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KEY WORDS Abstract  Cuproptosis, a recently identified form of regulated cell death triggered by excess intracel-
lular copper, has emerged as a promising cytotoxic strategy for cancer therapy. However, the therapeutic

gll; zrc(;g:gzlﬁ; efficacy of copper ionophores such as elesclomol (ES) is often hindered by cellular copper homeostasis
Antioxi dané protein 1 mechanisms that limit copper influx and cuproptosis induction. To address this challenge, we developed

siRNA: a nanoagent utilizing outer membrane vesicle (OMV) derived from Akkermansia muciniphila (Akk) for
Outer membrane vesicle; co-delivery of antioxidant 1 copper chaperone (AtoxI)-targeting siRNA and ES (siAtox1/ES@OMYV)
Akkermansia muciniphila; to tumors. In vitro, we demonstrated that Atox/ knockdown via siRNA significantly disrupted copper
Tumor microenvironment; export mechanisms, resulting in elevated intracellular copper levels. Simultaneously, ES facilitated effi-
Cancer therapy; cient copper influx and mitochondrial transport, leading to Fe—S cluster depletion, increased proteotoxic
Breast cancer stress, and robust cuproptosis. In vivo, siAtox1/ES@OMYV achieved targeted tumor delivery and induced

pronounced cuproptosis. Furthermore, leveraging the immunomodulatory properties of OMVs, siAtox1/
ES@OMYV promoted T-cell infiltration and the activation of tumor-reactive cytotoxic T cells, enhancing
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tumor immune responses. The combination of siAtox1/ES-induced cuproptosis and immunogenic cell
death synergistically suppressed tumor growth in both subcutaneous breast cancer and orthotopic rectal
cancer mouse models. This study highlights the potential of integrating copper homeostasis disruption
with a copper ionophore using an immunomodulatory OMV-based vector, offering a promising combina-

torial strategy for cancer therapy.

© 2025 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

Copper is an essential trace element in both humans and animals
and plays an indispensable role in diverse biological processes,
including electron transport, mitochondrial function, iron ab-
sorption, and enzymatic activities' . Recent research has unveiled
a novel form of cell death termed cuproptosis, which represents a
distinct form of regulated cell death triggered by excess intra-
cellular copper and is gaining interest as a potential therapeutic
strategy in cancer therapy. Unlike other cell death mechanisms,
such as apoptosis or ferroptosis, cuproptosis specifically relies on
copper-induced proteotoxic stress in mitochondria, especially in
tumors with high mitochondrial activity, such as breast cancer and
rectal cancer™>.

Cuproptosis induction requires the addition of copper iono-
phores, such as disulfiram, 8-hydroxyquinoline, pyrithione, and
elesclomol (ES)®. Among these, ES has been extensively evaluated
in clinical trials for anti-cancer potency over the past decade,
through both monotherapy and in combination with paclitaxel’. ES
is a small molecule that binds to copper and transports it into
mitochondria, leading to a continuous accumulation of copper
within the mitochondria®. However, the clinical outcomes from
multiple trials, including melanoma, ovarian epithelial cancer,
prostate cancer, and other solid tumors® !, have shown unsatis-
factory therapeutic efficacy. A key barrier to effective cuproptosis
induction is the robust copper homeostatic mechanisms in cancer
cells, where a network of copper chaperones and transporters work
collaboratively to maintain copper levels within a physiological
range'?. This coordinated response effectively mitigates the cyto-
toxic effects of temporary copper influx following copper ionophore
application. For example, ATOX1 (antioxidant protein 1) is a cen-
tral copper chaperone for the efflux of copper from cells'®'*.
ATOX1 functions by binding intracellular copper ions and trans-
porting copper to ATPase proteins located in the trans-Golgi
network, particularly ATP7A and ATP7B, for copper export'>'6.
Previous studies have shown disruption of copper export machinery,
such as genetic ablation of the Arox! gene, may effectively block
copper efflux'” and for efficient intracellular copper accumulation
when combined with copper ionophores.

Additionally, cuproptosis-associated cellular stress may cause
the release and display of tumor-associated antigens to increase
tumor immunogenicity. Under this scenario, a significant number of
tumor-infiltrated T cells may execute effective tumor Kkilling,
leading to immunogenic cell death (ICD)'®. Given this background,
it is advantageous to develop combinatorial therapeutic strategies
that can simultaneously induce cuproptosis and inflame the tumor
immune microenvironment (TIME) to effectively eliminate tumors.

Triple-negative breast cancer (TNBC) and colorectal cancer
(CRC) represent two of the most lethal forms of cancers'?, char-
acterized by elevated copper concentration in patient serum and

tumors>>?!, which heightens their susceptibility to cytotoxicity

generated by cuproptosis. However, the immune environment of
TNBC?*? and CRC? are well-documented as immunosuppressive.
Therefore, we selected an immunomodulatory outer membrane
vesicle (OMV) as an immune-active vector for the co-delivery of
cuprotosis-inducing copper ionophore ES. OMV is nanoscale,
spherical vesicle (20—250 nm) released from Gram-negative
bacteria, harboring a diverse range of bioactive substances such
as antigens, pathogen-associated molecular patterns (PAMPs),
toxins, and virulence factors in a strain-specific pattern®*. These
vesicles have been explored for various biomedical applications,
including cancer immunotherapy, drug delivery, and adjuvants®.
Among the abundant bacteria origins, OMV derived from the
Akkermansia muciniphila (Akk), a probiotic bacterium that rep-
resents 3%—5% of the microbial composition in the healthy
human gut**??, has shown immune-modulatory effect in toll-like
receptor signaling and ability in improving immune checkpoint
therapy”®2°, making it an excellent candidate for TIME reprog-
raming as well as drug delivery™.

In this study, we employed Akk-derived OMV for the
co-delivery of Afox/ siRNA and ES to induce cuproptosis and
stimulate anti-tumor immune responses. We show that systemic
administration of siAtox1/ES@OMYV significantly inhibited tumor
growth in both subcutaneous breast cancer and orthotopic rectal
cancer mouse models. This innovative approach not only
addresses the limitations of traditional copper ionophore-based
therapies but also harnesses the potential of immunomodulation
of OMYV, offering a promising combinatorial approach in treating
high-copper and immune-cold tumors.

2. Materials and methods

2.1.  Materials

Elesclomol (AY0434) was purchased from AIYAN (Shanghai,
China). CuCl, -2H,O (CAS 10125-13-0) was purchased from
Sangon Biotech (Shanghai, China). Dulbecco’s modified eagle
medium (319-005-CL), RPMI 1640 medium, and fetal bovine
serum (085—150) were obtained from Wisent Bio Products (St.
Bruno, Canada). Brain Heart Infusion medium (LA0360) was
purchased from Solarbio Life Science (Beijing, China).
XenoLight D-Luciferin K* Salt Bioluminescent Substrate
(122799) was obtained from PerkinElmer (PE, USA). Radio
immunoprecipitation assay (RIPA) lysis buffer (R0O010), PMSF
(P0100), and Red Blood Cell Lysis Buffer (R1010) were pur-
chased from Solarbio Life Science (Beijing, China). GAPDH
(rabbit monoclonal antibody; 5174) and anti-rabbit IgG (7074S)
were purchased from Cell Signaling Technology (CST, USA).
LIAS (rabbit monoclonal antibody, 11577-1-AP) was purchased
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from Proteintech (Wuhan, China). FDX (rabbit monoclonal anti-
body, EPR4629) was purchased from Abcam (Cambridge, UK).
Mouse IL-6 (M6000B) was purchased from Bio-Techne (Minne-
sota, USA). ELISA MAX™IFN-« Deluxe Set Mouse IFN-al
(447904) was purchased from BioLegend (San Diego, USA).
DNase I (D7073) was purchased from Beyotime (Shanghai,
China). Collagenase type IV (C8160) and hyaluronidase (H8030)
were purchased from Solarbio. VioletFluor™ 450 anti-mouse
CD45 (83090S) and anti-mouse MHC Class II-violetFluor™
450 (86628) were purchased from CST (MA, USA). Super
Bright ™ 702 anti-mouse CD3 (67-0032-82) and Super Bright ™
600 anti-mouse CD4 (63-0041-80) were purchased from eBio-
science (San Diego, CA, USA). Anti-mouse CD16/CD32
(101302), PE/Cy7 anti-mouse CD8 (100722), and anti-mouse
CDl11c-Brilliant Violet 605™ (117334), anti-mouse CD11b-
Alexa Fluor® 700 (101222), anti-mouse CD80-PE-Cy7
(104733), anti-mouse CD86-APC (105113), and anti-mouse MHC
Class I-PE (114608) and APC anti-mouse IFN-y (505810) were
purchased from BioLegend (San Diego, USA).

2.2.  Methods

2.2.1.  Cell culture

4T1 murine mammary carcinoma cells, MDA-MB-231 human
breast cancer cells, and CT26-Luc murine mammary carcinoma
cells were obtained from the American Type Culture Collection
(ATCC, Manassas, USA). 4T1 and MDA-MB-231 were cultured
in DMEM medium containing 10% fetal bovine serum and 1%
penicillin—streptomycin (WISENT, St. Bruno, Canada). CT26-
Luc was cultured in RPMI 1640 medium containing 10% fetal
bovine serum and 1% penicillin—streptomycin. All cells were
incubated at 37 °C in 5% CO, and confirmed to be mycoplasma-
free.

2.2.2.  Bacteria culture and isolation of OMV

Akk (BAA-835) was purchased from the ATCC and cultured in
Brain Heart Infusion (BHI) broth at 37 °C under an anaerobic
atmosphere consisting of 90% N,, 5% H,, and 5% CO,. Once the
culture reached an optical density of 0.5—0.6 at 600 nm (ODgq),
the bacterial cells were removed through centrifugation (Eppen-
dorf, 5810R, Hamburg, Germany) at 8000xg for 20 min at 4 °C.
The resulting supernatant was filtered using a 0.45-pm EPS filter
(R8SA47939, Millipore), and concentrated to 30 mL using a 100-
K ultrafiltration tube (UFC710008, Millipore). The concentrated
solution was further processed using a 0.22-pm EPS membrane
(R3EA06699, Millipore). OMV was collected from the filtrate by
ultracentrifugation (Beckman, OPTIMA XPN-100, CA, USA) at
150,000x g for 1.5 h at 4 °C and then resuspended in 400 pL of
PBS. The resuspended OMV was passed through a 0.22-pm filter
and stored at —80 °C until use. The total protein concentration of
OMYV was assessed using the bicinchoninic acid assay.

2.2.3.  Preparation of siAtox] @OMV, ES@OMYV, and siAtox1/
ES@OMV

To prepare siAtox]1 @OMYV, 12 pg of siAtoxl was loaded into
200 pg of OMYV using electroporation (400 V, 125 pF) with the
Gene Pulser Xcell™ Electroporation System (Bio-Rad, CA,
USA). For ES@OMYV preparation, 1 mg of ES (dissolved in 20 pL
of DMSO) was loaded into 200 pg OMV using the same elec-
troporation conditions. ES was dissolved according to MCE’s
formulation protocol. The solubilization process involved the
sequential addition of 10% DMSO as the primary solvent,

followed by 40% PEG300, with subsequent homogenization. The
formulation was further optimized by incorporating 5% Tween-80
as a surfactant, and the final volume was adjusted with 45%
normal saline. This optimized formulation system exhibited
enhanced solubilization capacity, achieving ES solubility over
2.5 mg/mL. For siAtox1/ES@OMY, both 12 pg of siAtox1 and
1 mg of ES were simultaneously loaded into 200 ng OMV using
the same electroporation parameters. After electroporation, the
samples were transferred to 50-K ultrafiltration tubes and centri-
fuged at 5000 rpm for 5 min. The samples retained in the ultra-
filtration tubes were then washed three times with PBS.

2.2.4.  Characterization of OMV

The morphology, particle size, zeta potential, and polydispersity
index (PDI) of the OMV were characterized by using TEM
HT7700 (UK) and a Zetasizer Nano ZS dynamic light scattering
instrument (Malvern Instruments, UK), respectively. For TEM
imaging, OMV was deposited on 200 mesh copper grids for
20 min, followed by negative staining with 2% uranyl acetate for
3 min. The prepared grids were then examined using TEM at
120 kV. For the measurement of size, zeta potential, and PDI of
OMYV, samples were prepared by suspending the vesicles in
deionized water (ddH,O) at a concentration of 50 pg/mL total
protein. These samples were then analyzed using the Zetasizer
Nano ZS dynamic light scattering instrument.

2.2.5. Drug release analysis

siAtox1/ES@OMYV (1 mL) was loaded in 2 kDa dialysis devices
and immersed in 50 mL of PBS (pH 7.4) containing 0.1% Tween
80, followed by shaking at 100 rpm at 37 °C. To monitor the drug
release kinetics, a sample of 50 pL was collected from the outer
medium at different time intervals (0, 20, 35, 60, 120, 240, 360,
480, and 720 min). The concentration of ES in each sample was
analyzed and quantified using HPLC (LC-20AT, Shimadzu,
Kyoto, Japan) with a Poroshell 120 EC-C18 column (2.7 pm,
150 mm X 3.0 mm, Agilent Technologies, Santa Clara, CA,
USA). The mobile phase consisted of a mixture of water with
0.1% trifluoroacetic acid (TFA) and acetonitrile with 0.1% TFA, in
a ratio of 57:43. The chromatographic separation was performed
at a flow rate of 0.3 mL/min, with the eluent monitored at 274 nm
for ES detection.

2.2.6.  Confocal microscopy of siAtox1/ES@OMV

To assess the cellular uptake and intracellular localization of
siAtox1/ES@OMY, 4T1 cells were incubated with freshly pre-
pared Cy5-labeled siAtox1/ES@OMYV for 1, 3, and 6 h. Lyso-
somes were stained with Lyso-Tracker (L7526, Thermo, USA),
and nuclei were stained with Hoechst 33342 (C0030, Solarbio,
China). The cells were observed under a confocal microscope
(Zeiss LSM710, Germany).

2.2.7.  OMV-induced BMDC immunogenicity analysis

To investigate whether the OMVs have the potential to enhance
the immunogenicity of BMDCs, the cells were seeded in 12-well
plates and incubated with OMV at a protein concentration of
20 pg/mL. After 12 h of treatment, supernatants were collected for
cytokines analysis. Following 24 h of treatment, BMDCs were
stained with anti-mouse CD11c-BV605, anti-mouse CDS80-PE/
Cy7, anti-mouse CD86-APC antibodies, anti-mouse MHC-I-PE,
and anti-mouse MHC—II—violetFluor™ 450 antibodies to assess
their maturation via flow cytometry.
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2.2.8.  Invivo biodistribution of siAtox1/ES@OMV

To assess the biodistribution of siAtox1/ES@OMV in vivo, Cy5-
labeled siAtox1/ES@OMV (60 pg protein per mouse) was
administered to 4T1 tumor-bearing mice via tail vein injection. At
24 h post-injection, the mice were imaged using an IVIS spectrum
system (PerkinElmer, USA), and the major organs and tumors
were harvested for ex vivo imaging. The fluorescent signal was
quantified using biphotonic imaging.

2.2.9.  Mouse experiments

Female BALB/c mice (6—8 weeks old) were purchased from SPF
Biotechnology Co., Ltd. (Beijing, China). The animals were
maintained in a controlled environment with a temperature of
20—25 °C and relative humidity between 30% and 70%. All an-
imal protocols were approved by the Institutional Animal Care
and Use Committee of the National Center for Nanoscience and
Technology.

To establish 4T1 subcutaneous tumor models, BALB/c mice
were subcutaneously inoculated with 2 x 10° 4T1 cells on the
right flank. Four days post-inoculation, the mice were randomly
assigned to experimental groups (5 mice/group): 1) PBS control;
2) siAtox1 @OMV; 3) ES@OMYV; and 4) siAtox1/ES@OMV
(60 ng OMV per mouse), by tail vein injections in a volume of
100 pL on Days 4, 7, 10, 14, and 18 post tumor inoculation. The
volumes of all tumors were measured with electronic calipers
every other day and calculated according to Eq. (1):

V = (Length x Width?)/2 )

Additionally, the weights of the mice were recorded every 2
days. The mice were euthanized on Day 20. Serum was collected
for the measurement of cytokine levels. Tumors were excised,
weighed, and digested into single-cell suspensions for analysis of
infiltrating immune cells via flow cytometry.

To establish the CT26-Luc orthotopic mouse model, female
BALB/c mice were subcutaneously inoculated with CT26-Luc
colon tumor cells. Once the tumor volume reached 200—300 mm3,
the tumors were excised, dissected into fragments of approxi-
mately 8—10 mm?, and grafted onto the cecum of BALB/c mice.
Seven days after grafting, mice were assigned to two groups: the
PBS control group and the siAtox]1/ES@OMYV treatment group
(60 pg OMV per mouse), 3 mice were tested in each group.
Treatments were administered on Days 7, 10, 13, 16, and 18. An
IVIS (PerkinElmer) was used to monitor the bioluminescence
signal generated by the orthotopic tumor. In the PBS group, one
mouse with a large tumor in the intestine could not be detected by
the bioluminescence imaging (BLI). D-luciferin (150 mg/kg;
PerkinElmer, USA) was administered by intraperitoneal injection
10 min before imaging. On Day 20, the mice were euthanized.
Subsequently, tumors were carefully excised, weighed, and
digested into a single-cell suspension for Cytometry by Time-of-
Flight (CyTOF) analysis.

To evaluate and quantify the synergistic effects of the siAtox1/
ES@OMYV in cancer therapies, we applied the Bliss definition and
the Bliss independence model for assessment. Tumor weight data
were analyzed using the following three groups of animals: siA-
tox1@OMYV (A), ES@QOMYV (B), siAtox1/ES@OMYV (C). Before
performing calculations, the tumor weight (TW) data are first
normalized (0 < Effect <1) as shown in Eq. (2):

TW — TW (min)
 TW(max) — TW (min)

Effect (E) = 1 (2)

Following Bliss’s definition, the synergistic effect is calculated
using the Bliss independence model, according to Eq. (3):
E(C)
[E(4) + E(B) — E(4) x E(B)]

Synergy index = (3)

When the synergy index is < 1, it indicates a synergistic effect.
When it equals 1, it indicates an additive effect. When it is > 1, it
indicates an antagonistic effect.

2.2.10.  Flow cytometry and CyTOF analysis
Tumor tissues were minced and incubated in 2 mL of digesting
solution (RPMI 1640 containing 1.5% FBS, 1 mg/mL collagenase
type IV, 0.02 mg/mL DNase I, and 0.1 mg/mL hyaluronidase).
These samples were incubated for 60 min at 37 °C with shaking at
200 rpm, followed by incubation in RBC lysis buffer (Solarbio)
and filtration through a 40 um cell strainer to obtain single-cell
suspensions. The isolated cells were cultured in complete RPMI
1640 medium in the presence of BD Golgi STOP' for 4—6 h at
37 °C. To minimize nonspecific Fc receptor binding, the tumor
cells were pre-incubated with anti-mouse CD16/CD32 (Bio-
legend) for 30 min at 4 °C. For analysis of tumor-infiltrated T cell
populations, cells were stained with VioletFluor™ 450 anti-mouse
CD45, Super Bright™ 702 anti-mouse CD3, Super Bright™ 600
anti-mouse CD4, and PE/Cy7 anti-mouse CD8 at 4 °C for 30 min.
After surface staining, a fixation/permeabilization buffer set
(eBioscience, San Diego, CA, USA) solution was added. Post
fixation and permeabilization, the cells were stained with APC
anti-mouse interferon (IFN)-vy. Fluorescent signals were assessed
using an Attune NxT flow cytometer (Thermo, USA), and the data
were analyzed with FlowJo software (FlowJo LLC, US).

For CyTOF analysis, single-cell suspensions were prepared as
a similar procedure for flow cytometry. The single-cell suspen-
sions were first stained with 0.01% cisplatin for 2 min, followed
by fixation with 1.6% paraformaldehyde for 15 min. Subsequently,
the cells were stained with metal-labeled antibodies against CD45,
CD3, CD4, CD8, CD11b, and F4/80. The cells were then stained
with 0.1% Ir (Fluidigm, South San Francisco, CA, USA) at 4 °C
overnight. The following day, the cells were washed and prepared
for acquisition with the Helios system (Fluidigm, South San
Francisco, CA, USA). Data analysis and generation of z-distrib-
uted stochastic neighbor embedding (+-SNE) maps were per-
formed using Cytobank (cytobank.org).

2.2.11.  AtoxI siRNA

The small interfering RNA targeting mouse Arox/ (siAtox1) and
Cy5-labeled siRNA sequence used in this study was: 5'-GAG-
GAGTGGAGTTCAACAT-3'.

2.2.12.  RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR)

Total RNA was extracted from 4T1 cells and mouse tumor tissues
using TRIzol reagent (Invitrogen). First-strand cDNA was synthe-
sized by reverse transcribing 2 pg of total RNA with the HiFiScript
cDNA Synthesis Kit (Jiangsu CoWin Biotech Co.). The expression
levels of Atox] were measured using RT-qPCR on a Bio-Rad
CFX96 system. Relative quantification was calculated by the
27A8C calculation normalized against B-actin. Primer sequences
(5’—3") were as follows: AtoxI-F: ATGCCGAAGCACGAG
TTCTC; AroxI-R: ATGCAGACCTTCTTGTTGGGC. B-actin-F:
GGCTGTATTCCCCTCCATCG; (-actin-R: CCAGTTGGTAA
CAATGCCATGT.
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2.2.13.  Western blotting

Homogenized tumor tissues and collected cultured cells were
lysed in RIPA lysis buffer containing 1 mmol/L protease inhibitor
and phosphatase inhibitor. The lysates were incubated on ice for
30 min, followed by centrifugation at 13,000xg for 20 min at
4 °C. The supernatant was collected and quantified using the BCA
protein assay (Solarbio). The protein solution was then mixed with
4 x loading buffer (Invitrogen) and heated at 100 °C for 10 min.
Equal proteins (20 pg) were loaded onto 12% SDS-PAGE and
subjected to electrophoresis initially at 80 V for 30 min, followed
by 120 V for 60 min. Separated proteins were transferred onto
0.22 um PVDF membranes at 300 mA for 90 min. After blocking
with 1 x TBST containing 5% powdered milk for 120 min, the
membranes were probed with primary antibodies followed by
secondary antibodies at room temperature for 2—4 h. Chem-
iluminescence detection was performed using the Invitrogen
Novex ECL Chemiluminescent Substrate Reagent Kit on a Bio-
Rad ChemiDoc™ imaging system.

2.2.14.  Generation of Atoxl knockout cells

The sgRNA sequence used for targeting Atoxl: 5'-TGCA-
GACCTTCTTGTTGGGC-3'. The annealed sgRNA oligos were
cloned into the lentiCRISPR V2 vector (Addgene). For lentiviral
packaging, the resulting plasmids were co-transfected with the
psPAX2 and pMD2.G into HEK293T cells. The lentiviral particle-
containing medium, collected from the supernatant of transfected
HEK?293T cells, was used to infect 4T1 cells. Following infection,
cells were selected using 1 pg/mL puromycin. After a 10-day
incubation period, individual clones were isolated, expanded,
cryopreserved, and cultured into 6-well plates. The successful
AtoxI knockout clones were verified using RT-qPCR.

2.2.15.  Cell migration assay

To assess cell migration, 8 pm pore-sized plain transwell inserts
(Costar, High Wycombe, UK) were plated in the wells of 24-well
culture plates. 4T1 wildtype and AtoxI KO cells were seeded at a
density of 5 x 10* cells per well in the top chambers containing
serum-free DMEM. The lower chambers were filled with 600 pL
of DMEM medium containing 10% FBS. After a 16 h incubation
at 37 °C, cells that had migrated to the lower surface of the
membrane were fixed and stained with 0.05% crystal violet in
20% ethanol for 5 min. The inserts were washed several times
with PBS to remove excess dye. Cells remaining in the upper
compartment were gently removed with a cotton swab. The inserts
were allowed to dry completely, and images were taken. For the
experiments involving OMYV, cells were treated in the upper
chamber with 10 pL of siAtox]1 @OMYV, ES@OMY, or siAtox1/
ES@OMYV combined with 10 umol/L. CuCl,. After 18 h of in-
cubation, cells were also fixed and stained with crystal violet and
observed for migration.

2.2.16.  Cell viability

Cell viability was assessed using the CCK8 assay. 4T1 cells were
seeded into 96-well plates at a density of 5000 cells per well. After
24 h, the cells were treated with the indicated formulations in the
presence of 10 pmol/L CuCl, in culture medium for another 24 h.
Subsequently, 10 pL of CCK8 solution was added to each well,
and the plates were incubated at 37 °C for 2 h. Absorbance was
measured at a wavelength of 490 nm using a microplate
spectrophotometer.

2.2.17.  Enzyme-linked immunosorbent assays (ELISA)

The levels of IL-6 and IFN-a were measured using ELISA.
Briefly, at the endpoint of the mouse experiment, 3 h after the final
intravenous injection, blood samples were collected and incubated
at RT for 1 h. The samples were centrifuged at 3000 rpm for
15 min at 4 °C to collect the serum. The serum was diluted 5-fold
to measure the content of cytokines using the ELISA kit
(BioLegend, San Diego, USA).

2.2.18.  Inductively coupled plasma-mass spectrometry
(ICP—MS)

Copper content was analyzed by ICP—MS (PerkinElmer, NexION
300D, Norwalk, USA). Samples containing 100 pg of protein
from either 4T1 wildtype or AtoxI KO cells were digested in
200 pL of HNOj3 at 100 °C for 4 h. The resulting clear solution
was then diluted to a final volume of 5 mL with 2% nitric acid.
The samples were then analyzed by an ICP—MS operating in
kinetic energy discrimination mode, and copper concentrations
were determined by comparison against a calibration curve of
known copper standards.

2.2.19.  Statistical analysis

Data are presented as the mean + standard deviation (SD). At
least three independent experiments were performed for
each in vitro study. Statistical analysis was performed using a two-
tailed unpaired #-test or a one-way ANOVA with Tukey’s multiple
comparisons test for the comparison of two groups, and a two-way
ANOVA followed by Bonferroni post-test analysis for the com-
parison of more than two groups of data. Data analysis was
facilitated by GraphPad Prism 5 (GraphPad Software, US),
FlowJo V10 (FlowJo LLC, US), and ImageJ v1.8.0 (The National
Institutes of Health, US) software. Statistical significance was set
as follows: *P < 0.05; **P < 0.01; ***P < 0.001; NS, not
significant.

3. Results

3.1.  Atoxl depletion enhances ES cytotoxicity in breast cancer
cells

To test the potential of silencing the AzoxI gene in improving ES-
induced cuproptosis in breast cancer cells, we first employed a
CRISPR-Cas9-mediated system to generate Atox! knockout (KO)
4T1 cell lines. Using QPCR analysis, we showed that the tran-
scriptional level of the Afox/ gene was significantly down-
regulated in the AtoxI sgRNA-transduced cells (Supporting
Information Fig. S1A). Cell growth was inhibited in the Afox/-KO
cells (Fig. S1B). We further applied ICP—MS for the measurement
of intracellular copper content and showed a significantly higher
copper content in the Arox/-KO cells compared to the wild-type
(WT) cells (Fig. S1C), suggesting that the absence of Atox!
indeed hampered copper export in cancer cells. As a consequence,
the cytotoxicity induced by the copper ionophore ES was mark-
edly enhanced in Arox/-KO cells (ICsy 97.42 nmol/L) compared
to WT cells (IC5g 124.9 nmol/L). Such effect was further exac-
erbated by a conditioned cell culture medium supplemented with
10 pmol/L CuCl,, where the ICsq of ES for Arox/-KO cells
(22.17 nmol/L) was approximately 3-fold lower than that for
Atox] WT cells (68.34 nmol/L) (Fig. SID). Collectively, the
results suggest that the depleting Arox/-mediated copper
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Figure 1

exportation combined with ES-mediated copper importation
generates strong cytotoxicity for breast cancer cells.

We next develop a nanomedicine for the co-delivery of ES and
AtoxI-targeting siRNA using Akk-derived OMV>' for a combi-
national effect for cuproptosis induction and immunoactivation in
anti-tumor therapy. Fig. 1 illustrates the proposed working
mechanism of siAtox]1/ES@OMYV in tumor therapy. Upon sys-
temic administration, we proposed that the siAtox1/ES@OMYV,
with a nanosize-facilitated enhanced pemealization effect (EPR),
could efficiently traffick to tumor regions, where they trigger
cuproptosis in cancer cells through the dual-function mechanism.
Secondly, the release of damage-associated molecular patterns
(DAMPs) by cuproptosis, in conjunction with PAMPs from the
OMYV, may effectively reprogram the tumor immune microenvi-
ronments for anti-tumor immune responses.

3.2. Preparation and characterization of siAtox1/ES@OMV
Akk-OMV was isolated from the culture medium of Akk until

ODggp nm reached 0.5—0.6. After removing the bacteria through
centrifugation, the supernatant was subjected to filtration via a

Schematic illustration of the fabrication process of siAtox1/ES@OMYV and the working mechanism for anti-tumor therapy.

0.45-pm filter and concentrated using a 100-K ultrafiltration tube.
The concentrated solution underwent further filtration using a
0.22-um membrane. OMV was purified from the filtrate by ul-
tracentrifugation at 150,000x g for 1.5 h and subsequently resus-
pended in PBS. Following purification, the physicochemical
properties and molecular composition of OMV were comprehen-
sively characterized. Scanning transmission electron microscopy
with energy-dispersive X-ray spectroscopy (STEM-EDX) was
performed to analyze the detailed elemental composition of the
OMV. The STEM-EDX mapping revealed the spatial distribution
and relative abundance of key elements in OMYV, including carbon
(C), nitrogen (N), oxygen (O), phosphorus (P), and sulfur (S)
(Supporting Information Fig. S2A). The protein composition of
Akk-OMV was initially analyzed by Coomassie blue staining
(Fig. S2B) and further characterized using liquid chromatography-
tandem mass spectrometry (LC—MS/MS). To ensure reproduc-
ibility and identify core components, two OMV samples were
analyzed independently. Proteomic analysis identified 48 and 43
proteins in sample 1 and sample 2, respectively, with 21 proteins
consistently detected in both samples (Fig. S2C). Notably, a sig-
nificant portion of the identified proteins were membrane proteins,
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12 of which are shared between both samples (Fig. S2D). This
substantial overlap in protein composition, particularly membrane
proteins, suggests the existence of a conserved core proteome that
likely plays essential structural and functional roles in OMV
biology. In addition, the average hydrodynamic diameter of OMV
remained unchanged at 4 and 37 °C for 7 days (Fig. S2E), further
supporting their high stability, robustness, and suitability for
downstream applications.

siAtox1 and ES were loaded either separately or in combina-
tion into OMV through electroporation, resulting in siAtox1@-
OMYV, ES@OMYV, and siAtox1/ES@OMYV, respectively (Fig. 2A).
The TEM micrograph revealed Akk-OMV exhibited a spherical
lipid bilayer morphology (Fig. 2B). The loading of siAtox1 or ES
did not alter the morphology of Akk-OMYV, although a slight in-
crease in particle size was observed. The average hydrodynamic
diameter of 100.18 4+ 23 nm (Akk-OMV), 185.1 £+ 18 nm (siA-
tox1@OMV), 164.4 £ 16 nm (ES@OMYV), and 212.35 £ 23 nm
(siAtox1/ES@OMYV) were determined by dynamic light scattering
(DLS) measurement (Fig. 2C). The surface charges of Akk-OMYV,
siAtox1 @OMYV, ES@OMY, and siAtox1/ES@OMYV were —18.2,
—30.1, —18.5, and —20.2 mV, respectively (Fig. 2D), with the

Figure 2

polydispersity index (PDI) all below 0.4 in an aqueous solution
(Fig. 2E). We next calculated the encapsulation efficiency using
Cy5-labeled siAtox1 and showed an encapsulation efficiency of
approximately 70% for siAtox1 based on fluorescence intensity
(Supporting Information Fig. S3A). The siAtox1 loading effi-
ciency was also measured by nucleic acid gel electrophoresis,
which compared the unencapsulated siAtox1 in the OMV mixture
before and after electroporation. The results showed that electro-
poration facilitated the encapsulation of approximately 70% of
siAtox1 into OMV (Fig. S3B). The encapsulation efficacy of ES
was 12.3% as determined by HPLC at A274 nm (Fig. S3C—S3E).
The accumulative ES release was approximately 40% in 12 h in
PBS buffer (pH 7.4) containing 0.1% Tween 80 (Fig. 2F).

3.3. Invitro cellular uptake and cytotoxicity of siAtox1/
ES@OMV

To investigate the intracellular uptake of siAtox1/ES@OMYV and
the lysosomal escape of siAtox1, siAtox1 was labeled with a Cy5
dye prior to loading into OMV. The fluorescence intensity of Cy5
(red) in 4T1 cells at 1, 3, and 6 h post-incubation was visualized

Characteristics of siAtox1/ES@OMV. (A) Schematic illustration of the fabrication process of siAtoxI/ES@OMYV. (B) TEM images of

Akk-OMYV, siAtox]1 @OMYV, ES@OMY, and siAtoxl/ES@OMYV. Scale bars: 500 nm. (C—E) The average size (C), zeta potentials (D), and
polydisperse index (E) of Akk-OMYV, siAtox1 @OMYV, ES@OMYV, and siAtox [/ES@OMYV determined by DLS. (F) In vitro release kinetics of ES

from siAtox1/ES@OMYV at pH 7.4 (PBS containing 0.1% Tween-80).
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Figure3  The intracellular uptake of siAtox1/ES@OMYV and induction of cuproptosis in vitro. (A) Confocal images of 4T1 cells incubated with
cyS-siAtox]1 @OMYV for 1, 3, and 6 h, respectively. The lysosome was stained with Lyso-Tracker (Green), nucleus was stained with Hoechst 33342
(Blue). (B) Flow cytometry analysis of 4T1 cells after incubation FITC-labeled siAtox]1/ES@OMYV for 0, 1, and 6 h. Median fluorescence
intensity (MFI) was quantified and shown in the right panel. (C) RT-qPCR analysis of the relative Arox/ mRNA expression in 4T1 cells treated
with siAtox]1 @OMV, ES@OMY, and siAtox1/ES@OMYV for 24 h. Data are represented as the mean £ SD (n = 3). (D) CCKS analysis of 4T1
cells treated with siAtox]1 @OMYV, ES@OMYV, and siAtox/ES@OMYV with 10 pmol/L. CuCl, in the culture media. Data are represented as the
mean + SD (n = 3). (E) Immunoblotting detected the FDX1, LIAS protein level in MDA-MB-231 and 4T1 cells treated with siAtox]1 @OMYV,
ES@OMYV, and siAtox1/ES@OMYV with 10 pumol/L CuCl, in the culture media. Representative data are shown from three independent exper-
iments. (F) Migration assay of 4T1 cells incubated with siAtox1 @OMYV, ES@OMY, and siAtox1/ES@OMYV with 10 pmol/L CuCl, in the culture
media. Scale bar: 100 um. P values were determined by one-way ANOVA with Tukey’s multiple comparisons test in (B—D). *P < 0.5;

#*P < 0.01; ¥*¥*P < 0.001.

using confocal laser microscopy (CLSM). The results unveiled a
progressive rise in red fluorescence intensity over time (Fig. 3A).
Notably, the colocalization coefficient (R?) between the red fluo-
rescence (siAtox1) and the green fluorescence (LysoTraker) was
as low as 0.46 at 6 h, indicating that a considerable amount of
siAtox1 had successfully escaped from the lysosomes. Further-
more, OMV was labeled with N-hydroxysuccinimide fluorescein
isothiocyanate (NHS-FITC) and then electroporated with siAtox1
and ES, resulting in FITC-siAtox1/ES@OMYV. The FITC intensity
of 4T1 cells at 0, 1, and 6 h post-incubation was semi-

quantitatively analyzed using flow cytometry. The results
showed that siAtox1/ES@OMV (green fluorescence intensity) at
6 h post-incubation was 4-fold higher than that of the control
group (Fig. 3B), indicating the efficient uptake by 4T1 cells. Next,
we evaluated the Atox] knockdown efficiency using RT-qPCR and
found a notable downregulation of Afox/ mRNA levels after
siAtox1@OMV and siAtox1/ES@OMV treatment compared to
the PBS or ES@QOMYV groups (Fig. 3C).

We next sought to assess the cytotoxicity of siAtoxl1/
ES@OMYV using a CCK8 assay. Our results showed that siAtox1/
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ES@OMV induced a markedly higher level of cell death in
comparison to the other treatment groups in conditioned cell
culture (10 umol/L CuCl, supplemented condition) (Fig. 3D). A
high level of copper destabilizes iron-sulfur (Fe—S) cluster pro-
teins within the tricarboxylic acid cycle (TCA), resulting in pro-
teotoxic stress and ultimately cuproptosis*>. Our results show that,
indeed, the levels of Fe—S cluster proteins (hallmarks of
cuproptosis®?), such as lipoic acid synthetase (LIAS) and ferre-
doxin 1 (FDX1), were decreased in both 4T1 and MDA-MB-231
after siAtox1/ES@OMYV treatment (Fig. 3E), indicating that
siAtox1/ES@OMYV induced efficient cuproptosis in breast cancer
cells. Consistently, 4T1 cell migration was also significantly
inhibited after the treatment of siAtox1/ES@OMV (Fig. 3F).

To further elucidate the mechanism underlying siAtox1/
ES@OM V-induced cuproptosis, we investigated the immunoge-
nicity following OMV treatment in bone marrow-derived DCs
(BMDCs). BMDCs express diverse pattern recognition receptors
that facilitate the recognition of pathogen-associated molecular
patterns (PAMPs) present on the surface of OMV. To evaluate the
immunogenicity of siAtox1/ES@OMYV, bone marrow-derived
DCs (BMDCs) were treated with siAtox]1 @OMV, ES@OMYV, or
siAtox1/ES@OMY, respectively. We measured the expression of
activation and maturation markers (CD80, CD86, MHC-I, and
MHC-II) on BMDCs and analyzed the production of inflammatory
cytokines (IL-6, TNF-«, and IFN-g) in the supernatant using
ELISA (Fig. 4A). While all OMV-containing formulations
significantly increased the secretion of IL-6 (Fig. 4B), TNF-«
(Fig. 4C), and IL-10 (Fig. 4D), as well as the expression of CDS8O0,
CD86, MHC-I, and MHC-II (Fig. 4E and F), siAtox]1/ ES@OMV
exhibited the strongest immunostimulatory potency compared to
siAtox1@OMYV or ES@OMYV alone. These findings collectively
highlight the potent immunostimulatory potential of siAtox1/
ES@OMV. Additionally, we observed elevated ROS levels in cells
treated with siAtox1/ES@QOMV (Fig. 4G), suggesting that ROS
generation plays a critical role in mediating copper-induced cell
death. These findings provide further mechanistic insights into
how siAtox1/ES@OMYV induces cuproptosis through the reduc-
tion of Fe—S cluster proteins, immune activation, and ROS-
mediated pathways.

3.4.  In vivo distribution and anti-tumor effects of siAtoxl/
ES@OMV

To evaluate the in vivo tumor-targeting ability of siAtox1/
ES@OMYV, we intravenously administered “*’siAtox1/ES@OMV
or free “siAtox1 (with equivalent siRNA content) into 4T1
tumor-bearing mice. Following a 24-h period, we found significant
fluorescent signals within tumor tissues in mice administered with
C¥3siAtox1/ES@OMV compared to free “’siAtox1 (Fig. 5A),
suggesting the efficient trafficking of “’siAtox1 into tumor tis-
sues facilitated by OMV-enabled delivery. Subsequent ex vivo
imaging consistently showed that the fluorescence intensity in
tumors from *“siAtox1/ES@OMV-treated mice was 2-fold
higher than that from the free ©’siAtox1 group (Fig. 5B). Addi-
tionally, ©’siAtox1/ES@OMV was predominantly localized in
tumor tissues compared to major organs, except for the liver
(Fig. 5B). Given the remarkable targeting ability to tumor tissues,
we next analyzed the in vivo knockdown efficiency in tumors
using RT-qPCR and showed significant downregulation of Afox]
mRNA levels in both the siAtox]1 @OMYV and siAtox1/ES@OMV
groups (Fig. 5C). By contrast, no significant changes were
observed in other tissues, including heart, liver, spleen, lung, and

kidney (Supporting Information Fig. S4). These findings under-
score the efficient delivery of siAtox1 to the tumor through the
systemic route.

We next determined the antitumor efficacy of siAtoxl1/
ES@OMYV in a4T1 breast cancer mouse model. BALB/c mice were
subcutaneously inoculated with 4T1 cells in their flank on Day 0,
followed by tail vein injections of PBS, siAtox1 @OMV, ES@OMYV,
and siAtox1/ES@OMYV on Days 4, 7, 10, 14, and 18, for a total of
five administrations (Fig. 5D). We have conducted an additional
experiment to determine the optimal treatment dose. Our results
showed that a low dose of 20 ng siAtox1/ES@OMYV per mouse did
not exhibit therapeutic efficacy, while a high dose of 100 pg per
mouse led to slight mouse piloerection, and reduced food intake,
indicating potential toxicity (Supporting Information Fig. S5).
Based on these observations, we selected a dose of 60 g per mouse,
which demonstrated both safety and efficacy in our model. By daily
observation of tumor volumes during the treatment period, we found
that administration of siAtox1/ES@OMYV exhibited superior anti-
tumor efficacy in comparison to both the control and monotherapy
group (i.e., siAtox1 @OMYV or ES@OMV group) (Fig. SE and F).
The synergistic index of siAtoxl/ES@OMYV is 0.8, indicating a
synergistic effect of the combination treatment. Specifically, the
average tumor weight of mice treated with siAtox1/ES@OMYV was
approximately 50% of that in PBS-treated mice (Fig. 5G), while no
significant variations in body weight were observed among all
treatment groups (Fig. SH).

We also included free ES to compare the specificity and effi-
cacy with siAtox1/ES@OMV. siAtox1/ES@OMYV demonstrated a
significantly stronger inhibitory effect on tumor growth compared
to free ES when applied at an equivalent ES dose (Supporting
Information Fig. S6).

To evaluate the potential advantages of siAtox1/ES@OMYV, we
compared its efficacy with cisplatin, a widely used chemothera-
peutic agent. Our results showed that siAtox 1/ES@OMYV achieved
comparable tumor inhibition efficacy to cisplatin. However, siA-
toxI’ES@OMV demonstrated significantly lower systemic
toxicity, as evidenced by stable body weight in treated subjects, in
contrast to the significant weight loss observed after cisplatin
treatment (Supporting Information Fig. S7).

3.5, siAtoxI/ES@OMYV induced cuproptosis and reprogrammed
tumor microenvironment to activate anti-tumor immune responses

The hematoxylin and eosin (H&E) staining and terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining were conducted to examine morphological
changes and cell apoptosis. Consistent with the cytotoxicity
in vitro, more extensive nuclear fragmentation and nucleolysis in
the tumor cells of mice treated with siAtox1/ES@QOMV were
observed compared to those treated with other drugs (Fig. 6A).
Meanwhile, immunohistochemistry images revealed a decrease in
LIAS levels in the siAtox1/ES@OMYV group compared to other
treatment groups, indicating siAtox1/ES@OMYV successfully
induced cuproptosis in the tumor (Fig. 6B). A notable TUNEL-
positive signal was found from the siAtox1/ES@QOM V-treated
tumors (Fig. 6C). Nevertheless, there were no notable alterations
in serum biomarkers, such as serum creatine (CK) and alanine
transaminase (ALT), or histopathological characteristics of major
organs (Supporting Information Fig. S8). Taken together, these
results demonstrated siAtox1/ES@OMYV significantly inhibited
tumor growth through specific induction of cuproptosis and
apoptosis in the tumor, without introducing obvious systemic
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Figure4 Immunostimulatory effects of siAtox1/ES@OMV. (A) Schematic workflow of the experiment. BMDCs were isolated and treated with
siAtox]1 @OMYV, ES@OMY, or siAtox [/ES@OMV (20 pg/mL). After 12 h of treatment, the supernatants were collected for cytokine analysis.
After 24 h of treatment, the cells were harvested for flow cytometry analysis. (B—D) Levels of pro-inflammatory cytokines (IL-6, TNF-«, and
IFN-() in the supernatants of BMDCs with indicated treatment for 12 h. Data are represented as the mean + SD (n = 3). (E, F) Representative
flow cytometry contour plot (E) and the quantification of the percentages of CD80", CD86", MHC-I", and MHC-IT" BMDCs (F) after treatment
with 20 pg/mL siAtox]1 @OMYV, ES@OMY, and siAtox1/ES@OMYV for 24 h. Data are represented as the mean £ SD (n = 3). (G) Representative
CLSM images of ROS generation in cells with indicated treatments. Scale bar: 50 um. Data are represented as the mean + SD (n = 3). P values
were determined by one-way ANOVA with Tukey’s multiple comparisons test in (B—D, F). *P < 0.5; **P < 0.01; ***P < 0.001.
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Figure 5  Invivo biodistribution and anti-tumor effects of siAtox /ES@OMV. (A) In vivo fluorescent images of 4T1 tumor-bearing mice at 24 h
post i.v. injection of Cy5-labled siAtox]1 @OMYV or free siAtox 1. Quantification of the fluorescence intensity of Cy5 was shown in the right panel.
Data are represented as the mean £ SD (n = 3). (B) Biodistribution of Cy5-labeled siAtox] @OMYV in tumor, heart, lung, liver, kidney, and spleen
at 24 h post i.v. injection. Quantitative analysis of CyS5 fluorescence intensity in tumors was shown in the right panel. Data are represented as the
mean + SD (n = 3). (C) RT-qPCR analysis of the relative Afox]/ mRNA expression in tumor tissues from the indicated groups. Data are rep-
resented as the mean + SD (n = 4). (D) Schematic for the 4T1 subcutaneous animal model experiment. Female BALB/c mice were subcuta-
neously (s.c.) injected with 4T1 cells (2 x 10° per mouse) on Day 0, followed by tail vein injection of PBS, siAtox] @OMYV, ES@OMYV, and
siAtox1/ES@OMYV on Days 4, 7, 10, 14, and 18 (total of five times). (E) Tumor growth curve of subcutaneously implanted 4T1 tumors bearing
mice given the indicated treatment (n = 5 mice per group). (F) Pictures of the tumors at the endpoint (Day 20) of the experiment. (G) Average
tumor weights at the endpoint (Day 20) of the experiment. (H) Average body weight of BALB/c mice with the indicated treatments. Data are
represented as the mean £ SD (n = 4). P values were determined by one-way ANOVA with Tukey’s multiple comparisons test in (A, B, C, F, and
G). *P < 0.5; ¥*P < 0.01; ***P < 0.001.

toxicity associated with siAtox]/ES@OMYV treatment. By
contrast, when introducing excess copper in a non-targeted
fashion, such as feeding the mice with a high-copper diet
(50 pmol/L CuSOy in drinking water), we showed that the tumors
developed even faster than the regular-diet feeding ones, indi-

activate anti-tumor immune responses. Therefore, we next explore
the systemic and local immune responses after siAtox1/ES@OMV
treatment. First, mouse serum was collected for cytokine mea-
surements at 3 h post the last administration. We found an increase
in serum IL-6 and IFN-« levels after siAtox]1 @OMV, ES@QOMYV,

cating the necessity of targeted induction of cuproptosis for tumor
therapy (Supporting Information Fig. S9).

The significant induction of both cuproptosis and apoptosis and
the inherent immunomodulation ability of OMV were assumed to

and siAtox1/ES@OMV treatments (Fig. 6D and E). The immune
profiling using flow cytometry showed notable infiltrations of
immune cells, including CD45"CD3"T cells, CD8'T cells, and
effector CD8T T (CD457CD3"CDS8 IFN-y™) populations in



Targeting copper homeostasis for cancer therapy

2651

Figure 6

siAtox1/ES@OMYV induced cuproptosis and immune cells infiltration in 4T1 tumors in vivo. (A) Representative of immunohisto-

chemical staining of the LIAS and TUNEL staining of tumor tissues from the different treatment groups. Scale bar: 50 um. (B, C) Quantification
of LIAS (B) and TUNEL (C) positive areas. Data are represented as the mean =+ SD (n = 3). (D, E) Serum levels of IL-6 (D) and IFN-« (E) in
BALB/c mice at 3 h after systemic administration of PBS, siAtox]1 @OMV, ES@OMYV, or siAtox1/ES@OMYV. Data are represented as the
mean 4 SD (n = 3). (F—I) Flow cytometry analysis of immune cell ratios in tumor tissue: CD45" cells (F), CD3" CD45" T cells (G), CD8" T
cells (gated on CD457CD3™ cells) (H), and IFN-y" in CD8" T cells (I). Data are represented as the mean & SD (n = 3). P values were
determined by one-way ANOVA with Tukey’s multiple comparisons test in (B—I). *P < 0.5; **P < 0.01; ***P < 0.001.

tumors treated with siAtox]1/ES@OMYV compared to the PBS
group (Fig. 6F and G, and Supporting Information Fig. S10).
Compared to monotherapy (ES@OMYV), siAtox1/ES@OMV
induced significant CD8 " T cells (1.3-fold), and cytotoxic T cells
(2.3-fold) (Fig. 6H and I). Taken together, siAtox]1/ES@OMYV has
effectively reprogrammed the TME, leading to the activation of a
systemic anti-tumor immune response.

3.6.  siAtox1/ES@OMYV inhibits tumor growth in an orthotopic
CT26 colon tumor model

To test the therapeutic potential of siAtox1/ES@OMYV across other
tumor types, an orthotopic CT26-Luc colon tumor model was
established in BALB/c mice as performed by Rapic et al.>* PBS or
siAtox1/ES@OMV was administered via tail vein injection on
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Days 7, 10, 13, 16, and 18 after the orthotopic implantation of the
CT26-Luc tumor (Fig. 7A). Tumor growth was monitored 2—3
times per week using IVIS imaging. The siAtox1/ES@OMV
group exhibited a significantly delayed tumor growth rate
compared to the PBS group, as evidenced by bioluminescence
imaging (BLI) measurements (Fig. 7B and Supporting Informa-
tion Fig. S11A). Consistently, the tumor volume and weight in the
siAtox1/ES@OMYV group were significantly lower than those in
the PBS group at the endpoint (Fig. 7C and D). The treatment was
well-tolerated, with no significant weight loss observed in the
treated mice (Fig. S11B). Furthermore, the overall intestinal
morphology of mice in both groups remained unchanged, with the

Figure 7

intestinal structure intact and no evidence of significant damage or
abnormalities (Fig. S11C). These findings suggest that siAtox1/
ES@OMV treatment is effective and biocompatible for intestinal
tissues. The immune profiling of the tumor immune microenvi-
ronment was analyzed by flow cytometry and CyTOF. Flow
cytometry revealed that siAtox1/ES@OMYV treatment increased
the total macrophage population and decreased the M2 macro-
phage ratio (Supporting Information Fig. S12A and S12B), indi-
cating siAtox1/ES@OMYV promotes macrophage polarization
toward the M1 phenotype. To further characterize the immune
landscape, we conducted high-dimensional CyTOF analysis using
a group of immune cell markers, including CD45, CD11b, CD3,

siAtoxI/ES@OMYV inhibited tumor growth in a CT-26 mouse tumor model. (A) Scheme showing the design of the animal exper-

iments. Female BALB/c mice were orthotopic implanted with CT26-Luc tumor fragments on Day 0, followed by tail vein injection of PBS or
siAtox1/ES@OMYV on Days 7, 10, 13, 16, and 18 (total of five times). (B) In vivo bioluminescence images of mice bearing CT26-Luc tumors at
different days. (C, D) Tumor picture (C) and weight (D) at the endpoint of the experiment. Data are represented as the mean + SD (n = 3). (E)
Workflow of the CyTOF experiment. (F) -SNE plot of expression levels of selected immune cell surface markers. Colar bar based on the relative
intensity of marker expression. (G) -SNE plots of the 10 clusters based on the cell surface marker expression in the PBS or siAtox1/ES@OMV
group. (H) The percentage of the 10 clusters in the PBS or siAtox/ES@OMYV group. (I) Boxplots depicting the percentage of key clusters from
the indicated groups. Representative data are shown as the mean & SD (n = 3). P values were obtained using unpaired two-tailed #-tests in D and

I #P < 0.05; **P < 0.01.
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CD4, and CD8 (Fig. 7E). The distribution of immunological
markers (CD45, CD11b, CD3, and CD8) was visualized through 7-
SNE plots (Fig. 7F). We identified a total of 10 clusters in tumors
using 7-SNE analyses (Fig. 7G, Fig. S12C). The percentage of
each cluster was depicted in Fig. 7H. Compared to the PBS group,
the percentage of Clusters 3 (CD45"CD11b"F4/80"), Cluster 6
(CD457CD3"CD8™), and Cluster 10 (CD457CD3%) in the siA-
tox1/ES@OMYV group was significantly increased by 2.0-, 2.3-,
and 2.2-fold (Fig. 7I), respectively, indicating an elevation of
macrophages and CD8™ T cells within the tumor microenviron-
ments following siAtox1/ES@OMYV treatment. Taken together,
these results demonstrated that siAtox1/ES@OMV effectively
inhibited colon tumor growth, promoted immune cell infiltration,
and inflamed the tumor immune microenvironment.

4. Discussion

Cuproptosis, a newly discovered form of regulated cell death that
relies on copper, presents promising avenues for cancer therapy.
However, copper acts as a double-edged sword: it is essential for
various biological processes, yet it can also pose significant risks
when not properly regulated®*. Non-specific copper delivery
methods are often insufficient for triggering tumor-specific
cuproptosis, as they lack the precision needed to control copper
levels exclusively within cancer cells®. In addition, such non-
targeted delivery may unintentionally stimulate tumor growth by
supplying copper that enhances cancer cell metabolism and pro-
liferation. This limitation has contributed to the limited success of
copper-based therapies in clinical trials, particularly during effi-
cacy validation stages*®. Our results have shown a high-copper
diet significantly promoted tumor growth, suggesting that sys-
temic copper administration promotes cuprogenesis for tumor
progression rather than inducing cuproptosis. Therefore, targeted
intervention of tumor copper metabolism is recommended for
effective cancer treatment”’. Developing targeted delivery systems
that direct copper or modulate copper pathways specifically within
tumor cells is crucial for realizing the therapeutic potential of
cuproptosis in cancer treatment.

ES-induced cuproptosis is dependent on FDXI1 but not
FDX2**% which explains why the therapeutic efficacy of copper-
dependent cell death varies across different tumor types. We
analyzed the expression levels of FDX1 and FDX2 in different
cancer types using publicly available databases, including GEPIA
and DepMap. The results indicate that the expression of FDX1 is
significantly higher than that of FDX2 in BRCA (Breast Invasive
Carcinoma) and COAD (Colon Adenocarcinoma) (Supporting
Information Fig. S13A). Furthermore, in the breast and colorectal
cancer cell lines, we observed that FDX1 expression levels are
consistently higher than those of FDX2 (Fig. S13B). This suggests
that elesclomol preferentially binds to FDX1 in these cancer types,
thereby promoting cuproptosis.

Here, we utilized OMV derived from Akk for the co-delivery of
ES and AtoxI siRNA to disrupt copper exportation in tumor cells
to improve the efficacy of ES. Previous studies have explored a
range of nanocarriers, including micellar nanoparticles,
pluronic F127-based cubosomes, and reactive oxygen species
(ROS)-sensitive polymers (PHPM), for the delivery of ES and Cu
complex***?. While these approaches successfully triggered
cuproptosis to a certain extent, the therapeutic effect needs further
improvement. In a patient-derived xenograft model of hepatocel-
lular carcinoma, the combination of ES—CuCl, with small

interfering RNA-mediated knockdown of PD-L1 inhibited tumor
growth more effectively than ES—CuCl, alone®. This suggests
that induction of cuproptosis has the potential to synergy with
immunotherapy. Our strategy, by employing immune-stimulatory
Akk-OMV for the co-delivery of ES and siAtox1, exhibits high-
ly efficient antitumor effects in two representative refractory
tumor models (TNBC and orthotopic CT26 colon models). Our
delivery system integrates Akk-OMV-mediated immune modula-
tion with cuproptosis-inducing therapeutics, offering a dual
mechanism for enhanced anti-tumor efficacy.

5. Conclusions

In our study, we harnessed the elevated copper levels in tumors to
induce cuproptosis through the targeted dual delivery of siAtox1
and ES. By employing Akk-derived OMYV as the delivery platform,
we not only enhanced copper accumulation but also stimulated the
tumor immune microenvironment, promoting T cell infiltration
and specific tumor killing. Our strategy offers a promising
combinatorial approach for treating high-copper consumption and
immune cold tumors.
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