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The way that cancer cells die inspires treatment regimens and
cytolytic cuproptosis induced by copper complexes, like copper(i)
bis(diethyldithiocarbamate) (CuET), has emerged as a novel therapeu-
tic target. Herein, a triphenylphosphonium-modified CUET (TPP-CuET)
is designed to target mitochondrial metabolism, triggering intense
immunogenic cuproptosis in breast cancer cells and remodeling
tumor-associated macrophages. TPP-CuET enables an enhanced
mitochondrial copper accumulation in comparison to CuET (29.0%
vs. 19.4%), and severely disrupts the morphology and functions of
mitochondria, encompassing the tricarboxylic acid cycle, ATP synth-
esis, and electron transfer chain. Importantly, it triggers amplified
immunogenic death of cancer cells, and the released damage-
associated molecular patterns effectively induce M1 polarization and
migration of macrophages. Transcriptome analysis further reveals that
TPP-CuET promotes antigen processing and presentation in cancer
cells through the MHC | pathway, activating the immune response
of CD8 T cells and natural killer cells. To the best of our knowledge,
TPP-CuET is the first mitochondrial targeted immunogenic cuprop-
tosis inducer and is expected to flourish in antitumor immunotherapy.

Introduction

Cancer is a worldwide life-threatening disease. While current
treatments including chemotherapy and radiotherapy can sup-
press tumor growth, they are plagued by pronounced systemic
toxicity and a lack of immunogenicity. This dearth of immu-
nogenicity hampers their ability to incite a robust immune
response, thereby diminishing the immune system’s ability to
identify and eliminate malignant cells. The primary culprit for
this reduced immunogenicity lies in the predominant mode of
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cell death induced by chemotherapeutic agents and radiation,
which is apoptosis—a form of programmed cell death. Apoptotic
cancer cells maintain their membrane integrity, concealing a
wealth of latent immunogenic damage-associated molecular pat-
terns (DAMPs) within their structure. This concealment allows
them to evade the vigilant scrutiny of neighboring immune
cells."”” Consequently, there arises a pressing need to induce a
highly immunogenic form of cell death in cancer cells, both as a
standalone therapeutic approach and as a complementary strat-
egy alongside immunotherapies. Fortunately, the crosstalk among
necroptosis, ferroptosis, pyroptosis, and antitumor immunity has
been emphasized and applied in immunotherapy.>” For example,
Shao and coworkers reported that pyroptosis is a cytolytic death
mode, in which released inflammatory cytokines trigger robust
antitumor immunity.*’

Mitochondria were once misunderstood as bystanders of the
oncogenic process, and it was not until recent years that the
crosstalk between mitochondrial metabolism and tumorigen-
esis was gradually emphasized.®® Increasing evidence suggests
that mitochondrial dysfunction augments cancer cellular emis-
sion of DAMPs.'*"" The latest study by Mangalhara et al. shows
that enhanced tumor antigen presentation and T cell-mediated
killing can be achieved by manipulating mitochondrial elec-
tron flow."” Therefore, targeting mitochondrial vulnerabilities
emerges as a promising therapy model for cancer therapy.
Tsvetkov et al. discovered that some copper ionophores, like diethyl-
dithiocarbamate, could bind lipoylated proteins of the (tricarboxylic
acid) TCA cycle at mitochondria and induce cuproptosis in cancer
cells.”® Our and other studies revealed that cuproptosis induced by
copper(u) bis(diethyldithiocarbamate) (CuET), a complex produced
by cupric ions and disulfiram, is a pro-inflammatory cytolytic
death."*"” However, the immunogenicity of cuproptosis has not
been thoroughly studied yet. Therefore, we envision that mitochon-
drial copper delivery could enhance the degree of cuproptosis and
induce a robust immune response for cancer therapy.

Herein, we developed a triphenylphosphonium (TPP)-modified
CuET (TPP-CuET) for enhanced mitochondrial exposure to cop-
per, thereby promoting robust cuproptosis (Scheme 1). Notably,
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Scheme 1 Schematic illustration of amplified immunogenic cuproptosis and macrophage M1 polarization by mitochondrial targeting TPP-CuET.

the complex demonstrates significantly augmented mitochon-
drial copper distribution and induces substantial mitochon-
drial damage in 4T1 breast cancer cells when compared to the
unmodified CuET. Importantly, the intense cuproptosis is
highly immunogenic and capable of eliciting M1 polarization
of macrophages. The underlying mechanisms of robust immu-
nogenic cell death (ICD) and antitumor immune activity by
TPP-CuET are further investigated by transcriptome analysis.
This study highlights the potential of mitochondrial targeted
cuproptosis inducers as a new approach for enhancing ICD in
cancer treatment.

Results and discussion
Design and synthesis of cuproptosis inducer TPP-CuET

Before designing a mitochondria-targeted copper complex, we
verified that CuET could elicit cuproptosis, a distinct cellular
response, as opposed to pyroptosis induced by metal ion
overload'®'® or the more common apoptotic pathway, within
4T1 breast cancer cells owing to our interest in breast cancer,
which is the number one malignant tumor in the world.>® We
first studied the viability of cells treated with dimethyl fumarate,
3,4-methylenedioxy-B-nitrostyrene (MNS)/Tranilast, VX-765, and
lenalidomide, which are pyroptosis inhibitors targeting GSDMD,
NLRP3 protein, caspase-1, and pyroptosis regulator molecules,
respectively.>* Our findings indicated that none of these inhibitors
were capable of rescuing cells from the lethality induced by CuET,
effectively ruling out the possibility of CuET-triggered pyroptosis
(Fig. 1A). Similar outcomes were observed when employing inhibi-
tors of necrosis (Nec-1) and ferroptosis (Fer-1). In contrast,

This journal is © The Royal Society of Chemistry 2024

the introduction of the mitochondrial pyruvate uptake inhibitor
UK-5099>* demonstrated a mitigating effect on cellular toxicity.
Collectively, these results provide compelling evidence for the
induction of mitochondrial respiration-dependent cuproptosis
by CuET in cancer cells.

Next, we designed a mitochondrial-targeting CuET, TPP-
CuET (Fig. 1B), to enhance the mitochondrial copper accumu-
lation and induce intense cuproptosis in cancer cells since
mitochondria are the sites where cuproptosis occurs. As shown
in Scheme S1, the synthesis of TPP-CukET involved the conjuga-
tion of a well-known mitochondrial-targeting cationic lipophi-
lic moiety, triphenylphosphonium,> to a hydroxyl-derived
CuET (HO-CuET). Specifically, HO-CuET was first synthesized
by reacting 2-(ethylamino)ethanol with carbon disulfide under
alkaline conditions, followed by cupric ion complexation. TPP-
CuET was then obtained through an esterification reaction
between 3-carboxypropyl triphenylphosphonium bromide and
HO-CUuET. "H-NMR spectra (Fig. S1, ESIf) cannot fully charac-
terize the structure of copper coordination compounds owing
to the paramagnetic property,”® and other characterization
methods were utilized in this work. The FT-IR spectra of CuUET
and TPP-CuET (Fig. 1C) showed the presence of v(N-CSS) at
1500 cm™' and v4(CSS) at ~500 cm ', In TPP-CuET, the
absorption peak at 1728 cm ' was ascribed to the ester bond
vibration, while the absorption peak in the range of 900-650 cm !
belonged to the out-of-plane bending vibration of C-H on the
benzene ring. Mass spectra analysis manifested that HO-CuET
and TPP-CukET had m/z values of 390.9695 and 526.6101, respec-
tively, which matched well with the calculated structures (Fig. S2,
ESIt and Fig. 1D). Furthermore, CuET, OH-CuET, and TPP-CuET
exhibited strong UV-vis absorption at 435 nm (Fig. S3, ESI}),
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Fig. 1 Design of mitochondrial targeted TPP-CUET as a robust cuproptosis inducer. (A) Heatmap of viability of 4T1 breast cancer cells pretreated with
various death inhibitors of different concentrations and then treated with 250 nM CuET. (B) Chemical structures of CuET and TPP-CuET. (C) FT-IR
spectrum and (D) high-resolution mass spectrum of TPP-CuET. (E) Viability of 4T1 cells subsequently treated with UK-5099 and 2 uM TPP-CuET.
Anticancer efficacy of (F) CUET and (G) TPP-CUET against 4T1 cells in media containing glucose or galactose (n = 4, mean + S.D.). (H) Immunoblotting
and relative gray values (RGVs) of DLAT in 4T1 cells treated with TPP-CUET, wherein B-Actin was selected as the loading control.

which was ascribed to the ligand-to-metal charge transfer and d-d
transition of Cu(u).>® These results demonstrated the successful
synthesis of TPP-modified CuET without affecting the coordi-
nation structure.

The cytotoxicity of TPP-CuET was assessed by an MTT assay
on a panel of cancer cell lines. As shown in Fig. S4 (ESIt), TPP-
CuET exhibited a broad-spectrum anticancer activity in B16,
CT26, and HepG2 cells, with ICs, values falling below 3 pM. In
comparison to CuET, TPP-CuET exhibited a marginal reduction
and maintained a considerable cytotoxicity against 4T1 cells
(Fig. S5, ESIT). The slightly reduced cytotoxicity of TPP-CuET
was probably due to the increased hydrophilicity (Fig. S6, ESIt),
as confirmed by a logP,, value of 1.55 £ 0.02, which is
perfectly within the desirable range for drug development
(0 to 4),***” whereas CuET is beyond the applicable range of
log P,y.>® Notably, TPP-CuET elicited cuproptosis in 4T1 cells
with a mitochondrial respiratory dependency similar to CukET,
which could be mitigated by UK-5099 (Fig. 1E). It is worth
noting that substituting glucose with galactose in the cell
culture medium has been observed to shift the cellular energy
metabolism from glycolysis to mitochondrial oxidative
phosphorylation.?>*® In this context, 4T1 cells relying on

2008 | J Mater. Chem. B, 2024,12, 2006-2014

mitochondrial respiration were more vulnerable to TPP-CUET
compared to those dependent on glycolysis, confirming that
TPP-CuET induces cuproptosis with a reliance on mitochon-
drial metabolism (Fig. 1F and G). Furthermore, TPP-CuET
treatment resulted in a decrease in the level of DLAT protein,
further confirming the induction of mitochondrial respiratory-
dependent cuproptosis in 4T1 cells (Fig. 1H).

Mitochondrial targeting delivery and damage

We then moved our attention to the mitochondrial accumula-
tion and damage induced by TPP-CuET. Upon treatment with
CuET and TPP-CuET, a 4.2-fold and 5.6-fold increase in whole-
cell copper levels was observed, as quantified through ICP-MS
analysis (Fig. 2A). The whole-cell copper level in TPP-CuET-
treated cells was only 32.1% higher than those treated with
CuET. However, the mitochondrial copper level in TPP-CuET-
treated cells was nearly 197.3% as high as that in CuET-treated
cells and a substantial 16.5 times that of untreated cells. This
observation suggests that the TPP modification significantly
alters the intracellular fate of the copper complex, enabling the
preferential delivery of cuproptosis inducers to the mitochon-
dria of cancer cells.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Mitochondrial copper uptake and mitochondrial damage after TPP-CUET treatment. (A) Whole-cell and mitochondrial copper levels of 4T1 cells
treated with CuET or TPP-CUET for 12 h (n = 3, mean £ S.D.). (B) Representative CLSM images and (C) flow cytometry quantification of JC-1-labeled 4T1
cells treated with CCCP, CuET, or TPP-CUET. (D) Representative TEM images of 4T1 cells after different treatments for 24 h, wherein normal
mitochondria are marked with white arrows and swollen mitochondria with red arrows.

Mitochondrial membrane potential (MMP, AY,,) dissipation
serves as a crucial indicator of mitochondrial damage. The MMP
of CuET-treated 4T1 cells was studied by JC-1 staining using
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) as a positive
control.>* In normal mitochondria, JC-1 aggregates emit red
fluorescence, but when the MMP is dissipated, JC-1 transforms
into monomers that emit green fluorescence. Confocal laser
scanning microscopy (CLSM) revealed that TPP-CuET accumula-
tion in mitochondria led to severe damage and the emission of
green fluorescence, whereas CuET resulted in relatively mild
damage to mitochondria (Fig. 2B). Flow cytometry analysis con-
sistently indicated that TPP-CuET treatment severely disrupted
MMP homeostasis (Fig. 2C), with 42.8% of cells displaying low
MMP, a more substantial effect than CCCP (7.9%). Furthermore,
transmission electron microscopy (TEM) provided an intuitive
view of the damaged mitochondrial morphology upon TPP-CuET
treatment (Fig. 2D), as indicated by the red arrows.*” This disrup-
tion included a reduction in the number of mitochondria, rupture
and distortion of mitochondrial cristae, and the presence of
mitochondria-derived vacuoles. In stark contrast, untreated 4T1
cells exhibited well-structured mitochondrial morphology with
dense cristae membranes and a dark matrix, as denoted by the
white arrows. In cells treated with CCCP and CuET, some
mitochondria displayed a relatively intact morphology, but a
considerable number exhibited deformed cristae (Fig. S7, ESIt).

This journal is © The Royal Society of Chemistry 2024

Proinflammatory immunogenic cell death of cancer cells by
TPP-CuET

The proinflammatory demise of cancer cells serves as a pivotal
effector mechanism within the realm of innate immunity. The
evaluation of cytoplasmic lactate dehydrogenase (LDH) release, as
depicted in Fig. 3A, revealed that both TPP-CuET and CuET
elicited LDH release in a concentration-dependent manner. Nota-
bly, TPP-CuET demonstrated a significantly higher LDH release at
a lower concentration; with 2 uM CuET and TPP-CuET yielding
3.5% and 37.5% of LDH release, respectively. Annexin V-FITC and
propidium iodide (PI) staining substantiated the lytic death of
4T1 cells induced by both copper compounds (Fig. 3B), with
non-viable cells predominantly exhibiting double-positivity.**
Additionally, differential interference contrast imaging illustrated
cellular swelling and foaming following CuET treatment
Fig. S8, ESIt), while TPP-CUET resulted in an increased number
of burst cells, a distinct departure from the apoptotic morphology
induced by hypoxia,** characterized by intact cell membranes.
TEM observations unveiled discontinuous cell boundaries and the
release of cellular contents subsequent to TPP-CuET treatment
(Fig. 3C).

Next, we assessed whether the lytic cuproptosis by TPP-CuET
could induce immunogenic cell death (ICD), typified by the
release of damage-associated molecular patterns (DAMPs). In
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the context of ICD, the endoplasmic reticulum-resident calreti-
culin (CRT) is translocated to the surface of the cell membrane,
thereby conveying an “eat me” signal to macrophages or
stimulating immature dendritic cells through receptor bind-
ing.>® As exemplified in Fig. 3D, cells treated with TPP-CuET
emitted robust green fluorescence upon staining with an Alexa
Fluor 488-conjugated CRT antibody, in stark contrast to the
comparatively faint fluorescence observed in CuET and
the positive control of chemotherapeutic doxorubicin (DOX)-
treated cells.**?” In the culture supernatant of 4T1 cells sub-
jected to TPP-CuET treatment, significantly higher levels of ATP
release were detected in comparison to DOX treatment
(Fig. 3E). High-mobility group box 1 (HMGB1) represents
another crucial marker of ICD, as it is released into the
extracellular milieu to activate peripheral immune cells.*®
Importantly, TPP-CuET led to a significant reduction in intra-
cellular HMGBL1 levels, as confirmed by CLSM and flow

2010 | J Mater. Chem. B, 2024,12, 2006-2014

cytometry analysis (Fig. 3F and G). Taken together, the pro-
inflammatory cuproptosis induced by CuET and TPP-CuET in
4T1 cells exhibits immunogenic characteristics, and the
mitochondrial-targeting properties of TPP-CuET amplify its
potential in promoting anti-tumor immunity.

In vitro macrophage polarization

DAMPs and other immunostimulatory factors released by can-
cer cells succumbing to ICD favor the crosstalk between dying
cancer cells and innate immune cells, such as macrophages.
This interaction serves to initiate an adaptive immune response
that holds therapeutic significance.*® A recent investigation by
Solier et al. highlighted the central involvement of mitochon-
drial copper in the activation of inflammatory macrophages.*®
In light of this, our research delves into the response of tumor-
associated macrophages (TAMs) to the release of immunogenic
substances during cancer cell death.

This journal is © The Royal Society of Chemistry 2024
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As illustrated in Fig. 4A, we collected conditioned medium
devoid of drugs, containing DAMPs released by 4T1 cells
following various treatments, and employed it to culture RAW
264.7 macrophages. The administration of CuET and TPP-
CuET-induced DAMPs led to the reinvigoration of macro-
phages, resulting in 43.2% and 52.2% populations of CD86+
M1 phenotype cells, respectively (Fig. 4C). Unlike the positive
control lipopolysaccharide (LPS), we distinctly observed the
peaks of CD86+ macrophages using flow cytometry (Fig. 4B).
In a transwell model, the conditioned medium from each group
was placed in the lower chamber and RAW 264.7 macrophages
were inoculated in the upper chamber to explore the migratory
capacity of macrophages after immune stimulation. Micro-
graphic examination revealed that, in comparison to CuET,
TPP-CuET treatment attracted more macrophages to migrate
through the polycarbonate membrane of the upper chamber
towards the lower chamber (Fig. 4D and E). Although LPS
induced 59.5% of macrophage M1 polarization, these cells
displayed relatively limited antigen responsiveness and exhib-
ited scarce downward migration. Furthermore, we assessed the
IL-1B and TNF-o. mRNA expression levels in RAW 264.7 cells
after various treatments using RT-qPCR measurements. IL-1f
holds significant importance in antigen-specific CD8+ T cell-
mediated antitumor immune responses.’’ The DAMPs derived
from TPP-CuET treatment exhibited comparable efficacy to

This journal is © The Royal Society of Chemistry 2024

LPS, resulting in a substantial increase in IL-1 mRNA levels
by several hundred times (Fig. 4F), potentially attributed to
mitochondrial dysfunction.”” Meanwhile, the expression of
TNF-o mRNA was significantly up-regulated under the treat-
ment of two copper ICD inducers compared to LPS treatment
(Fig. 4G). Overall, the stimulation of TAMs by DAMPs released
during the immunogenic death process, particularly induced
by mitochondrial-targeting cuproptosis initiator TPP-CuET, was
very intense. M1-polarized macrophages actively migrated
towards target cell antigens and secreted relevant cytokines,
thereby enhancing their participation in anti-tumor immunity.

Transcriptome analysis of antitumor mechanisms

To comprehensively elucidate the anticancer mechanisms of
TPP-CuET, we conducted transcriptome analysis to identify
differentially expressed genes (DEGs) in 4T1 cells following
various treatments. Principal component analysis (PCA)
affirmed the reproducibility of samples within the treatment
groups (Fig. 5A). Notably, when compared to CuET, TPP-CuET
exhibited a longer clustering distance from the control group,
signifying a greater degree of differential gene expression. TPP-
CuET led to 3391 upregulated or downregulated DEGs in 4T1
cells (Fig. S9A, ESIY), of which 1188 were unique genes. A Venn
diagram depicted an overlap of 1941 DEGs due to the structural
similarity and 508 unique DEGs between TPP-CUET and CukET

J. Mater. Chem. B, 2024, 12, 2006-2014 | 2011
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Fig. 5 Transcriptome sequencing analysis of untreated or CuET/TPP-CUuET treated 4T1 cells; TPP-CuUET was abbreviated as T-Cu in this figure.
(A) Principal component analysis of samples from each experimental group. (B) Volcano plots of DEGs in TPP-CUET treated 4T1 cells compared to the

control. (C) GO enrichment of the top 30 downregulated genes and corres

ponding terms of TPP-CUET compared to CukT. (D) KEGG map of the MHC |

antigen processing and presentation pathway of the TPP-CUuET group. Pink indicates the upregulation of genes, while green indicates both upregulation
and downregulation of corresponding genes. (E) Negative enrichment of the TCA cycle in TPP-CUET treated 4T1 cells compared to CuET via GSEA.

(Fig. S9B, ESIt). Among the DEGs influenced by TPP-CuET and
CuET treatments (Fig. 5B and Fig. S10A, ESIt), we observed the
presence of genes associated with cuproptosis, such as Lipt1?
and Rfesd that encodes the Rieske (Fe-S) domain-containing
protein. Additionally, numerous innate immune-related genes,
including Hspala (i.e. HSP70), Hspalb, Triml5, etc., were
significantly upregulated. In contrast to CuET, TPP-CuET nota-
bly suppressed a considerable number of genes related to the
TCA cycle and respiratory electron transport (Fig. S10B, ESIt),
including COX1/2/3, ATP6/8, DN1/2/3, etc., while concurrently
upregulating genes associated with both innate and adaptive
immunity, such as Prdmi1, Mmp25, Siglec15, Blnk, Pik3r3, and
Lag3.

To further unravel the functional implications of these
DEGs, we employed the hypergeometric distribution algorithm
to conduct Gene Ontology (GO), KEGG pathway, and Reactome
enrichment analyses. Given the mitochondrial targeting prop-
erty of TPP-CuET, numerous pathways associated with mito-
chondrial function and structure were prominently suppressed
among the top 30 down-regulated items in GO enrichment
analysis (Fig. 5C) and the top 10 down-regulated items in
Reactome enrichment analysis (Fig. S11, ESIf), including
aspects like mitochondria cristae formation and mitochondrial
electron transport. The KEGG pathway analysis revealed that, in
comparison to CuET, TPP-CuET upregulated more genes
involved in the major histocompatibility complex (MHC) class
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I pathway, thereby promoting antigen processing and presenta-
tion to CD8 T cells and natural killer cells (Fig. 5D and Fig. 512,
ESIT). Notably, the substantial downregulation of the Sdhaf1l
gene (Fig. 5B), which plays a role in the assembly of mitochon-
drial respiratory chain complex II, aligns with recent research
suggesting that complex II deficiency enhances antigen pre-
sentation and T cell-mediated killing.'* In addition, Gene Set
Enrichment Analysis (GSEA) demonstrated that TPP-CuET
inhibited the cuproptosis target TCA cycle (Fig. 5E), disrupted
the mitochondrial inner membrane, and impeded the electron
transport chain, thereby substantiating its impact on mito-
chondrial functions (Fig. S13, ESIf). Both CuET and TPP-
CuET significantly upregulated the protein-coding genes
involved in antigen processing and presentation (Fig. S14,
ESIT). Overall, the transcriptome analysis unveils that cuprop-
tosis induced by mitochondrial-targeting TPP-CuET severely
disrupts mitochondrial metabolism while concurrently stimu-
lating both innate and adaptive immune responses in the host.

Conclusions

In summary, we developed a TPP-modified CuET aimed at
intensifying copper’s interaction with mitochondria and promot-
ing robust immunogenic cuproptosis. Notably, our developed
copper complex exhibited a remarkable ability to enhance metal
accumulation within mitochondria and induce mitochondrial
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metabolic blockade in 4T1 breast cancer cells. This heightened
mitochondrial interaction led to a strong immunogenic cell
death, M1 polarization of macrophages, and stimulation of
innate and adaptive immunity, indicating a potent immunos-
timulatory response. Further research is needed to improve the
cell uptake efficiency and tumor targeting in vivo. Overall, our
findings uncover the antitumor immune efficacy of cupropto-
sis, underscoring the potential of cuproptosis as a valuable tool
in the fight against cancer.
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