiobis-(2-
nitrobenzoic acid) (DTNB) as the probe, which can react with
GSH to generate 2-nitro-5-thiobenzoic acid (TNB) with an
absorbance at 412 nm’>. Clearly, the absorbance of TNB
decreased obviously with increasing Cu>* concentration in OMP
under acidic condition (Fig. 2F), reasonably attributing to pH-
triggered Cu”" release and subsequent reduction into Cu™. Sub-
sequently, the GSH-triggered generation of Cu™ was verified by
the fluorescence spectroscopy due to the ligand—metal charge
transfer between GSH and copper®”. The intensity of Cu™
608 nm notably increased with the interaction with GSH,
revealing the reduction of Cu®" to Cut during GSH depletion
(Fig. 2G).

According to researches, OPDEA exhibits phospholipid af-
finity, which fits the need for cellular uptake***. To investigate
whether OPDEA decoration could promote the cellular uptake of
OMP in B16F10 cells, siPDK was labeled with a green
fluorescence probe (FAM). On the one hand, the change of
fluorescence intensity over time in B16F10 cells treated with
FAM-OMP was semi-quantitatively studied by flow cytometry.

The results showed that the green fluorescence intensity of OMP
in B16F10 cells at 4 h was 299.5 and 1.4 times higher than that of
siPDK and MP, respectively. The above results indicated that
OMP with OPDEA surface could be taken up more efficiently by
B16F10 cells (Fig. 2H). On the other hand, the green fluores-
cence intensity in B16F10 cells at 1 and 4 h was visualized by
confocal laser microscopy (CLSM). The results unveiled that
OMP had the strongest green fluorescence intensity in
B16F10 cells (Fig. 21). Taken together, OMP could be efficiently
taken up by B16F10 cells.

3.2.  Mechanism of OMP-mediated cuproptosis

In normal cells, glucose enters mitochondria and usually un-
dergoes mitochondrial respiration via TCA cycle. In contrast, for
cancer cells, the TCA cycle is shut off and the glucose meta-
bolism is mainly through glycolysis that limits the occurrence of
cuproptosis. The activated glycolysis in cancer cells is mainly
due to the highly expressed PDKI1 that reduces the PDH activity
and inhibits pyruvate to be converted to acetyl-CoA for TCA
cycle'”. To determine whether OMP could down-regulate PDK]1
expression for metabolic regulation, we used Western blot and
immunofluorescence analysis to visualize the PDK1 expression.
The experiment is divided into five groups: control (PBS), MN,
MP, OMN, and OMP (where O for OPDEA, M represents
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Figure 3  Studies on the OMP-induced cuproptosis in vitro. (A) Western blot analysis of B16F10 cells on the expressions of PDK1, ACO-2,
Lip-DLAT, DLAT, FDX1, and PD-L1 after 24 h incubation with various nanoparticles. (B—E) Metabolic alterations in (B) PDH activity,
(C) glucose consumption, (D) extracellular lactate, and (E) intracellular ATP production in BI6F10 cells after various treatments for 24 h. (F)
Semi-quantification of ATP7B expression in B16F10 cells with various treatments. (G) Intracellular GSH contents after various treatments. (H)
The contents of Cu™ from B16F10 cells after treated with various nanoparticles for 24 h. (I) DLAT immunofluorescence images of B16F10 cells
after different treatments for 24 h. Scale bar: 20 pm. (J) Relative viabilities of BI6F10 cells treated with OMP only or plus with N-acetylcysteine
(NACQ), necrostatin-1 (Nec-1), ferrostatin-1 (Fer-1), Z-VAD-FMK and tetrathiomolybdate (TTM), respectively. (K) The viability of B16F10 cells
after treated with various nanoparticles for 24 h. Data are shown as mean + SD (n = 3). ns means no significant difference, *P < 0.05,
**P < 0.01, #¥*P < 0.001, ****P < 0.0001.

copper-based MOF, N refers to blank siRNA, and P for siPDK). Information Fig. S10A and S10B). In contrast, no PDKI
B16F10 cells treated with OMP exhibited obvious PDK1 inhi- down-regulation was observed using a naked siPDK. These re-
bition compared with control, MP, and OMN groups. The level sults demonstrated that OMP could effectively down-regulate
of PDK1 in OMP group was 0.57-, 0.75-, and 0.63-fold PDK1 expression. Subsequently, the PDH activity was
compared with control, MP, and OMN groups, respectively measured after co-incubated the B16F10 cells with different
(Fig. 3A and Supporting Information Fig. S8). The immunofiu- nanoparticles for 24 h. The PDH activity was significantly
orescence of PDK1 in OMP group also exhibited the lowest increased by OMP treatment (increased by 9.2 and 9.0 times of
fluorescence intensity (Supporting Information Fig. S9). More- the control and OMN groups, respectively) (Fig. 3B). To eval-
over, OMP could effectively decrease PDKI1 expression in uate the metabolic regulation in B16F10 cells caused by OMP
B16F10 cells in a concentration-dependent manner (Supporting nanoformulations, the glucose consumption and lactate secretion
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were analyzed. Due to the excellent PDH modulation capability,
OMP efficiently decreased glucose consumption level (1.9-fold
reduction compared to the control group) and extracellular
lactate content (decreased by 2.4-fold of the control group)
(Fig. 3C and D). Moreover, the intracellular ATP concentration
in OMP group was 1.9 times lower than the control group, which
suggested that OMP could effectively refrain the intracellular
ATP generation (Fig. 3E). Taken together, these results collec-
tively demonstrated the OMP could decrease PDK1 expression
for inhibiting glycolysis, which would sensitize cancer cells to
cuproptosis.

Owing to the restricted ATP supply, we then explored the ef-
fects of OMP on the expressions of ATP7B, which is the major
Cu™" transmembrane transporter to export Cu™ out of cells relies
heavily on ATP as energy. As shown in Fig. 3F and Supporting
Information Fig. S11, the expression of ATP7B in the OMP
group was prominently down-regulated compared with the control
group. Meanwhile, intracellular GSH levels were studied since it
can convert Cu?" into toxic Cu™ to induce cuproptosis. Compared
with the high level of GSH in control group, the GSH contents of
B16F10 cells were significantly decreased after treated with MP
and OMP (Fig. 3G). Subsequently, the intracellular Cu™ contents
after various treatments were detected by using a Cu™ colorimetric
assay kit and Cu'-responsive probe Coppersensor-1 (CS-1)
(Fig. 3H and Supporting Information Fig. S12). These results
showed that the intracellular Cu™ contents were sharply elevated
after treated with OMP for 24 h and increased by 4.6 and 2.2 times
compared to those in control and OMN groups, respectively.
These above results indicated that high levels of GSH in tumor
cells could reduce Cu®" from OMP to toxic Cu™, which would
effectively induce cancer cells cuproptosis. These phenomena
should be ascribed to the better cellular uptake and down-
regulation of ATP7B expression. Subsequently, we explored the
cuproptosis-related proteins expression and DLAT oligomerization
immunofluorescence in B16F10 cells treated with different
nanoparticles for 24 h. On the one hand, we performed the
Western blot analysis of Fe—S cluster-containing proteins (ACO-2
and FDX1), lipoylated protein (Lip-DLAT), and DLAT, which
played key roles in regulating cuproptosis and their loss was one
of the hallmarks of cuproptosis. The expression of ACO-2, Lip-
DLAT, DLAT, and FDX1 in the OMP group were 0.50-, 0.64-,
0.67-, and 0.46-fold of those in the control group, respectively
(Fig. 3A and Fig. S8). Moreover, the levels of ACO-2, Lip-DLAT,
DLAT, and FDX1 in the OMP group were 0.75-, 0.84-, 0.85-, and
0.73-fold of those in the OMN group, respectively. On the other
hand, as shown in Fig. 31, both MP and OMP groups showed
increased degrees of DLAT aggregation, and the OMP group had a
higher degree of DLAT aggregation. These results demonstrated
that OMP possessed excellent ability to induce B16F10 cells
cuproptosis by the synergistic effect of inhibiting glycolysis and
suppressing ATP7B expression.

It has been reported that cuproptosis was a cell death mecha-
nism distinct from known cell death pathways and couldn’t be
inhibited by the inhibitors of the above cell death methods.
Therefore, BI6F10 cells were incubated with inhibitors of known
cell death mechanisms, including oxidative stress inhibitors (n-
acetylcysteine), necroptosis inhibitors (necrostatin-1), ferroptosis
inhibitors (ferrostatin-1), and apoptosis inhibitors (Z-VAD-FMK).
All inhibitors failed to abolish Cu*-induced cell death, further
confirming that cuproptosis was a unique form of death (Fig. 3J).
Conversely, tetrathiomolybdate (TTM) significantly inhibits cell
susceptibility to OMP, because which could chelate with Cu™.

This result suggested that cuproptosis was mainly dependent on
the accumulation of intracellular Cu™. Afterward, the cytotoxicity
of different nanoparticles towards B16F10 cells was evaluated by
MTT assay. With the increase of concentrations, MN showed
moderate cytotoxicity to B16F10 cells (Fig. 3K), while MP
showed increased cytotoxicity since the loaded siPDK which
could significantly regulate intracellular glucose metabolism
pattern and down-regulate ATP7B expression, and subsequently
sensitize B16F10 cells to cuproptosis. Furthermore, the OMP-
treated cells showed lower cell viabilities than MP-treated ones,
further confirming that the functionalization of OPDEA increased
cellular uptake and tumor-killing ability of OMP. These results
further indicated OMP could sensitize B16F10 cells to cuproptosis
and effectively induce cuproptosis-mediated cancer cells death.

3.3.  OMP-induced cuproptosis dependent-ICD in vitro

Owing to the outstanding performance of OMP-induced cuprop-
tosis in B16F10 cells, the role of OMP-mediated cuproptosis in
the promotion of ICD was further explored (Fig. 4A). ICD is
characterized by releasing DAMPs from dying tumor cells, such
as CRT, HMGBI, and ATP. CRT acted as an “eat me” signal when
exposed on the membrane surface of tumor cells and motivated
DCs maturation and CD8" T cells activation. Thus, we deter-
mined whether CRT was exposed on the B16F10 cells membrane
surface after co-incubated with different nanoparticles for 24 h.
The immunofluorescence assay results were shown in Fig. 4B,
more cell-surface exposure of CRT was detected in the OMP
group. Encouraged by the above result, two other ICD biomarkers,
HMGBI and ATP, were also evaluated (Fig. 4C and D). The OMP
group induced significantly increased extracellular secretion of
HMGBI1 and ATP compared with the control group that confirmed
the release of DAMPs. These findings suggested that OMP-
mediated cuproptosis could evoke ICD to induce the release of
DMAPs, which could facilitate the subsequent immune response.

To verify the adaptive immunity introduced by OMP-mediated
cuproptosis, the maturity of DCs as a crucial hallmark was
investigated in vitro by co-incubating bone-marrow-derived DCs
(BMDCs) with the supernatant of B16F10 cells subjected to
different treatments. As shown in Fig. 4E and F, the OMP group
showed an augmented increase in DCs maturation (3.6-fold rela-
tive to the control, 1.4-fold relative to the MP group, and 2.0-fold
relative to the OMN group), indicating cuproptosis-evoked ICD
effect could efficiently promote DCs maturation. Moreover, the
production of mature DCs-related cytokines including IL-6 and
TNF-«a were investigated via ELISA assay, and OMP group also
showed the most IL-6 and TNF-« contents (Fig. 4G and H).
Notably, the secreted immune cytokines can further boost the
recruitment of CD8" T cells, which is favorable for the cascade
amplification of antitumor immune responses. Next, we evaluated
the cytotoxicity of OMP in BMDCs. As shown in Supporting
Information Fig. S13, OMP was well tolerated by BMDCs up to
a concentration of 90 pg/mL (cell viability >85.0%) with a co-
incubation time of 24 h.

3.4.  Regulation of PD-L1 by OMP-mediated cuproptosis

Recent studies indicated that intracellular Cu™ in tumors could
affect PD-L1 expression’®"’. Therefore, we investigated the effect
of OMP-mediated cuproptosis on PD-L1 expression in
B16F10 cells. Western blot analysis indicated the decreased total
PD-L1 expression in B16F10 cells (Fig. 3A and Fig. S8). As
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shown using immunofluorescence, the expression of PD-L1 in the mediated cytotoxicity when associated with aPD-L1 and

OMP group was lower than those in other groups (Supporting
Information Fig. S14A). The qRT-PCR analysis of PD-L1
mRNA expression also indicated significantly reduced expres-
sion in B16F10 cells after treatment with OMP for 24 h
(Fig. S14B). However, flow cytometry and enzyme-linked
immunosorbent assay (ELISA) results showed that the expres-
sion of mPD-L1 on B16F10 cells, as well as sSPD-L.1 secreted into
the supernatant, were increased after treatment with OMP for 24 h
(Fig. 41 and J). Studies have shown that mPD-L1 in tumor cells
and sPD-L1 in peripheral blood could promote CD8" T cells-

couldn’t induce immune tolerance and escape’® *'. Based on this
observation, the combined administration of OMP and aPD-L1
could be a promising form of cancer immunotherapy.

3.5.  Mucosa permeation ability of OMP

The mucosa permeability of OMP was investigated using Caco-
2 cells. Caco-2 cells with long culture time (15 days) possess a
secreted mucus layer that can evaluate the mucosa penetration
capability of OMP (Supporting Information Fig. S15)***_ First, the
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cytotoxicity of MP and OMP were tested against Caco-2 cells. The
MP and OMP exhibited cytotoxicity in a dose-dependent manner
(Supporting Information Fig. S16). To clarify the effect of OPDEA
surface properties on transmucosal capacity at the cellular level, a
monolayer composed of Caco-2 cells was used to measure the
transepithelial electrical resistance (TEER) and apparent perme-
ability coefficient (Papp) after co-incubation with different nano-
particles. FAM fluorescence dye labeled siPDK was used in this
experiment. According to previous studies, zwitterionic carrier
platform was able to address mucus barriers, and drastically
enhance the transport of drugs payload without opening tight
junctions™*. Consistent with the reports, the TEER values of Caco-2
in OMP group were unchanged during the experiment, suggesting
that the cell monolayer was intact and the transport occurred only
through the transcellular pathways (Supporting Information
Fig. S17A). The transmucosal capacity of each nanoformulation
was further tested by measuring the Papp, which is defined as the
rate of the nanoparticles crossing the Caco-2 monolayer on a
Transwell membrane. As shown in Fig. S17B, siPDK and MP
hardly crossed the monolayer, while OMP crossed the monolayer
over time. The estimated Papp of OMP was 5.1 x 10~ cm/s, which
was about 5.4- and 2.7-fold of the siPDK and MP at 3 h, respec-
tively. This suggested that the enhanced mucosa permeability was
associated with the OPDEA surface properties. Furthermore, the
transmucosal capability of different nanoformulations across the
Caco-2 monolayer was also recorded by CLSM. The green fluo-
rescence signal originated from the FAM-labeled siPDK, and the
most conspicuous transportation signal across the mucus layer
occurred in the OMP group (Fig. S17C). These results indicated that
OMP with the OPDEA surface exhibited efficient transmucosal
capacity.

3.6.  In vivo transmucosal penetration and lung accumulation
ability of OMP

We designed OMP that are intended to be inhaled by mice. To
ensure that the atomization process exerted no impact on OMP
properties, we collected the formed spray and conducted stability
tests. A microsprayer aerosolizer (MSA-250, PennCentury, USA)
was utilized for atomization experiments, which could atomize
liquid nanoparticles in a high-pressure way to achieve precise
quantitative and high-concentration direct pulmonary administra-
tion (Supporting Information Fig. S18A). After atomization, the
particle size, PDI, and zeta potential of OMP showed negligible
changes (Fig. S18B and S18C), indicating the structure integrity of
OMP was maintained during the nebulization process. Furthermore,
TEM image of OMP after atomization displayed a morphology
similar to that of OMP without atomization (Fig. S18D). These
findings suggest that OMP could be atomized with high stability,
which is important for their use in inhaled therapies.

We further evaluated the in vivo transmucosal absorption and
lung accumulation behaviors of different formulations by tracking
and visualizing the Cy5 signal in female C57BL/6J mice (siPDK
labeled with Cy5). At 1, 6, and 24 h after inhalation or intravenous
injection of Cy5-MP and Cy5-OMP, mice were sacrificed, and
their normal tissues including heart, lungs, liver, spleen, and
kidney were collected for ex vivo fluorescence imaging, and the
lungs collected at 1 h were used for immunofluorescence staining.
The ex vivo imaging showed bright fluorescence spreading across
the whole lung after inhalation administration of Cy5-OMP and
retaining for at least 24 h (Fig. 5A). Moreover, the intravenously
injected Cy5-OMP was mainly manifested in the liver (accounting

for 70.5%) with little reaching the lungs (4.1%), due to its ten-
dency of being arrested by the reticuloendothelial system. After
inhalation, the lungs accumulation of Cy5-OMP significantly
increased by approximately 94.3-, 198.3-, and 177.9-fold higher
than the intravenous injection of Cy5-OMP at 1, 6, and 24 h,
respectively, manifesting a superior drug accumulation and
retention in lung lesions (Fig. 5B—D). In addition, the stronger
Cy5 fluorescence was observed in the lungs treated with inhalation
of Cy5-OMP than inhalation of Cy5-MP at 1, 6, and 24 h, which
was 9.3-, 3.7-, and 5.4-fold, respectively (Fig. SE). These
confirmed that OPDEA-based vectors exhibited excellent mucosa
penetration and lung retention capability. The distribution of Cy5-
labeled nanoparticles in lungs at 1 h was further sliced and imaged
by CLSM. As expected, confocal images of the lungs collected
from mice treated with inhalation of Cy5-OMP showed stronger
CyS5 fluorescence. This suggested OPDEA-coated vectors signifi-
cantly improved the transmucosal penetration and lung deposition
ability. In summary, OMP possessed superb transmucosal pene-
tration and lung accumulation properties. Next, to evaluate in vivo
pharmacokinetics, the plasma levels of Cy5-siPDK were measured
after inhalation or intravenous injection of Cy5-MP and Cy5-
OMP. After 24 h of inhalation, the Cy5-siPDK relative content
in the blood of the mice in the OMP group was 12.0 £ 2.5%
(Supporting Information Fig. S19). The result demonstrated that
Cy5-OMP for inhalation administration had better long-term
blood circulation ability. These satisfactory properties of OMP
made it an ideal inhalable nanoplatform candidate for the treat-
ment of lung metastasis.

3.7.  Invivo anti-metastatic effects of OMP-mediated
cuproptosis combined with aPD-L1

Inspired by the considerable antitumor effects and sufficient
immune activation of OMP in vitro, we then explored the anti-
metastatic efficacy of inhalation of OMP and OMP in combina-
tion with PD-L1 checkpoint blockade therapy in vivo using the
B16F10 melanoma lung metastasis model. As one of the most
invasive cancers, melanoma is likely to metastasize to lung tissues
through circulatory system. After 7-day tumor inoculation, mice
were randomly divided into the following five groups, including 1:
PBS (inh), 2: aPD-L1 (i.v.), 3: OMP (i.v.), 4: OMP (inh), and 5:
OMP (inh) + aPD-L1 (i.v.) (where inh represents inhalation and i.v.
for intravenous injection). As shown in Fig. 6A, OMP (5 mg/kg)
was inhaled or injected intravenously for four times every 4 days,
and aPD-L1 (3 mg/kg) were applied together after inhalation for
24 h to achieve the best therapeutic efficiency. In the parallel
experiment, mice were sacrificed on Day 18 and the number of
metastasis foci on the surface of lungs collected in different groups
was counted to evaluate the therapeutic efficacy. As shown in
Fig. 6B and Supporting Information Fig. S20, compared with OMP
(i.v.), mice treated with OMP (inh) exhibited a significant reduction
in the numbers of lesions on the lung surface, especially when
combined with aPD-L1, which indicated that the combination of
OMP and aPD-L1 could effectively inhibit the lung metastasis. In
addition, hematoxylin and eosin (H&E) staining of the lung tissues
also demonstrated the excellent anti-metastatic efficiency of OMP
(inh) combination with aPD-L1 (i.v.) (Fig. 6G). Moreover, the
comparison between OMP (i.v.) and OMP (inh) groups showed
significant differences. The above results demonstrated that inha-
lation of OMP had a better therapeutic effect on lung metastasis
than that of intravenous injection due to the stronger targeting
accumulation and retention capacity of OMP toward the lung.
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Figure 5 Mucosa penetration and lung retention of OMP in vivo. (A) Ex vivo fluorescence imaging of heart, lungs, liver, spleen, and kidney
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injection). Data are shown as mean + SD (n = 3). *P < 0.05, **P < 0.01.

Furthermore, we assessed the influence of different treatments on
mice survival. As shown in Fig. 6C, OMP (inh) + aPD-L1 (i.v.)
administration significantly prolonged the survival. Simultaneously,
the body weight was monitored every two days until Day 18. As
shown in Fig. 6D, the stable body weight curve showed that there
was no systematic toxicity after diverse treatments.

Encouraged by the superior therapeutic effect achieved by the
OMP (inh) + aPD-L1 (i.v.) treatment, the anti-metastatic mech-
anism was further explored in vivo. Subsequently, PDK1 mRNA
gRT-PCR analysis, lactate production, cuproptosis-related proteins
expression, and DLAT immunohistochemistry staining in lung
tissues were carried out. Lung metastasis treated with OMP (inh)
and OMP (inh) 4+ aPD-L1 (i.v.) groups exhibited lower PDKI
expression compared to PBS, aPD-L1 (i.v.), and OMP (i.v.) groups
(Fig. 6E). Moreover, the lactate contents were significantly
decreased in OMP (inh)- and OMP (inh) + aPD-L1 (i.v.)-treated
lung tissues. These results revealed that inhalation of OMP could
effectively suppress intratumoral glycolysis, which might be
beneficial to cuproptosis induction. As shown in Supporting
Information Fig. S21, the levels of ACO-2, Lip-DLAT, DLAT,
and FDX1 in OMP (inh) and OMP (inh) + aPD-L1 (i.v.) were
significantly decreased compared with control group, verifying the
effective activation of cuproptosis in vivo. Moreover, the most
pronounced aggregation of DLAT was observed in OMP
(inh) + aPD-L1 (i.v.) group (Fig. 6G), verifying the most powerful
ability to induce cuproptosis in vivo. Taken together, these results

indicated the multifaceted effects provided by OMP (inh) + aPD-
L1 (i.v.) group could significantly induce tumor cells cuproptosis
and further effectively suppress lung metastasis.

3.8. Anti-metastatic immunity evoked by combining OMP-
mediated cuproptosis with aPD-L1

In consideration of the above comprehensive results, we further
investigated the underlying mechanism of OMP-mediated
immunotherapy. The exposure of CRT at lung tissues was
detected via immunofluorescence staining (Fig. 7A). Compared
with the OMP (i.v.) group, OMP (inh) and OMP (inh) + aPD-L1
(i.v.) groups could induce the exposure CRT to a certain extent,
indicating that ICD effect was evoked by inhaling OMP. In
addition, the maturation of DCs (CD45"CD11c¢"CD80"CD86™")
in tumor-draining lymph nodes was detected by flow cytometry
(Fig. 7B, Figs. S22A and S23A). The percentage of DCs
maturation in OMP (inh) + aPD-L1 (i.v.) group was significantly
elevated to 1.8%, which was approximately 2.5- and 1.7-fold
relative to PBS and aPD-L1 groups, respectively, revealing the
satisfactory effect on the enhancement of DCs maturation.
Tumor immunotherapy requires biomarkers and sPD-L1 in
plasma has been considered a predictor for response to immu-
notherapy in the clinic’®*. We thus evaluated the ability of
OMP combination with aPD-L1 to modulate the PD-L1
expression and sPD-L1 secretion of B16F10 melanoma lung
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Figure 6  Evaluation of anti-metastatic effect of inhalable OMP combined with aPD-L1 in BI6F10 melanoma lung metastasis model. (A)

Schematic illustration showing the design of animal experiments. (B) Numbers of metastatic foci on the surface of lungs after different treatments
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(E) qRT-PCR analysis of the PDK1 mRNA expression in lung metastasis after treatment with various conditions (n = 3). (F) Lactate contents in
lung tissues after various treatments (n = 5). (G) H&E and DLAT staining images of lungs after various treatments. DLAT was labeled with Alexa
Fluor 555 (red) and cell nuclei were labeled with DAPI (blue). Scale bar: 100 pm. Data are shown as mean + SD. ns means no significant

difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

metastasis. As indicated in Fig. 7C, OMP (inh) and OMP
(inh) + aPD-L1 (i.v.) led to a significant decrease of PD-L1
expression compared to PBS-treated mice, suggesting the ca-
pacity of OMP to down-regulate PD-L1 expression. Analysis of
sPD-L1 in plasma using ELISA showed that sPD-L1 levels were
higher in OMP-treated mice than those in the PBS group. In
contrast, combination treatment with OMP and aPD-L1 signifi-
cantly decreased sPD-L1 levels in the circulation (Fig. 7D).
These results indicated that OMP-induced secretion of sPD-L1
reduced the activity of CD8' T cells, and combination with
aPD-L1 reenergized exhausted T cells to promote tumor
suppression.

Tumor progression is intimately related to the overall state of
the immune system. In most instances, TME is in an immuno-
suppressive state, manifested as the exhaustion of CD8™ T cells,
abundant M2-polarized macrophages, and increased MDSCs and
Tregs development®®. The superior in vivo anti-metastatic effi-
cacy of the combination of inhalation OMP and aPD-L1
immunotherapy could be attributed to the successful activation
of chain-like immune responses. To evaluate the mechanisms
underlying the response of immune cells and the expression of
major immune cell cytokines in lung tissues were evaluated
using a subset of the tested mice on Day 18. We first quantified
tumor-infiltrating cytotoxic CD8" T cells using flow cytometry.
Under the synergistic activity of OMP and PD-L1 checkpoint

blockade, the proportion of CD8™ T cells (CD457CD3"CD8™)
in the OMP (inh) 4 aPD-L1 (i.v.) group was significantly greater
than in the PBS and aPD-L1 (i.v.) groups (Fig. 7E, Figs. S22B
and S23B), exhibiting 1.6- and 1.4-fold increases, respectively,
indicating OMP combination with aPD-L1 possessed the
powerful ability of facilitating CD8" T cells infiltration. In
addition, M1-type macrophages (CD45%F4/807CD86"CD2067)
and M2-type macrophages (CD457F4/807CD86 CD206%) at the
lung tissues were also quantified via flow cytometry. Compared
to the PBS group, the OMP (inh) and aPD-L1 (i.v.) combination
led to a remarkable increase of tumor-infiltrating MI-type
macrophages and significant reduction of M2-type macro-
phages, ultimately producing a 3.3-fold enhancement of the M1/
M2 ratio (Fig. 7F—H, Figs. S22C and S23C). The immunosup-
pressive MDSCs and Tregs severely suppress anti-metastatic
immune responses in cancer immunotherapy’’**. Therefore,
we further explored the capacity of the OMP (inh) + aPD-L1
(i.v.) to relieve in vivo immunosuppression of lung metastasis
using flow cytometry. As shown in Fig. 71, Figs. S22D and S23D,
the fraction of immunosuppressive Tregs (CD457CD4 Foxp3™)
exhibited a sharp decrease upon treatment with the OMP
(inh) + aPD-L1 (i.v.), being more effective in down-regulating
Tregs as compared to aPD-L1 and OMP alone. In addition,
lung metastasis had a high percentage of MDSCs
(CD45TCD11b*Gr-17), and aPD-L1 treatment only led to a
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In vivo immune activation and exertion of potent antimetastatic efficacy with combined inhalable OMP and aPD-L1. (A) Immu-

nofluorescence images of CRT in lung sections (n = 3). CRT was labeled with Alexa Fluor 555 (red) and cell nuclei were labeled with DAPI
(blue). Scale bars: 100 pm. (B) The semiquantitative analysis from flow cytometry of DCs in tumor-draining lymph nodes (n = 5). (C) qRT-PCR
analysis of the PD-L1 expression in lung metastasis sites after various treatments (n = 3). (D) Soluble PD-L1 secretion in the blood serum of each
group (n = 3). (E) Flow cytometric analysis of CD8" T cells in lung tissues after different treatments (n = 5). (F—H) The frequency of (F) M1-
type macrophages, (G) M2-type macrophages, and (H) M1/M2 ratio in metastatic lungs from each treatment (n = 5). (I andJ) Flow cytometric
analysis of (I) Tregs and (J) MDSCs in lung samples extracted from mice given treatments (n = 5). (K—0O) Concentrations of (K) IL-10, (L) IL-
12, (M) IL-6, (N) IFN-v, and (O) TNF-« secreted in lung tissues evaluated by ELISA (n = 6). 1: PBS (inh), 2: aPD-L1 (i.v.), 3: OMP (i.v.), 4:
OMP (inh), and 5: OMP (inh) + aPD-L1 (i.v.). Data are shown as mean + SD. ns means no significant difference, *P < 0.05, **P < 0.01,

#EEP < 0.001, ¥*¥*F*P < 0.0001.

minimal decrease of MDSCs proportion. In contrast, the OMP
(inh)4+-aPD-L1 (i.v.) group resulted in a distinct decrease of
MDSCs fraction (Fig. 7J, Figs. S22E and S23E), affirming the
effectiveness of this combination to relieve immunosuppression
microenvironment of lung metastasis. Furthermore, the concen-
trations of different cytokines secreted in the lung tissues were
evaluated by ELISA. As we expected, the IL-10 concentrations,
which induced the polarization of M2 macrophages, greatly
decreased in the lungs treated with the OMP (inh) + aPD-L1
(i.v.) group (Fig. 7K). The concentrations of IL-12 and IL-6,
which play important roles in activating CD8" T cells, signifi-
cantly increased with the treatment of OMP (inh) + aPD-L1
(i.v.) (Fig. 7L and M). Cytokines including IFN-y and TNF-«
were also obviously increased, which further indicated the
stronger cellular immune responses induced by OMP and aPD-

L1 combination (Fig. 7N and O). Collectively, the results
confirmed that OMP and aPD-L1 combination could reverse the
immunosuppressive TME and trigger an effective anti-metastatic
immune response. Hence, cooperative cuproptosis and immune
checkpoint blockade can effectively activate immune responses
via recruiting tumor-attacking immune cells and dismantling
in vivo immunosuppression.

3.9.
OMP

In vivo biosafety and metabolism analysis of inhalable

The potential in vivo toxicity is always a considerable concern for
nanomaterials used in biomedicine. To evaluate the safety of
inhalable OMP nanoparticles, healthy female C57BL/6]J mice
were inhaled PBS and OMP (at a total dose of 5 mg/kg) for four
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times every 4 days. Thereafter, the major organs of mice were
collected for H&E analysis on Day 18. As shown in Supporting
Information Fig. S24A, we could not observe significant alve-
olar collapse, injury of alveolar epithelial cells, and inflammatory
cell infiltration, suggesting that there were negligible lung toxicity
and inflammation caused by inhalation administrations of OMP.
Moreover, the H&E staining images also indicated that inhalation
of OMP would not impact the other main organs (heart, liver,
spleen, and kidney). The above results demonstrated that inhala-
tion of OMP didn’t cause histological damage to lung tissues and
other organs, suggesting their preferable in vivo safety. Further-
more, the hemocompatibility of OMP nanoparticles was per-
formed. No hemolysis was observed for OMP nanoparticles up to
a concentration of 400 pg/mL (Fig. S24B), indicating the high
biocompatibility of the nanocomposite. We further conducted
blood chemistry tests including liver functions [aspartate amino-
transferase (AST) and alanine aminotransferase (ALT)] and renal
function markers [creatinine (CRE) and blood urea nitrogen
(BUN)] on blood serum (Fig. S24C—S24F). The results revealed
that the levels of all blood biochemical parameters fell within the
normal range, indicative of the stable order in both liver and
kidney. All of the above results indicated a good biocompatibility
of this OMP system.

We further explored the retention time in lungs and clearance
pathway of OMP after inhalation administration. On the basis of
the Cu contents measured by ICP-MS, a retention time in lungs
after inhalation of OMP was carried out. After inhalation of OMP,
the Cu contents of OMP in lungs were found to be 45.3%, which
proved that OMP mainly accumulated in lungs. Moreover, the
levels of Cu significantly decreased over time. After 5 days, the
amounts of Cu showed a drastic decrease to be <3.0% ID/g in
lungs, suggesting that the majority of OMP was cleared out from
the mice body (Supporting Information Fig. S25A). In addition,
we investigated the clearance pathway of OMP after inhalation
administration. ICP-MS was used to analyze the metabolites in
mice, including urine and feces. After inhaling OMP for 3 days,
most of the Cu could be detected in the urine and feces of the
mice. Time-dependent analysis of the Cu content revealed that
most of the inhaled OMP could be found in the urine within 9
days, demonstrating that OMP could be gradually eliminated
through the renal route, and the remaining part could be metab-
olized slowly via the feces (Fig. S25B). These results overall point
out that OMP is highly effective and biosafe.

4. Conclusions

In summary, we developed a copper-based nanoplatform (termed
OMP) for sensitizing cancer cells to cuproptosis and activating
cuproptosis-mediated immunotherapy of lung metastasis by
inhalation administration. OMP with OPDEA clocks could over-
come the pulmonary mucosal barriers and greatly enhance the
intratumoral accumulation by inhalation administration. Within
tumor cells, OMP not only released Cu™ under acidic and GSH
conditions, but also effectively inhibited intracellular glycolysis
and ATP production, which down-regulated Cu™ efflux protein
ATP7B expression and further increased intracellular Cu™ accu-
mulation, finally inducing cancer cells cuproptosis. In addition,
OMP-mediated cuproptosis acted as the ICD evoker to enhance
the tumor cell related immunogenicity and promote immune
activation (DCs maturation and CD8" T cells infiltration). More
importantly, OMP-induced cuproptosis up-regulated membrane-
associated PD-L1 expression and induced soluble PD-L1 secretion

in B16F10 cells. In lung melanoma metastasis model, OMP could
convert the immunosuppressive TME to an immune-activating
environment, thereby inhibiting the growth of metastatic lung
tumors without obvious side effects. Furthermore, OMP-induced
cuproptosis collaborated with PD-L1 checkpoint blockade could
provoke more powerful anti-tumor immunity. Consequently, OMP
represents the effective inhalable system to perform the synergistic
therapeutic strategy via inducing cuproptosis and combining with
PD-L1 checkpoint blockade that prove to be a powerful tool
against lung metastasis.
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