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KEY WORDS Abstract  Due to the insufficient Cu™ accumulation, Cu™ efflux mechanism, and highly immunosuppres-
sive tumor microenvironment (TME) in lung metastasis, the cuproptosis efficacy is limited. Herein, an

CC(u}ir;)Et g’i‘lISNG activation: inhalable nanodevice (CLDCu) is constructed to successfully overcome the drawbacks of cuproptosis.
Disulfiram: ’ CLDCu consists of a Cu?"-chitosan shell and low molecular weight heparin-tocopherol succinate
Tibeikiten ,administration' (LMWH-TOS, LT) core with disulfiram (DSF) loading. The prepared CLDCu can be inhaled and accumulate
Tumor microenvironment; in large amounts in lung lesions (63.6%) with 56.5 times higher than intravenous injection. Within tumor cells,
PD-L1 checkpoint the mild acidity triggers the co-release of DSF and Cu*", thus generating bis(diethyldithiocarbamate)-copper

blockade; (CuET) to block Cu* efflux protein ATP7B and forming toxic Cu™, leading to enhanced cuproptosis. Mean-
Lung metastasis; while, the released chitosan cooperates with CLDCu-induced cuproptosis to activate stimulator of interferon
Immunotherapy genes (STING) pathway, which significantly potentiates dendritic cells (DCs) maturation, as wells as evokes

innate and adaptive immunity. In lung metastatic mice model, CLDCu is found to induce cuproptosis and
reverse the immunosuppressive TME by inhalation administration. Moreover, CLDCu combined with
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anti-programmed cell death protein ligand-1 antibody (aPD-L1) provokes stronger antitumor immunity.
Therefore, nanomedicine that combines cuproptosis with STING activation is a novel strategy for tumor

immunotherapy.

© 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 cancer is one of the most common malignancies worldwide,
accounting for 20% of all cancer-related deaths'”?. Moreover, tu-
mors at other sites can remodel the lung microenvironment to
promote the invasion and metastasis of tumor cells, thereby pro-
ducing metastatic tumors in the lungs® >, Tt is estimated that
20%—54% of malignant tumors develop lung metastasis, which
seriously threatens the survival and quality of life of patients®’. In
the course of clinical treatment, surgery, chemotherapy, and
radiotherapy are used to treat lung metastasis® '°. Despite ad-
vances in these therapeutic strategies, the lung metastasis is
mostly incurable, and 5-year survival rates of lung metastatic
cancer is low''. Therefore, these traditional therapy modalities are
still less than ideal for lung metastasis. Recently, a unique Cu™*-
dependent death pathway that occurs by a new mechanism, termed
“cuproptosis” has been discovered for the first time'>. Cuproptosis
relies heavily on intracellular Cu™ accumulation and differs from
all other known pathways'>. Moreover, Cu™ is more important for
cuproptosis than Cu®", because Cu’ can directly combine with
lipoylated dihydrolipoamide S-acetyltransferase (Lip-DLAT) to
increase DLAT oligomers levels and decrease Fe—S cluster pro-
teins, thereby effectively triggering cuproptosis'*. The mechanism
of cuproptosis may invigorate research exploiting the unique role
of Cut to treat cancers. However, insufficient Cut accumulation
in tumor tissues, Cu™ transporter ATP7B'>'°, and highly immu-
nosuppressive tumor microenvironment (TME) undermine
cuproptosis therapeutic efficacy. Therefore, it may be feasible to
achieve enhanced cuproptosis-mediated lung metastasis therapy
by designing new nanomedicines that simultaneously deliver large
amounts of Cu™, block Cu* efflux protein ATP7B, and reshape the
tumor immune microenvironment (TIME) at lung metastatic sites.

Up to now, a variety of Cu®" ionophores have been explored,
such as elesclomol, pyrithione, and disulfiram (DSF)”. In contrast
with other Cu®* ionophores, DSF can react with Cu®* to produce
Cut'7'8 thus leading to more effective cuproptosis. Furthermore,
DSF chelates with Cu®* to generate bis(diethyldithiocarbamate)—
copper (CuET), which displays more efficient reactive oxygen
species (ROS) generation ability to inhibit ATP production and
down-regulate Cu™ transporter ATP7B expression'’, and then
causes elevated levels of intracellular Cu*, yielding a more intense
cuproptosis-based therapy. Therefore, the co-delivery of sufficient
DSF and Cu*" to lung metastatic tissues by a reasonably efficient
delivery system is absolutely a reasonable means to fully utilize
Cu-induced cell death for lung metastasis therapy. The inhalation
administration system exhibited increased drug accumulation in
lung sites, thus presenting a potential treatment route for lung
metastasis treatment””>'. However, due to rapid clearance by the
mucociliary clearance mechanism, inhaled free DSF and cu?t
show limited antitumor efficacy’’. According to research, chito-
san, a biodegradability and biocompatibility natural copolymer,

can achieve mucosal penetration and long-term retention in
lungSB. Therefore, inhalation administration of DSF, Cu2+, and
chitosan offers ample potential to induce lung metastasis
cuproptosis.

However, lung metastasis cannot be cured by cuproptosis
treatment alone. Therefore, it has been proposed to combine
cuproptosis with pyroptosis, ferroptosis, and immunotherapy to
improve anti-metastatic efficacy>* 2°. In particular, cuproptosis
can act as the immunogenic cell death (ICD) evoker to release
damage-associated molecular patterns (DAMPs), and then
improve tumor immunogenicity’**’. Despite the fact that
cuproptosis combined with immunotherapy have shown some
benefit for lung metastasis, cuproptosis-induced ICD still fails to
induce enough antitumor immunity?”**. Emerging research sug-
gests that chitosan can act as the adjuvant to activate cyclic-di-
GMP-AMP synthase-stimulator of interferon genes (cGAS—ST-
ING) pathway, which stimulates DCs maturation and promotes
CD8* T cells activation to initiate robust antitumor immune re-
sponses”*". In addition, chitosan contains amino and hydroxyl
groups that provide natural anchoring sites for Cu>*™'. Therefore,
a novel inhalable nanoformulation based on the combination of
DSF, Cu2+, and chitosan, with enhanced cuproptosis and
c¢GAS—STING activation, can be used for combined cuproptosis
immune antitumor therapy.

Herein, we constructed an inhalable nanodevice with enhanced
cuproptosis and cGAS—STING activation for effective lung
metastasis immunotherapy, defined as CLDCu (C stands for chi-
tosan, L for LMWH-TOS, D refers to DSF, and Cu is the symbol
of Cu®"). The CLDCu consisted of a Cu?*-chitosan shell and low
molecular weight heparin-tocopherol succinate (LMWH-TOS,
LT) core with DSF loading (Fig. 1A). CLDCu administrated by
inhalation route can achieve increased Cu®" and DSF accumula-
tion in lung tissues. The Cu®"-chitosan shell enabled efficient
internalization by tumor cells. Following entering tumor cells,
CLDCu would release Cu>™ and DSF under mildly acidic pH
condition. Subsequently, the released DSF in situ chelated free
Cu®* to form CuET and convert Cu?" into Cu™, which could
directly bind to Lip-DLAT aggregation and destabilize Fe—S
cluster proteins. In addition, CuET could decrease intracellular
ATP contents and then down-regulate Cu" efflux protein ATP7B
expression. The synergistic effects could significantly trigger
tumor cells cuproptosis and then restore tumor antigen recogni-
tion. Meanwhile, the released chitosan in combination
with CLDCu-mediated cuproptosis strongly activated the
cGAS—STING pathway, which stimulated DCs maturation and
promoted immune activation within the tumor. In vivo experi-
ments showed that inhalation of CLDCu could simultaneously
elicit robust anti-metastatic response and convert the immuno-
suppressive TME to an immune-activating type. Moreover, the
combination of inhalation of CLDCu and aPD-L1 could provoke
more powerful antitumor immunity (Fig. 1B). Taken together, the
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Inhalable CLDCu with amplified cuproptosis and cGAS—STING activation for enhanced lung metastasis immunotherapy. (A)

Synthesis process of CLDCu. (B) Schematic illustration of CLDCu for amplified cuproptosis synergized immunotherapy in vivo.

successful construction of CLDCu sets an example to augment
cuproptosis and activate cGAS—STING pathway for lung metas-
tasis immunotherapy.

2. Materials and methods

2.1. Materials

Chitosan and disulfiram were purchased from Bide Pharmatech Ltd.
(Shanghai, China). Coumarin 6 (C6), Cy5, reactive oxygen species
(ROS) detection kit, ATP7B polyclonal antibody (AF6264), p-TBK1
polyclonal antibody (AF5959), and p-IRF3 polyclonal antibody
(AF5848) were obtained from Beyotime Biotechnology (Shanghai,
China). aPD-L1 antibodies (cat. no. BEO101) used for in vivo therapy
were purchased from BioXCell Biotech Co. (New Hampshire, USA).
GAPDH monoclonal antibody (60004-1-Ig), CRT monoclonal anti-
body (10292-1-AP), and DLAT polyclonal antibody (13426-1-AP)
were obtained from Proteintech Group, Inc. (Rosemont, IL, USA).
Lipoic acid (ab58724) and FDX1 (ab108257) were ordered from
Abcam Ltd. (Shanghai, China). p-STING (Ser366) polyclonal anti-
body (PA5-105674) was acquired from Thermo Fisher Scientific Inc.
(Massachusetts, USA). B16F10 cells and human umbilical vein
endothelial cells (HUVECs) were obtained from the Chinese

Academy of Science Cells Bank (Shanghai, China). Six weeks old
female C57BL/6] 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 Cheeloo College of Medicine of Shandong
University (ethical approval number: ECSPSSDU2023-2-227).

2.2.  Methods

2.2.1.  Preparation and characterization of CLDCu

Firstly, LMWH-TOS (LT) was synthesized following previous
research”™. Subsequently, CLDCu was synthesized by a “two-
step” strategy. Specifically, LD was prepared following the
emulsion-evaporation method™. Specifically, DSF (1.0 mg) dis-
solved in CHCIl; (3 mL) and stirred for 30 min at 25 °C. Next, LT
(10.0 mg) was mixed with the above DSF solution. Distilled water
(3 mL) was added and sonicated to obtain a more homogenized
solution. The LD (L for LMWH-TOS and D refers to DSF)
powder was obtained after lyophilization for 24 h. Secondly,
the chitosan solution (5 mg/mL, 1 mL) and the following
CuCl3-2H,O solution (2.5 mg/mL, 1 mL) were immediately
added under vortex. Finally, the solution pH was adjusted to about
7.4 to obtain CLDCu. The obtained CLDCu nanodevices were
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centrifuged at 12,000 rpm (Z36HK, HermLe, GRE) for 30 min.
The C6-CLCu and Cy5-CLCu were similarly synthesized.

2.2.2.  pH-triggered Cu*" release from CLDCu

First, CLDCu (1 mg/mL, 1 mL) 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 (HermLe) for 30 min. The
release efficiency of Cu®" in the supernatants was measured by
inductively coupled plasma mass spectra (ICP-MS).

2.2.3.  Determination of the ability of CLDCu to generate
hydroxyl radical (-OH)

-OH generation was investigated by using TMB as a probe®’. The
reaction was performed in the pH 5.5 PBS buffer containing
0.5 mmol/L TMB and 8 mmol/L H,O,. After respective incuba-
tion with DSF, CLCu, and CLDCu at pre-designed time points
including 1, 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, and 300 min
oxTMB was monitored at the absorbance of 652 nm.

2.2.4.  Cellular uptake efficacy

To observe the cellular uptake in vitro, the coumarin 6 (C6, green)
molecules instead of DSF were loaded in nanoparticles, named
C6-L and C6-CLCu, respectively. B16F10 cells were seeded on
confocal dishes (3 x 10° cells). C6-L and C6-CLCu were incu-
bated with B16F10 cells for 6 h. The intracellular fluorescence
images and data were acquired with a confocal laser scanning
microscopy (CLSM, Dragonfly 200, Andor, UK) and flow
cytometry (CytoFLEX S, Beckman, USA).

2.2.5. Invitro cell viability assay

B16F10 cells were incubated in fresh 1640 medium containing
different concentrations of Cu2+, Cu2++DSF, CLCu, and CLDCu
for 24 h. The Cu?**+DSF and CLDCu groups shared the same
concentrations of DSF (0.38, 0.75, 1.5, 3.0, 4.5, and 6.0 pg/mL). A
similar concentration of Cu®" was given to all the groups (0.19,
0.38, 0.75, 1.5, 2.25, and 3.0 pg/mL). Finally, MTT assay was
applied to measure the cell viability. The viability of HUVECs and
BMDCs was determined in the similar method.

To measure the B16F10 cells viability in the presence of different
inhibitors, ferroptosis inhibitor (ferrostatin-1, 10 mmol/L), nec-
roptosis inhibitor (necrostatin-1, 20 mmol/L), oxidative stress in-
hibitor (n-acetylcysteine, 5 mmol/L), apoptosis inhibitor (Z-VAD-
FMK, 30 mmol/L), and cuproptosis inhibitor (TTM, 20 mmol/L)
were added and incubated with B16F10 cells overnight. Then,
CLDCu (100 pg/mL) was injected into the culture medium of
B16F10 cells. The cytotoxicity was then measured after 24 h.

2.2.6.  Evaluation of intracellular total ROS generation

For detecting total ROS generation, B16F10 cells were treated
with PBS, Cu®>", Cu*"+DSFE, CLCu, and CLDCu (50 pg/mL, the
other groups were dosed with the same concentrations of Cu®" or
DSF) for 24 h. After that, the ROS generation was analyzed via
flow cytometry. In addition, total ROS concentration was also
detected by CLSM after being stained with DAPI for 20 min.

2.2.7.  Intracellular ATP detection

BI6F10 cells were treated with PBS, Cu®*, Cu®*+DSF, CLCu,
and CLDCu (50 pg/mL, the other groups were dosed with the
same concentrations of Cu>" or DSF) for 24 h. An ATP assay kit
was applied to evaluate intracellular ATP contents after cells were
harvested.

2.2.8.  Determination of intracellular Cu” content

The intracellular Cu* concentrations were evaluated using a Cu™
colorimetric assay kit and Cu™-responsive probe Coppersensor-1
(CS-1)**. B16F10 cells were incubated with Cu®*", Cu**+DSF,
CLCu, and CLDCu (50 pg/mL, the other groups were dosed with
the same concentrations of Cu®>" or DSF) for 24 h. The Cu™*
amounts were determined using a Cu™ colorimetric assay kit, as
directed by the manufacturer. For Cu'-responsive probe
Coppersensor-1 (CS-1) to detect the concentrations of intracellular
Cu™, 5 umol/L CS-1 was added for incubation with treated
B16F10 cells. Data were acquired by flow cytometry.

2.2.9.  Western blot analysis of CLDCu-mediated cuproptosis
To perform Western blot analysis, B16F10 cells were subjected to
various treatments: PBS, Cu*", Cu”"4DSF, CLCu, and CLDCu
(50 pg/mL, the other groups were dosed with the same concen-
trations of Cu?" or DSF). A total of 20 pg protein/lane was
separated using 7.5% or 12.5% SDS-PAGE. Next, the poly-
vinylidene fluoride (PVDF) membrane was incubated overnight
with primary antibodies as follows: ATP7B polyclonal antibody
(1:5000), DLAT polyclonal antibody (1:5000), Lipoic acid poly-
clonal antibody (1:6000), FDX1 monoclonal antibody (1:5000),
and GAPDH monoclonal antibody (1:10,000). Subsequently, the
membrane was incubated with secondary antibody. The protein
expressions were evaluated by analyzing the gray levels.

2.2.10.  Evaluation of DLAT aggregation

PBS, Cu*", Cu*"+DSF, CLCu, and CLDCu (50 pg/mL, the other
groups were dosed with the same concentrations of Cu?" and
DSF) were respectively incubated with B16F10 cells for 24 h. The
cells then were incubated with the DLAT antibody (1:100) at 4 °C
overnight, stained with Alexa Fluor 488 anti-rabbit secondary
antibody, Actin-tracker red, and DAPI and ultimately observed
under CLSM. The immunofluorescence of ATP7B was performed
following the same procedure with ATP7B antibody (1:100).

2.2.11.  Detection of immunogenic cell death (ICD)

First, the concentration of HMGBI in cell culture supernatant was
determined. Typically, different formulations were added to the
B16F10 cells medium and incubated for 24 h. The HMGBI1
content was detected by using ELISA kit. The contents of ATP in
the supernatant were carried out in the same way. For immuno-
fluorescence, the aforementioned treated cells were incubated with
CRT antibody (1:100) at 4 °C overnight, and further stained with
Alexa Flour 647-conjugated secondary antibody, and ultimately
observed under CLSM.

2.2.12.  Invitro DCs maturation and cGAS—STING pathway
activation

Bone marrow-derived dendritic cells (BMDCs) were used to
evaluate whether CLDCu stimulates the maturation of DCs and
activates the cGAS—STING pathway in DCs> . Specifically,
1 x 10° inactivated BMDCs were treated with different concen-
trations of CLDCu (0, 12.5, 25, 37.5, and 50 pg/mL) for 24 h.
Then, BMDCs were stained with anti-CD11c-APC, anti-CD86-
PE-Cy5.5, and anti-CD80-FITC according to the vendor’s pro-
tocols, Then, BMDCs were detected by flow cytometry to inves-
tigate their maturation. Moreover, the expression of
cGAS—STING pathway-related proteins, such as p-STING, p-
IRF3, and p-TBK1 was analyzed using Western blotting.
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2.2.13.  Biodistribution

To investigate in vivo biodistribution patterns of CLDCu, the Cy5-
substituted DSF was loaded in CLDCu, named Cy5-CLCu. Then,
Cy5-CLCu (50 pL, 4 mg/mL) was inhaled into mice by micro-
sprayer aerosolizer (MSA-250, PennCentury, USA). For compar-
ison, Cy5-CLCu (50 pL, 4 mg/mL) was injected intravenously. At
1, 6, and 24 h after intravenous injection or inhalation of Cy5-
CLCu, mice were sacrificed, and lungs and other major organs
were collected for ex vivo imaging, and the lungs collected at 24 h
were used for histological imaging.

2.2.14.  In vivo anti-metastatic efficacy

Metastatic lung tumor model was established by intravenous injec-
tion of 3 x 10°> BI16F10 cells. After 7 days, mice were randomly
divided into five groups, including 1: PBS (inh), 2: CLCu (inh), 3:
CLDCu (i.v.), 4: CLDCu (inh), 5: CLDCu (inh) + aPD-L1 (i.v.).
CLDCu (10 mg/kg) was inhaled three times every 7 days and aPD-
L1 (3 mg/kg) was injected intravenously after inhalation of CLDCu
for 24 h. The therapeutic results were mainly evaluated by the
number of lung metastasis foci and survival rates of mice. The body
weight was monitored every other day.

2.2.15. Immune effects

For analysis of DCs (CD457CD11¢"CD80"CD86" DCs) matu-
ration, lymph node cells were stained with anti-CD45-APC-Cy7,
anti-CD11c-APC, anti-CD86-PE-Cy5.5, and anti-CD80-FITC. For
the investigation of the level of CD8" T cells
(CD457CD3"CD8a™ T cells), the single 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"F4/807CD861CD206~ M1  macrophages,
CD45%F4/807CD86 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 the evaluation of immune-suppressive
myeloid-derived suppressor cells (MDSCs) (CD457CD11b™
Gr-1" MDSCs) in metastatic lungs, anti-CD45-APC-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) (CD45TCD4 Foxp3™
Tregs), single-cell suspensions were firstly stained with anti-
CD45-APC-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) antibody
for 60 min. The stained cells were analyzed by flowcytometry.

2.2.16.  ELISA and mRNA analysis

The concentrations of IL-6, IL-12, TNF-«, and IFN-y in lung
metastatic sites were evaluated by ELISA kits. The qRT-PCR was
applied to evaluate IFN-B8 and CXCL-10 expression. The
following  primers were used (5'—3'). M-GAPDH-S,
GGTGAAGGTCGGTGTGAACG, M-GAPDH-A, CTCGCTCCT
GGAAGATGGTG; M—IFN—3-S, CGTGGGAGATGTCCTCAA
CT, M—IFN—3-A, TGAAGATCTCTGCTCGGACC; M-CXCL-
10-S, GAGAGACATCCCGAGCCAAC, M-CXCL-10-A, TGGG
CAGGATAGTCAACACG.

2.2.17.  Statistical analysis

Software GraphPad Prism 8.0.2 was used for the data analysis. All
quantitative data were presented as mean =+ standard deviation
(SD), and the differences between groups were assessed using
two-sided Student z-test or one-way ANOVA with Tukey’s post

hoc test. Statistical differences were defined as ns means no sig-
nificant difference, *P < 0.05, **P < 0.01, ***P < 0.001,
FEEEP < 0.0001.

3. Results and discussion

3.1.  Preparation, characterization, and cellular uptake of
CLDCu

The construction process of CLDCu was illustrated in Fig. 1A. We
first designed an amphiphilic conjugate, LMWH-TOS (LT) as
previously described””. The LMWH (hydrophilic part) and TOS
(hydrophobic part) were connected by esterification (Supporting
Information Scheme S1). The structures of LT conjugate was
characterized by 'H-NMR and GPC (Supporting Information
Fig. SIA-S1C). The peaks of LMWH (3.2—5.5 ppm) and TOS
(1.0—3.0 ppm) in the LT "H NMR spectrum indicated the suc-
cessful synthesis. The molecular weight (MW) of LT, as deter-
mined using GPC, was about 7.6 kDa. LT conjugate had a low
critical micelle concentration of 0.06117 mg/mL (Supporting
Information Fig. S2). Subsequently, DSF was encapsulated into
the LT conjugate at a carrier/drug weight ratio as low as 10:1 by
the single emulsification method, and the obtained nanodevice was
denoted as LD (Supporting Information Fig. S3). To construct
CLDCu, Cu?* and chitosan were added to the emulsion of LD,
and the Cu®*-chitosan shell would rapidly form outside the LD
core through electrostatic interactions. The morphology of LD and
CLDCu were confirmed by transmission electron microscopy
(TEM), and CLDCu exhibited a uniform structure (Fig. 2A). The
hydration particle sizes of LD and CLDCu were 122.9 nm and
186.9 nm with PDIs of 0.234 and 0.105, respectively (Fig. 2B).
Moreover, compared to LD, the zeta potential of CLDCu
considerably increased to 4.5 from —259 mV (Fig. 2C).
Furthermore, the elemental mapping images of N, S, and Cu el-
ements confirmed the core—shell structure and successful prepa-
ration of CLDCu (Fig. 2D). And the ICP-MS results exhibited that
the weight percentage of Cu and S (a characteristic element of
DSF) in the prepared CLDCu was 2.97% (w/w) and 2.52% (w/w),
respectively. In addition, CLDCu exhibited similar size and zeta
potential within 7 days in PBS, indicating good stability of
CLDCu (Supporting Information Fig. S4).

According to our design, CLDCu should possess tumor-
specific biodegradability. Thus, we tested the pH-responsive
properties of CLDCu. CLDCu exhibited weak release of Cu>"
in pH 7.4 (about 20%) and 6.8 (about 35%) PBS (Fig. 2E).
Notably, after 24 h, CLDCu showed significantly accelerated
Cu*" release in pH 5.5 (about 90%). Moreover, as shown in
Supporting Information Fig. S5A and S5B, CLDCu remained
largely intact at pH 7.4 and 6.8 but dissociated under acidic
condition during the 6 h incubation period. These results sug-
gested that CLDCu possessed acid-responsive characteristics,
possibly due to the breaking of coordination bond in Cu*"-chi-
tosan. As the aforementioned, the co-released Cu®* and DSF
could react with each other to generate CuET, which has char-
acteristic absorption peaks at 263 and 429 nm>°. Therefore, the
UV—Vis—NIR absorbance values at 263 and 429 nm of CLDCu
solutions were detected after dissolved in different pH PBS (7.4,
6.8, and 5.5). The absorption peak intensity of CLDCu at 263 and
429 nm gradually increased with time under pH = 5.5 condition,
confirming the generation of CuET (Fig. 2F). Comparatively,
under pH = 7.4 and 6.8 conditions, the absorption peak intensity
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Figure 2

Preparation, characterization, and intracellular uptake of CLDCu. (A) LD and CLDCu (scale bar: 300 nm) and enlarged CLDCu TEM

images (scale bar: 100 nm). (B) The hydrodynamic diameter and PDI of LD and CLDCu. (C) The zeta potentials of LD and CLDCu. (D) Element
mapping of CLDCu. (E) Cumulative Cu®" release from CLDCu at pH 7.4, 6.8, and 5.5. (F) UV—Vis absorbance spectra of CLDCu solution in the
range of 210—560 nm after immersing in PBS (pH 5.5). (G) Absorbances of DSF, Cu?", Cu®>"+DSF, CLCu, and CLDClu after co-incubation with
TMB and H,0,. (H) Mean fluorescence intensity (MFI) of fluorescence signals of B16F10 cells that incubated with C6-labeled LD or CLDCu for
1,2, 4, and 6 h. (I) Representative CLSM pictures of BI6F10 cells incubated with C6-L or C6-CLCu for 6 h. Cell nuclei were stained with DAPI
(blue). Scale bar = 100 nm. Data are shown as mean + SD (n = 3). ***P < 0.001.

of CuET decreased significantly at the same time point
(Supporting Information Fig. S6A and S6B). Collectively, CLDCu
showed acid-responsive degradation properties to release Cu*"
and DSF and subsequently generate CuET.

Next, we performed the functional characterizations of
CLDCu in producing hydroxyl radical (OH). To verify the
capability of CLDCu in generating -OH, 3,3'.5,5'-tetrame-
thylbenzidine (TMB) was used (Fig. 2G)**. The Cu®* and CLCu
groups showed moderate absorption, indicating the generation of
-OH. Notably, the Cu*"+DSF and CLDCu group has the
increased absorption, which was ascribed to the CuET formation
enhancing -OH production. In addition, the ability of CLDCu to
generate -OH was detected in pH 7.4, 6.8, and 5.5 media. It was
found that the trial performed in pH 5.5 condition exhibited a
much stronger absorption at 652 nm than performed at pH 7.4
and 6.8, and the peak intensity at pH 5.5 notably increased with
incubation time, indicating that CLDCu could efficiently
generate +OH in mildly acidic conditions (Supporting
Information Fig. S7A and S7B).

To investigate the intracellular uptake of prepared nano-
particles, LD and CLDCu were labeled by coumarin 6 (C6, green),
named C6-L and C6-CLCu. Obviously, after the Cu®"-chitosan

shell decoration, B16F10 cells incubated with C6-CLCu exhibited
higher intracellular fluorescence signals than those of C6-L at 1, 2,
4, and 6 h (Fig. 2H). In addition, a similar result was found in the
CLSM observation (Fig. 2I), where more green fluorescence sig-
nals in B16F10 cells treated with C6-CLCu group were observed
at 6 h co-incubation. These results suggested that the better
cellular uptake of the CLDCu was attributed to the modification of
Cu”*-chitosan shell.

3.2. The mechanism of CLDCu-mediated cuproptosis

As shown in Fig. 3A, the mechanism of CLDCu forming CuET
involves the following two reactions: (1) Cu?* and DSF released
from CLDCu instantaneously react with each other to generate
Cu™ and bis(dialkylammonium)-tetrathiolanedication (Bitt-4%")
intermediates. (2) Another DSF chelates with two Cu™ to generate
a Cu®" and a CuET>°. Subsequently, the ROS generation ability of
CLDCu was evaluated by the 2',7'-dichlorofluorescein diacetate
(DCFH-DA) (green). Fig. 3B indicated that the intracellular ROS
levels were markedly increased in the CLCu and CLDCu groups
and CLDCu was the most one, which was further supported by the
CLSM images (Fig. 3C). These results demonstrated that
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intracellular accumulated Cu®" underwent a Fenton-like reaction
to produce ROS, and the CuET formation could further enhance
this process. Mitochondrial membrane potential protein (MMP) is
known to be damaged by the overloaded ROS. As shown in
Supporting Information Fig. S8, CLSM images exhibited a sig-
nificant change in JC-1 fluorescence from red to green for the
CLCu and CLDCu groups, demonstrated the disruption of MMP.
Due to the damage of mitochondria membrane in cells, the ATP
production was significantly inhibited. As expected, the ATP
concentration of CLDCu-treated group was prominently reduced
(Fig. 3D).

Subsequently, the intracellular Cu™ contents after different
treatments were measured by using the Cu™ colorimetric assay kit
and CS-1 (Cu" probe). Apparently, when compared with control
group, CLCu and CLDCu groups displayed a remarkable increase
of Cu™ contents after 24 h incubation. Moreover, CLDCu group
exhibited the highest Cu" concentration (Fig. 3E). A similar
phenomenon was observed by using CS-1 probe (Supporting
Information Fig. S9). These phenomena should be ascribed to
the efficient cell endocytosis and subsequent formation of CuET,
which generated large amounts of ROS to restrict ATP supply and
further deactivate ATP7B protein, which is the major Cu™ trans-
membrane transporter to expert Cu' out of cells. As displayed as
Fig. 3F and Supporting Information Fig. S10, the expression of
ATP7B was prominently down-regulated by CLDCu.

Then, we explored the cuproptosis-related protein expression
and oligomerization of DLAT in B16F10 cells. The cells treated
with Cu?*+DSF moderately down-regulated Lip-DLAT, DLAT,
and FDXI1 proteins expression. The levels of Lip-DLAT, DLAT,
and FDXI1 in CLDCu group were 0.51-, 0.66-, and 0.66-fold of
those in Cu®t+DSF group (Fig. 3F and Supporting Information
Fig. S11). Moreover, the expression of Lip-DLAT, DLAT, and
FDX1 in CLDCu group were down-regulated than that in CLCu
group, mainly due to preferable endocytosis of CLDCu and sub-
sequent release of sufficient Cu>™ and DSF in the acidic condition
that could chelate with each other to generate CuET for inhibiting
ATP7B expression and convert to Cu™, eventually triggering
stronger cuproptosis. During cuproptosis, Cu" directly binds to
Lip-DLAT, which causes DLAT aggregation. As displayed in
Fig. 3G and Supporting Information Fig. S12, the Cu*"-treated
group showed almost no DLAT foci, while CLCu- and CLDCu-
treated groups exhibited a higher degree of DLAT aggregation,
especially CLDCu-treated group. These results demonstrated that
our designed CLDCu system could effectively induce
B16F10 cells cuproptosis.

Afterwards, the MTT assay was applied to test the viability of
B16F10 cells after various treatments. The results exhibited that
Cu®" alone had no toxic effect on BI6FI0 cells. Yet, the
Cu”*+DSF, CLCu and CLDCu groups caused much more cell
death, and CLDCu group was the most one, which is due to better
cellular uptake and the massive formation of CuET and Cu™
(Fig. 3H). Furthermore, the cytotoxicity of different nanoparticles
towards human umbilical vein endothelial cells (HUVECs) was
measured. Supporting Information Fig. S13 demonstrated that
CLDCu had no effect on HUVECs cell viability. Moreover, to
illuminate the mechanism of CLDCu-induced cell death, the
necroptosis inhibitor (necrostatin-1, Nec-1), ferroptosis inhibitor
(ferrostatin-1, Fer-1), oxidative stress inhibitor (n-acetylcysteine,
NAC), apoptosis inhibitor (Z-VAD-FMK), and cuproptosis in-
hibitor (tetrathiomolybdate, TTM) were used. Fig. 3I indicated
that the therapeutic activity of CLDCu was negligibly affected in
the presence of Nec-1 and Fer-1, and slightly mitigated under

NAC and Z-VAD-FMK conditions, but obviously alleviated after
addition of TTM, suggesting cuproptosis was mainly involved in
the CLDCu-induced cell death pathway. In summary, CLDCu, on
the one hand, provided a large amount of Cu™ during the for-
mation of CuET; on the other hand, deactivated the Cu™ trans-
membrane transporter ATP7B to inhibit Cu™ efflux, that together
aggregated DLAT and decreased Fe—S cluster proteins, ultimately
leading to enhanced cuproptosis (Fig. 3J).

3.3.  Effect of CLDCu on DCs maturation in vitro

Previous studies have shown that cuproptosis may evoke ICD*"*%,
Considering the ability of CLDCu to trigger cuproptosis in tumor
cells, we next investigated the capability of CLDCu to induce ICD*.
To analyze the role of cuproptosis induced by CLDCu on ICD, we
first evaluated the exposure of CRT after treatment with CLDCu.
CLSM results demonstrated that CLDCu induced increased CRT
exposure on the B16F10 cells surface (Fig. 4A). In addition, the
ELISA results exhibited that the HMGB1 release content in CLDCu
group was significantly higher than other groups (Fig. 4B). More-
over, the CLDCu group also showed the highest extracellular ATP
content among all the groups (Fig. 4C). All these results indicated
that CLDCu-triggered cuproptosis could evoke ICD.

To the best of our knowledge, DCs play an important role in
inducing anti-tumor immune responses’”*'. Emerging evidences
have suggested that chitosan could stimulate DCs maturation®”*".
Thus, we selected bone marrow-derived dendritic cells (BMDCs)
as immature DCs to demonstrate that CLDCu has a similar
stimulatory maturation effect on DCs. Before performing the
immune activation-related assays, we evaluated the cytotoxicity of
CLDCu in BMDCs. As shown in Supporting Information
Fig. S14, CLDCu was highly safe to BMDCs. Next, to verify
that CLDCu can stimulate DCs maturation, we cultured BMDCs
with different concentrations of CLDCu for 24 h. As shown in
Fig. 4D and E, enhanced expression of CD80 and CD86 on the
surface of DCs was found, which proved that CLDCu could
effectively promote DCs maturation. Besides, we cultured
BMDCs with Cu*", Cu?"+DSF, and CLCu for 24 h (Supporting
Information Fig. S15A and S15B). It could be found that the
CLCu group induced 30.79% mature DCs, which was 1.46- and
1.23-fold greater than the Cu®" group (21.11%) and Cu®>"+DSF
group (24.98%), respectively. Most importantly, after incubation
with TTM (cuproptosis inhibitor), CLDCu exhibited attenuated
effect in promoting DCs maturation.

We further tested the stimulatory ability of CLDCu on
cGAS—STING signaling activation in BMDCs. The expression of
cGAS—STING pathway-related proteins, such as phosphorylated
STING (p-STING), phosphorylated IRF3 (p-IRF3), and phos-
phorylated TBK1 (p-TBK1) were evaluated by Western blotting
(Fig. 4F and G). Exhilaratingly, the levels of p-STING, p-IRF3,
and p-TBK1 in BMDCs were significantly increased after incu-
bation with CLDCu. Moreover, as displayed in Fig. SI5C and
SI15D, the TTM pretreated CLDCu group led to a down-
regulation expression of p-STING, p-IRF3, and p-TBKI1. These
results verified that CLDCu-induced cuproptosis and released
chitosan synergistically activated cGAS—STING pathway. Addi-
tionally, we explored the levels of IFN-8 and C-X-C motif che-
mokine ligand 10 (CXCL-10)**. Results exhibited that the
concentration of IFN-$ was significantly up-regulated in BMDCs
with CLDCu treatment, as was CXCL-10 (Fig. 4H and I).
Moreover, increased secretion of interleukin-6 (IL-6) and TNF-«
were observed in the CLDCu treatment group (Fig. 4] and K). In
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Figure 3  In vitro evaluation of CLDCu-mediated cuproptosis. (A) Mechanisms of DSF/Cu®" reactions. (B) Quantitative analysis and
(C) representative CLSM images of intracellular generated ROS. Scale bar = 50 pum. (D) Intracellular ATP levels of B16F10 cells after different
treatments. (E) Intracellular Cu™ contents after various treatments. (F) Western blot images of ATP7B, Lip-DLAT, DLAT, and FDX1 proteins in
B16F10 cells. (G) DLAT immunofluorescence images of BI6F10 cells. (blue, DAPI; red, Actin; green, DLAT). Scale bar = 50 um. (H) Cell
viability of B16F10 cells after each treatment. (I) Viability of B16F10 cells pretreated overnight with necrostatin-1 (Nec-1), ferrostatin-1 (Fer-1),
nacetylcysteine (NAC), Z-VAD-FMK, tetrathiomolybdate (TTM), and then treated with CLDCu for 24 h. (J) Schematic illustration of CLDCu-
mediated cuproptosis. Data are mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

summary, these results suggested that CLDCu could efficiently 3.4. Inhalation administration and distribution behavior of
evoke the antitumor immune responses by potentiating CLDCu

cGAS—STING activation, promoting DCs maturation, and stim-

ulating proinflammatory cytokine release, thereby enhancing A microsprayer aerosolizer (MSA-250, PennCentury, USA) was

systemic antitumor immunity. utilized for atomization experiments, which could atomize liquid
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Figure 4

In vitro DCs maturation. (A) CLSM images showing CRT exposure in B16F10 cells after each treatment. Scale bar = 50 pm. The

extracellular level of (B) HMGBI and (C) ATP after different treatments for 24 h. (D, E) Quantification of the percentage of matured DCs after
each treatment. (F) Western blot assay and (G) quantification of the expression of p-STING, p-IRF3, and p-TBKI1 in DCs after incubation with
different concentrations of CLDCu. The mRNA expression level of (H) CXCL-10 and (I) IFN-G in BMDCs treated by various concentrations of
CLDCu. Quantitative analysis of (J) IL-6 and (K) TNF-« in the culture medium after treatment with CLDCu at different concentrations. Data are
mean £+ SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

nanoparticles in a high-pressure way to achieve precise quantita-
tive and high-concentration of direct pulmonary administration
(Supporting Information Fig. S16A). First, we determined the
effect of the atomization process on the physicochemical proper-
ties of CLDCu. As depicted in Fig. 5A, compared with CLDCu
without atomization, the morphology and size of CLDCu after
atomization did not change significantly. Furthermore, after at-
omization, the hydrodynamic size and zeta potential of CLDCu
showed negligible changes (Fig. 5B and C). These findings

collectively demonstrated that the atomization process does not
disrupt the structure of CLDCu and maintains high integrity.
Subsequently, we investigated the biodistribution of inhaled
CLDCu in female C57BL/6J mice. CyS5 fluorescence dye instead of
DSF was used in this experiment, named Cy5-CLCu (i.v.) and Cy5-
CLCu (inh), respectively. After 1, 6, and 24 h inhalation or injection,
mice were sacrificed, and major organs were dissected for ex vivo
imaging. The intravenously injected Cy5-CLCu (Cy5-CLCu (i.v.))
was mainly manifested in the liver with little reaching the lungs. After
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inhalation, the Cy5 fluorescence signal accumulation in lung sites
significantly increased (about 56.5-fold) than the intravenous injec-
tion group at 1 h. Moreover, only inhalation of Cy5-CLCu (Cy5-
CLCu (inh)) remained superior fluorescence in lung tissues after
24 h, which demonstrated the excellent lung retention properties of
inhaled Cy5-CLCu (Fig. 5D and E). The brightest fluorescence signal
of lung sites after Cy5-CLCu inhalation for 24 h also indicated the
excellent lung accumulation and retention properties (Fig. 5F). To
quantitatively analyze the distribution behavior of CLDCu, we further
detected the Cu content in lung and other major organs (heart, live,
spleen, and kidney) by ICP-MS at 1, 6, and 24 h. Results presented in
Fig. S16B indicated more Cu accumulation within lung tissues after
inhalation of CLDCu compared to other major organs. Next, to
evaluate in vivo pharmacokinetics, the plasma levels of Cy5 were
measured after inhalation or intravenous injection of Cy5-CLCu. The
Cy5 percentage content in the blood of the mice in the inhalation
group was 7.04 £ 0.83% after 24 h, while the Cy5 percentage content
in the injection group was undetectable after 8 h (Fig. S16C).

3.5.  Invivo therapeutic efficacy of inhaled CLDCu combined
with aPD-LI

Subsequently, we evaluated the anti-metastatic efficacy of CLDCu
combined with PD-L1 checkpoint blockade in vivo. Mice bearing
B16F10 melanoma lung metastasis were selected as a lung
metastasis model™’. Mice were randomly divided into five groups:
1: PBS (inh), 2: CLCu (inh), 3: CLDCu (i.v.), 4: CLDCu (inh), 5:
CLDCu (inh) + aPD-L1 (i.v.) (i.v. stands for intravenous injection
and inh refers to inhalation). As shown in Fig. 6A, different ma-
terials were injected intravenously or inhaled for three times every
7 days, and aPD-L1 antibodies (3 mg/kg) were injected together
after inhalation of CLDCu for 24 h.
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As shown in Fig. 6B and Supporting Information Fig. S17,
numerous metastatic nodules were seen in the lungs of PBS-
treated mice. Moreover, compared with CLDCu (i.v.) group,
CLDCu (inh) treated group showed a substantial reduction in lung
surface nodules, especially in combination with aPD-L1 (i.v.). In
addition, the stable body weight curve exhibited by each treatment
group during the treatment period demonstrated the biosafety of
the prepared CLDCu in vivo (Fig. 6C). Then, we evaluated the
efficacy of CLDCu (inh) combined with aPD-L1 (i.v.) on pro-
longing the survival of lung metastasis model (Fig. 6D). During
the 60-day observation period, the overall survival of mice in the
CLDCu (inh) + aPD-L1 (i.v.) group was significantly prolonged.

Moreover, haematoxylin and eosin (H&E) staining showed
plentiful lung metastatic nodules in the PBS (i.v.)- and CLDCu
(i.v.)-treated groups, while extremely few metastatic lesions were
observed in CLDCu (inh)- and CLDCu (inh) + aPD-L1 (i.v.)-
treated groups (Fig. 6E). To further elucidate the anti-metastatic
mechanism of CLDCu in vivo, DLAT expression in lung tissues
was examined by immunofluorescence assay. More pronounced
aggregation of DLAT was observed in CLDCu (inh) and CLDCu
(inh) 4+ aPD-L1 (i.v.) treated group, verifying the presence of
cuproptosis in vivo (Fig. 6E). In summary, the combination ther-
apy of CLDCu (inh) + aPD-L1 (i.v.) could achieve highly
effective anti-metastatic effects.

3.6. Anti-metastatic immune response elicited by CLDCu
combined with aPD-L1

Firstly, we explored the effects of inhalation of CLDCu on the
expression of CRT (a biomarker of ICD) in lung metastasis sec-
tions by immunofluorescence staining. Results showed signifi-
cantly amplified CRT exposure in CLDCu (inh) and CLDCu
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after atomization. (D) Ex vivo fluorescence images of lung and other major organs at different time intervals after inhalation or intravenous
injection of Cy5-CLCu (H, heart; Lu, lung; Li, liver; S, spleen; K, kidney). (E) Quantitative analysis of Cy5-CLCu in lung tissues at different time
points. (F) Representative fluorescence images of lung sections after 24 h of various administration (scale bar = 1 mm). i.v. stands for intravenous
injection, and inh refers to inhalation. Data are mean £ SD (n = 3). *P < 0.05, **P < 0.01.
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(inh) + aPD-L1 (i.v.) groups, that demonstrating the most effec- and 1.10 times greater than the PBS (4.14%), CLCu (inh) (5.42%),
tive ICD induced by inhalation of CLDCu (Fig. 7A). Moreover, CLDCu (i.v.) (6.39%), and CLDCu (inh) groups (6.84%),
the expression of p-STING, p-TBKI1, and p-IRF3 in lung meta- respectively (Fig. 7C and Fig. S20B).

static tissues were investigated (Fig. 7A, and Supporting It is reported that TAM are classified into two types in tumors:
Information Fig. S18A and S18B). Obvious red fluorescence MIl-type (inhibit tumor growth) and M2-type (inhibit T cells
signals of p-STING, p-TBKI1, and p-IRF3 were observed in lung proliferation)****. As shown in Fig. 7D and Fig. S20C, the M1 to
metastatic tissues slices of the CLDCu (inh) and CLDCu M2 ratio in CLDCu (inh) + aPD-L1 (i.v.) group (33.5%) was
(inh) + aPD-L1 (i.v.) groups. In addition, the mRNA expression 2.86-, 1.98-, 1.29-, and 1.04-fold higher than the PBS, CLCu (inh),
of CXCL-10 and IFN-§ in lung metastatic sites of mice treated CLDClu (i.v.), and CLDCu (inh) groups, respectively. It is reported
with CLDCu (inh) and CLDCu (inh) + aPD-L1 (i.v.) was that Tregs (CD3+CD4+F0xp3+) can suppress antitumor immune
significantly increased compared with other groups, demonstrating activation™. The flow cytometry results demonstrated that CLDCu
that the cGAS—STING pathway was successfully activated by (inh) + aPD-L1 (i.v.) treatment effectively decreased the per-
inhalation of CLDCu (Supporting Information Fig. S19A and centage of Tregs (CLDCu (inh) + aPD-L1 (i.v.) vs. PBS = 22.2%
S19B). Subsequently, the DCs maturation in tumor-draining vs. 42.3%, Fig. 7E and Fig. S20D). In addition, the CLDCu
lymph nodes was quantified via flow cytometry. As displayed in (inh) + aPD-L1 (i.v.) treatment also obviously reduced the
Fig. 7B and Supporting Information Fig. S20A, the matured DC intratumoral frequency of MDSCs (CD11b*Gr-1%) (Fig. 7F and
cells (CDSOTCD86") in CLDCu (inh)-treated mice was 2.06 Fig. S20E), a subset of immunosuppressive immature myeloid
times higher than that in PBS-treated mice (CLDCu (inh) vs. cells™. Collectively, these results demonstrated that the CLDCu
PBS = 2.21% vs. 1.08%). Besides, the CLDCu (inh) + aPD-L1 (inh) + aPD-L1 (i.v.) group could effectively trigger immune re-
(i.v.) group with the highest level (2.58%) indicated that CLDCu sponses and alleviate immune suppression.

(inh) and aPD-L1 synergistically induced DCs maturation. In In addition, the secretions of proinflammatory cytokines such as
addition, CD8" T cell infiltration in lung metastatic tissues was IL-6, IL-12, interferon-y (IFN-v), and TNF-« in lung metastasis
further analyzed. Flow cytometry results observed an enhanced tissues were analyzed via ELISA. The secretion of IL-6 was highest

CD8™ T cells activation (7.50%, CD37CD8" T cells) in CLDCu after CLDCu (inh) 4 aPD-L1 (i.v.) treatment, showing a 1.92-fold
(inh) + aPD-L1 (i.v.) treated group, which was 1.81, 1.38, 1.17, increase compared with PBS group (Fig. 7G). Similarly, the
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Figure 6  Therapeutic efficacy of CLDCu inhalation synergized with aPD-L1 in lung metastasis model. (A) The treatment schedule for
evaluation of combined CLDCu and aPD-L1. (B) Number statistics of metastasis foci in lungs (n = 5). (C) The body weight of mice in different
treatment groups changed during the treatment (n = 5). (D) The survival curves of mice in different treatment groups within 60 days and
statistically analyzed by log-rank test (n = 7). (E) H&E images and DLAT immunofluorescence staining of lung sections (scale bar: 1 mm) and
magnified images (scale bar: 100 um). 1: PBS (inh), 2: CLCu (inh), 3: CLDCu (i.v.), 4: CLDCu (inh), 5: CLDCu (inh) + aPD-L1 (i.v.). Data are
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.
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In vivo robust anti-metastatic immune response elicited by inhalation of CLDCu combined with aPD-L1. (A) Representative

immunofluorescence images of lung tissues stained by CRT and p-TBK1 assay after different treatments. Scale bar = 100 um. (B) The levels of
matured DCs in lymph nodes (n = 4). (C) Relative ratio of CD8" T cells in lung metastatic tissues (n = 4). (D) The ratios of M1/M2 mac-
rophages in lung metastatic tissues (n = 4). (E) Flow cytometry analysis of Tregs (n = 4). (F) Relative ratio of MDSCs cells in lung metastatic
tissues (n = 4). Cytokine contents of (G) IL-6, (H) IL-12, (I) IFN-v, and (J) TNF-« in lung metastatic tissues after treatment of each formulation
(n = 5). 1: PBS (inh), 2: CLCu (inh), 3: CLDCu (i.v.), 4: CLDCu (inh), 5: CLDCu (inh) + aPD-L1 (i.v.). Data are mean = SD. ns means no
significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.

secretion of IL-12 (Fig. 7H), IFN-vy (Fig. 7I), and TNF-« (Fig. 7J) also
showed a substantial increase in CLDCu (inh) + aPD-L1 (i.v.) group.
Taken together, these results illuminated that the CLDCu with
amplified cuproptosis and cGAS—STING activation combined with
aPD-L1 could elicit strong anticancer immune response and remodel
immuno-microenvironment.

3.7.  Biocompatibility of CLDCu

Next, the biosafety of CLDCu were explored. To this end, PBS
and CLDCu (10 mg/kg) were inhaled or injected into healthy
female C57BL/6J mice for three times every 7 days. The H&E
staining of lungs and other normal organs including heart, liver,
spleen, and kidney collected on Day 18 proved there were no
apparent pathological abnormalities observed in mice after various
treatments (Supporting Information Fig. S21A). In addition, the
hemolysis assay showed that CLDCu had only a slight influence
on blood erythrocytes (Fig. S21B). Moreover, all of the tested liver

function indexes (aspartate aminotransferase (AST) and alanine
aminotransferase (ALT)) and kidney function indexes (blood urea
nitrogen (BUN) and creatinine (CRE)) showed little variation
between the groups (Fig. S21C-S21F).

Subsequently, the cytotoxicity of CLDCu in alveolar epithelial
cells (AECs) was examined. As shown in Supporting Information
Fig. S22A, CLDCu did not exhibit cytotoxic effect, suggesting an
excellent safety profile in normal lung cells. Furthermore, various
lungs function tests were carried out in healthy mice on Days 3,
10, and 17. Our results showed that multiple pulmonary function
(total lung capacity (TLC), forced vital capacity (FVC), functional
residual capacity (FRC), peak expiratory flow (PEF), and forced
expiratory volume in 50 ms (FEV50)) in the lungs were down-
regulated in the acute stage (Day 3) after inhalation of CLDCu
(Fig. S22B-S22F). However, the levels of lung function in-
dicators on Day 10 and 17 returned to normal levels. Overall,
these above results demonstrated that CLDCu possessed good
biocompatibility.
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4. Conclusions

In summary, we have developed an inhalable nanodevice CLDCu
with potentiated cuproptosis and cGAS—STING activation for
efficient lung metastasis immunotherapy. CLDCu consisted of a
Cut-chitosan shell and LT core with DSF loading. CLDCu
exhibited excellent accumulation in lung tissues by inhalation
administration, and with negligible adverse effects. Upon reaching
lung metastatic tissues, the Cu®T-chitosan shell enabled the
enhanced tumor cellular uptake. After internalization, CLDCu was
degraded in the acidic microenvironment, releasing Cu>" and
DSF, leading to in situ chelation reaction to generate CuET for
down-regulating Cu* efflux protein ATP7B expressions and Cu™
for directly binding to Lip-DLAT aggregation and destabilizing
Fe—S cluster proteins, eventually inducing tumor cells cupropto-
sis, as well as releasing amounts of DAMPs. Moreover, chitosan
enhanced the cuproptosis-mediated antitumor response via
amplifying the ¢cGAS—STING pathway activation in the DCs.
In vivo, inhalation of CLDCu exhibited strong antitumor re-
sponses: (1) the loaded Cu®" and DSF could accurately induce
tumor cells cuproptosis. (2) Chitosan served as an immunomod-
ulator combined with CLDCu-mediated cuproptosis activated the
c¢GAS—STING pathway. (3) The treatment finally stimulated DCs
maturation, promoted CD8" T cells infiltration, and remodeled
immunosuppressive TME. Moreover, CLDCu collaborated with
aPD-L1 could provoke more powerful antitumor immunity to
inhibit the occurrence of lung metastasis. Overall, our study pro-
vided an innovative strategy to elicit antitumor response through
inhalation of nanoplatform with enhanced cuproptosis and
cGAS—STING activation.
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