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Colorectal cancer has emerged as one of the predominant malignant tumors
globally. Immunotherapy, as a novel therapeutic methodology, has opened up
new possibilities for colorectal cancer patients. However, its actual clinical
efficacy requires further enhancement. Copper, as an exceptionally crucial
trace element, can influence various signaling pathways, gene expression, and
biological metabolic processes in cells, thus playing a critical role in the
pathogenesis of colorectal cancer. Recent studies have revealed that
cuproptosis, a novel mode of cell death, holds promise to become a potential
target to overcome resistance to colorectal cancer immunotherapy. This shows
substantial potential in the combination treatment of colorectal cancer.
Conveying copper into tumor cells via a nano-drug delivery system to induce
cuproptosis of colorectal cancer cells could offer a potential strategy for
eliminating drug-resistant colorectal cancer cells and vastly improving the
efficacy of immunotherapy while ultimately destroy colorectal tumors.
Moreover, combining the cuproptosis induction strategy with other anti-
tumor approaches such as photothermal therapy, photodynamic therapy, and
chemodynamic therapy could further enhance its therapeutic effect. This review
aims to illuminate the practical significance of cuproptosis and cuproptosis-
inducing nano-drugs in colorectal cancer immunotherapy, and scrutinize the
current challenges and limitations of this methodology, thereby providing
innovative thoughts and references for the advancement of cuproptosis-
based colorectal cancer immunotherapy strategies.
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1 Introduction

Colorectal cancer (CRC) is a globally prevalent malignancy, ranking third in incidence
and second in terms of cancer-related mortality (Sung et al., 2021). At the time of initial
diagnosis, distant metastases are observed in approximately 20-50 percent of colorectal
cancer patients (Cervantes et al., 2023), leading to a discouraging 5-year survival rate of
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merely 12 percent (Xiong et al., 2019). Given the aggressive nature
and poor prognosis associated with metastatic colorectal cancer,
physicians and researchers face significant challenges in its
management and treatment. Conventional treatment methods for
CRC encompass endoscopic therapy, surgery, radiotherapy, local
therapy, as well as systemic therapy utilizing chemotherapeutic
agents. Programed cell death protein 1 (PD-1), also known as
PDCD1 and CD279, is expressed on the surface of activated
T cells, B cells, NK cells and other immune cells. PD-L1 and PD-
L2 are ligands of PD-1, which are widely expressed in antigen-
presenting cells, tumor cells and a variety of tissues. When PD-1
present on the surface of T cells interacts with PD-L1 expressed by
cancer cells, it can inhibit T cell activation and exert an
immunosuppressive function (Lin et al., 2024). On the surface of
tumor cells, PD-L1 is overexpressed to evade CD8 + T cell-mediated
cytotoxicity, thereby facilitating tumor immune evasion. The anti-
PD-1/PD-L1 antibodies serve as potent immune checkpoint
inhibitors (ICIs) are designed to block the activity of immune
checkpoint proteins and promote T cell activation to achieve
anti-tumor immune effects. In 2017, pembrolizumab, a PD-1
approved by the U.S.
Administration for solid tumor treatment, marking a milestone

inhibitor, was Food and Drug
in immunotherapy for cancer. However, the therapeutic efficacy
of immunotherapy in colorectal cancer patients is limited to
approximately 15% of cases characterized by mismatch repair
deficiency (dIMMR) and high microsatellite instability (MSI-H),
referred to as AMMR/MSI-H subtypes (Ding et al., 2023).Besides,
immunotherapy offers minimal clinical benefits for the vast majority
(over 95 percent) of metastatic colorectal cancer patients outside
these subgroups (Franke et al., 2019). Therefore, it is imperative to
explore new targets and techniques to overcome resistance and
completely eradicate colorectal tumors through immunotherapy.
Copper, serving as an essential cofactor for enzyme activity,
plays a vital role in various metabolic processes such as energy
metabolism, mitochondrial respiration, antioxidant defense, and
biosynthesis (Ge et al., 2022). The serum copper concentration in
healthy adults ranges from 0.7 to 1.4 ug/mL (Lutsenko et al., 2024).
To maintain cellular health and avoid toxicity, the concentration of
free copper in the cytoplasm varies from 107 M to 10' M (Wu
et al., 2023). Typically, the intracellular concentration of free copper
ions is approximately 10™'® M, representing less than one free copper
ion per cell (Rae et al., 1999). Elevated levels of copper have been
observed in tumor tissues and serum of patients with breast, lung,
and colorectal cancer (Shanbhag et al., 2021). Research indicates that
the copper concentration within normal colorectal tissue is 8.3 +
0.3 uM, whereas it dramatically escalates in colorectal cancer tissue
to 22 = 3 uM (Kang et al,, 2014). These elevated serum copper levels
exhibit a strong correlation with tumor stage and disease
progression. For example, Baszuk et al. reported that 62% of
patients with stage I-II colorectal cancer exhibited blood copper
levels within the highest quartile, and blood copper levels exceeding
0.93 pg/mL were correlated with a heightened prevalence of
colorectal cancer in the population (Baszuk et al., 2021).Recently,
Tsvetkov et al. found that pulse treatment with the copper ionophore
elesclomol-Cu (1:1 ratio) at concentrations as low as 40 nM for only
2 h resulted in a 15- to 60-fold increase in intracellular copper levels
that triggered cell death. Then, they identified a novel form of non-
regulatory cell death known as cuproptosis that is dependent on
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mitochondrial metabolism (Tsvetkov et al, 2022). Inducing
cuproptosis in tumor cells presents an innovative approach for
the treatment of colorectal cancer and has the potential to
enhance the efficacy of CRC immunotherapy. Firstly, key
cuproptosis genes are associated with immune-related genes
expression and infiltration of immune cells within the tumor
microenvironment (TME) (Guo P. et al,, 2023). Secondly, it has
been found that elevated intracellular copper can upregulate PD-L1
expression by inducing EGFR phosphorylation within tumors in
vivo (Voli et al., 2020). Thus, by employing copper ionophores (a
kind of compounds capable of selectively binding to copper ions and
transporting them into cells or specific organelles, such as DSF, ES),
it becomes feasible to upregulate PD-L1 expression in tumor cells,
thereby transforming colorectal cancer from a “cold tumor” into an
immunologically responsive “hot tumor” and enhancing the efficacy
of immunotherapy. The US FDA has endorsed PD-L1 expression in
tumor cells as a predictive biomarker for responsiveness to anti-PD-
1/PD-L1 therapies (Li H. et al., 2022). While increased PD-L1
expression within tumors promotes tumor evasion, tumoral PD-
L1 expression reflects an immunologically active environment that
amplifying the impact of ICIs. “Hot” tumors exhibit elevated levels
of immune cell infiltration, particularly cytotoxic T cells and a pro-
inflammatory microenvironment, whereas “cold” tumors exhibit
decreased levels of immune cell infiltration and an
immunosuppressive microenvironment. Generally, “hot” tumors
respond more favorably to ICIs due to their pre-existing immune
activity and augmented expression of immune checkpoint
molecules, such as PD-1 and PD-L1 (Ortega et al, 2024).For
instance, Zhou et al. found that DSF/Cu can upregulate PD-L1
expression in hepatocellular carcinoma cells by inhibiting
PARP1 and enhancing GSK3( phosphorylation at Ser9 point,
and combination therapy with DSF/Cu and an anti-PD-
1 antibody showed much better antitumor efficacy than
monotherapy (Zhou et al,, 2019). Consequently, the combination
of cuproptosis-inducing strategies and immunotherapy exhibits
promising prospects.

While the induction of copper-mediated cell death in colorectal
cancer cells relies heavily on the targeted transportation of copper
via copper ionophores, current small molecule-based copper
ionophores suffer from limitations such as short blood half-life,
limited transport capacity, and inadequate tumor targeting (Oliveri,
2022). To efficiently and accurately deliver more copper to tumor
cells, nanomaterial-based drug delivery systems can be employed.
The integration of nanomaterials can enhance the accumulation of
copper ionophores at the target tumor tissues while minimizing
harm to healthy tissues, thereby augmenting the therapeutic efficacy
of copper ionophores. Furthermore, combining cuproptosis-
inducing strategies with other anti-tumor approaches like
immunotherapy, photothermal therapy, photodynamic therapy,
and chemodynamic therapy could further potentiate their
therapeutic effectiveness. Recently, the combined immunotherapy
of cuproptosis-inducing nanoparticles has garnered significant
attention and demonstrated remarkable synergistic anti-tumor
efficacy, emerging as a rapidly evolving frontier in cancer
treatment. The advent of nanotechnology presents an immense
opportunity for advancing the combined immunotherapy of
cuproptosis-induced drugs, offering substantial advantages in the
clinical management of colorectal cancer.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1451067

Liu et al.

2 The association between copper and
colorectal cancer

2.1 Systemic and cellular copper
homeostasis

Copper is an essential micronutrient for human survival, playing
crucial roles in diverse protein synthesis and functioning as a vital
modulator of intracellular signaling and gene expression. However,
excessive copper levels can lead to irreparable cellular damage and
potentially result in disorders such as Wilson disease (Bandmann
et al,, 2015). Therefore, the concentration of copper within human
physiology typically remains within a narrow range (0.7-1.4 ug/mL)
in serum (Lutsenko et al., 2024), constantly balanced dynamically
between the cooperative efforts of the gut and liver. Humans obtain
copper primarily from food, and the median daily dietary copper
intake for adults has been reported to be 1.0-1.6 mg (Myint et al.,
2018). The duodenum and small intestine serve as the primary sites
for copper assimilation. Upon entry into the intestine, Cu®" is
converted to Cu' by metalloreductases like prostatic six-
transmembrane epithelial antigen (STEAP) and duodenal
cytochrome b (DCYTB) in the apical membrane of intestinal
epithelial cells due to the fact that CTRI can only transport Cu .
Moreover, Cu®" can also be directly imported into cells through
DMT1, however, these copper ions can’t be directly utilized by cells,
and research has indicated that DMT1 is not essential for intestinal
copper transport (Shawki et al,, 2015). Cu* is then transported into
cells through the copper transporter CTRI located at the apex of
intestinal epithelial cells before being secreted into the blood via
ATPase ATP7A activity (Guan et al,, 2023). In intestinal cells, a
substantial number of ATP7A migrate to the basolateral membrane
and accept Cu* from ATOXI, facilitating the transfer of Cu" from
intestinal cells to blood (Kaler, 2011). Once Cu* leave intestinal cells,
the oxidative environment of the interstitial fluid can convert Cu*
into Cu**. Copper entering the bloodstream can bind to various
significant proteins, such as ceruloplasmin (CP) and albumin. In
human serum, the majority of copper exists in the Cu** state and
binds primarily to ceruloplasmin (Linder and Hazegh-Azam, 1996).
Ceruloplasmin is a multifunctional iron oxidase that plays a pivotal
role in copper transport and storage. It is the most significant
copper-carrying protein in plasma. Copper bound to CP
accounts for the vast majority of serum copper content,
approximately 90%, and the remaining copper ions bind to
albumin or free amino acids in serum (Grochowski et al., 2019).
Then, Cu® is transported through the portal vein to the liver,
metabolized or stored in hepatic cells by interacting with
metallothioneins MT1 and MT2 (Bian et al., 2023). The liver can
also utilize copper to synthesize and secrete Cu-containing
ceruloplasmin and release it into the blood. Following this,
copper ions can be retrieved by other tissues through the blood
circulation (Munk et al., 2023). Most of the copper released from the
liver re-enters circulation through ATP7B and once again binds to
plasma proteins such as ceruloplasmin and albumin for
transportation to specific organs or tissues where it exerts its
function (Chen et al, 2020). Most copper must be returned to
the liver for elimination via the bile, which serves as the
predominant mechanism for copper excretion from the body.
Bile copper possesses diminished reabsorption potential, and its
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absorbability varies with the amount of copper in liver cells.
Generally speaking, copper homeostasis within the human body
is predominantly controlled by the level and form of copper
excretion via the bile (Linder, 2001). Nonetheless, copper is
expelled not solely through the bile. Indeed, up to 4.5 mg of
copper is secreted into the gastrointestinal tract on a daily basis
in adults, with the majority being reabsorbed (Linder et al., 1998).
Large fragments of ceruloplasmin (high copper content and resistant
to proteolysis) may provide a means of excreting copper that is not
reabsorbed by the intestine (Chowrimootoo and Seymour,
1994).Furthermore, the kidney is also one of the pathways for
eliminating excess copper (Linder et al., 1998).Part of the filtered
copper is reabsorbed by renal tubules, and the rest is excreted
with urine.

The cytoplasmic copper level is tightly regulated by a variety of
proteins, including copper enzymes, copper chaperones, and
membrane transporters (Wen et al., 2021). Copper possesses two
primary oxidation states. Within cells, copper primarily exists as
Cu*, while outside the cell it is predominantly Cu®*. They participate
the intracellular reduction and extracellular oxidation reactions,
respectively. The standard redox potential of Cu®*/Cu* is 0.153 V
(Palumaa, 2013). Under physiological conditions, Cu** and Cu* are
capable of accepting and donating electrons, switching between the
two oxidation states (Cu** and Cu"), thereby facilitating electron
transfer between molecules and contributing significantly to O,
transport, respiratory regulation, nerve cell differentiation, and
signaling (Kardos et al, 2018). The capacity of copper to
cyclically transition through redox reactions between Cu** and
Cu” results in redox potentials for copper-enriched enzymes
typically between +0.25 and +0.75 V, thereby permitting the
generation of electrons from diverse substrates, such as catechol,
superoxide, ascorbic acid, and iron (Ladomersky and Petris, 2015).
The balance between Cu** and Cu" is crucial for preserving cellular
redox potentials, and it’s tightly regulated by various intracellular
proteins, including superoxide dismutase (SOD), catalase, and
glutathione peroxidase. Besides, copper-binding proteins can also
influence the balance between Cu®" and Cu'. These proteins can
bind copper ions and regulate their oxidation status. For example,
metallothionein could bind both Cu** and Cu" and play a significant
role in maintaining copper homeostasis (Kre¢zel and Maret,
2017).During the reduction of Cu®* to Cu', reactive oxygen
species (ROS), including superoxide anion (O,7), nitric oxide
(NO?, hydroxyl radical (OH"), and hydrogen peroxide (H,O,),
can be produced via the Fenton reaction (Liochev and Fridovich,
2002). These ROS can subsequently interact with transition metals
such as Cu* to produce highly reactive hydroxyl radicals. Hydroxyl
radicals can cause significant cellular oxidative damage due to their
high standard reduction potential of 2.8 V (Wang and Zhang, 2018).
Moreover, ROS can also influence the activity of antioxidant
enzymes and copper-binding proteins. ROS can not only
deactivate antioxidant enzymes and diminish their capacity to
maintain redox potential, but also modify copper-binding
proteins and alter their affinity for copper ions, thereby
impacting the balance between Cu*/Cu" and redox potential,
leading to an increase in the oxidation state of copper and a shift
in redox potential (Vo et al., 2024).

CTR1 predominantly facilitates the entry of Cu* into intestinal
epithelial cells, which plays a crucial role in promoting the
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absorption of copper in the intestine (Lutsenko, 2021). CTR1 is a
homotrimeric membrane protein. Each monomer incorporates an
extracellular N-terminal domain and is essential for copper
(Gupta 2009).
intracellular copper concentration can trigger CTR1 to relocate

interaction and Lutsenko, Alterations in

between the plasma membrane and intracellular vesicles.
Augmented copper levels can endocytose CTR1 from the plasma
membrane, thereby preventing copper overload. After cellular
uptake, Cu* can maintain extremely low intracellular free copper
concentrations by binding to MT1/2 and GSH, protecting Cu* from
disproportionation and then transferring Cu* to different copper
chaperones (Tang et al, 2023). Free copper is extraordinarily
reactive. Be it in serum or within cells, copper binds to various
molecules, thus no free copper exists. A large number of Cu-binding
proteins are reside in the cytoplasm, forming an exchangeable “Cu
pool” (Kim et al.,, 2023). Cu" could interacts with various copper
chaperones such as COX17, ATOX1, CCS, and SOD1 before being
directed to specific subcellular compartments like mitochondria,
trans-Golgi network (TGN), and nucleus (Chen et al, 2022).
Cytosolic Cu" can be transported to the mitochondrial
membrane space (IMS) via copper (CuL) and
subsequently into the mitochondrial matrix via solute carrier
family 25 member 3 (SLC25A3) of the inner mitochondrial
membrane (IMM) (Tian et al., 2023). Cox17 shuttles between the

cytoplasm and the mitochondrial membrane gap. It not only

ligands

conveys Cu’ from the cytoplasm to SCO1 or SCO2 located on
the inner mitochondrial membrane, but also transports Cu* from
the cytoplasm to Cox11, and subsequently emits Cu* to the CuA and
CuB sites of Cox1 and COX2, respectively (Chojnacka et al., 2015).
COX1 and COX2, as two subunits of CcO, are indispensable copper-
dependent enzymes in the oxidative phosphorylation process. When
combined with Cu’, they can activate the oxidative respiratory chain
within mitochondria (Nyvltova et al., 2022). ATOXI1 transfers Cu*
to the metal-binding sites of ATP7A and ATP7B in the TGN while
promoting the synthesis of copper-dependent proenzymes such as
lysine oxidase and tyrosinase (Lutsenko et al., 2007). Additionally,
ATOX1 shuttles Cu" to the nucleus where it modulates gene
expression through transcription factor binding (Itoh et al,
2008). CCS facilitates the delivery of copper ions to SOD1 which
utilizes them for catalyzing superoxide disproportionation in the
cytoplasm, thus
mitochondria and maintaining intracellular Cu ion homeostasis
(Boyd et al., 2020). Copper transporters ATP7A and ATP7B are
responsible for the cellular excretion of excess copper (Ruturaj et al.,
2024). ATP7A and ATP7B are located on the TGN or plasma
membrane and pump Cu* from ATOXI to the other side of the
membrane. Elevated intracellular Cu levels can augment ATOXI-
mediated Cu ion delivery to ATP7A and ATP7B and promote
ATP7A and ATP7B movement from the TGN to the plasma
(Cox 2002).
intracellular copper levels are increased, on the one hand,
ATP7A will move from the TGN to the plasma membrane and
facilitate intracellular copper excretion (Linder, 2001). Studies have

mitigating ROS-induced damage outside

membrane and Moore, Specifically, when

shown that ATP7A expression increases in multiple tissues such as
intestine, heart, and spleen to efficiently export more copper after
excessive copper intake in humans (Sailer et al., 2024). On the other
hand, elevated cellular copper concentration also causes ATP7B to
redistribute to vesicles and apical vacuoles in the apical membrane of
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hepatocytes adjacent to the bile ducts and promotes biliary excretion
of excess copper in the liver (Cater et al, 2006). ATP7B, which
encodes the WND p-type ATPase and is predominantly expressed
in the liver (Hasan et al., 2012), is essential for biliary excretion of Cu
and binding of Cu to hepatic ceruloplasmin, and is predominantly
localized to TGN at low extracellular copper concentrations
(<1 umol/L) (Tapiero et al., 2003). The copper transit to the bile
involves HAH1/ATOX1, WND, and exocytosis or trafficking of
WND to the brush border of the bile canaliculus (Roelofsen et al.,
2000). Moreover, copper excretion may require additional
intracellular liver copper-binding proteins COMMDI (the
MURRI domain of copper metabolism) and XIAP (X-linked
inhibitor of apoptosis proteins) (Prohaska, 2008). These intricate
mechanisms underline the critical importance of maintaining
appropriate  cellular copper
functionality.

homeostasis for optimal cell

2.2 Copper and colorectal cancer
signaling pathway

Copper exhibits the ability to bind and activate important
molecules involved in multiple transduction pathways within
colorectal cancer cells, demonstrating a strong association with
various malignant phenotypes observed in colorectal tumors.
This includes the activation of a cascade of receptor kinases. For
example, copper can facilitate the binding and stimulation of
tyrosine phosphorylation in RTKs, which play a key role in
signal transduction pathways associated with RTK (He et al,
2019). Subsequent activation of RTKs leads to downstream
phosphorylation events involving extracellular regulated protein
kinase ERK and tyrosine kinase AKT, promoting migratory and
proliferative activities in colorectal cancer cells (Vitaliti et al., 2022).
Additionally, copper activates various core kinases that contribute
significantly to the initiation and progression of colorectal tumors.
Within the mitogen-activated protein kinase (MAPK) pathway,
MEK1/2 serves as an essential regulator for processes such as
tumor cell proliferation, apoptosis, differentiation, and
metabolism. Copper ions can stimulate the MAPK pathway
through MEK1/2 (Gao and Zhang, 2023) while simultaneously
engaging autophagic signaling via interaction with ULK1/
2 proteins (Hu et al,, 2021), suggesting potential pharmacological
strategies for targeting these signaling networks and overcoming
colorectal cancer drug resistance. The BRAFY**°F alteration serves as
a robust prognostic indicator for metastatic colorectal cancer, while
copper ions can further enhance colon carcinogenesis by triggering
the BRAFV*!-MEK-MAPK signaling axis (Brady et al, 2017).
Additionally, the WNT signaling pathway plays a crucial role in
maintaining the stemness characteristics of colorectal cancer stem
cells. Recent research suggests that copper interacts with PDK1 and
facilitates its binding to AKT, consequently triggering the WNT/f-
catenin pathway and Further
investigations unveiled that the (-catenin/TCF4 transcriptional

enhancing CSC properties.

complex directly interacts with the ATP7B promoter, thereby
inducing its expression, reducing intracellular copper and
inhibiting cuproptosis (Liu YT. et al., 2024). Furthermore, it has
that (IL-17)-driven STEAP4-

dependent cellular copper accumulation is critical for sustaining

been revealed interleukin-17
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nuclear factor kappa B (NF-kB) pathway activation and enhancing
XIAP activity, which ultimately promoting colorectal cancer
development and multidrug resistance (Liao et al, 2020).
Therefore, copper exerts significant influence on colorectal
cancer-associated signaling pathway, providing potential insights
into our understanding and therapeutic options for this disease.

2.3 Copper and colorectal cancer
progression and metastasis

Copper, an essential cofactor of cytochrome ¢ oxidase within
mitochondria, plays a vital role in meeting the energy demands of
rapidly proliferating cells. Consequently, cancer cells require higher
levels of copper compared to non-dividing cells (Lopez et al., 2019).
Copper can stimulate cellular growth and proliferation through various
signaling pathways, known as copper hyperplasia, and also can promote
cancer progression by activating metastasis-associated enzymes and
signaling cascades. Besides, copper serves as a crucial cofactor for several
metalloenzymes involved in cancer metastasis, including SOD1, TGF-{,
and LOX. LOX is an extracellular enzyme dependent on copper that is
responsible for cross-linking collagen and elastin in the extracellular
matrix (ECM) and plays a pivotal role in ECM reorganization during
metastasis (Erez, 2015). Studies have demonstrated that copper can
initiate cancer metastasis through the ATOX-ATP7A-LOX signaling
pathway. When combined with ATOXI1, copper can enhance tumor
cell proliferation by upregulating Cyclin D1 expression (Jiang et al,,
2023). Conversely, silencing ATOX1 or inhibiting ATP7A activity can
reduce LOX function and inhibit tumor cell proliferation and migration
(Shanbhag et al,, 2019). Another copper-dependent enzyme called
AOCI has been shown to promote the proliferation and migration
of colorectal cancer cells in both in vivo and in vitro experiments,
exhibiting a significant correlation with unfavorable clinical outcomes
among colorectal cancer patients (Liu et al,, 2021).

Angiogenesis is an indispensable process in tumor progression,
involving diverse stages such as endothelial cell proliferation and
migration, vascular luminal formation, and vascular network
construction (Cao et al, 2023). Copper not only regulates the
release of angiogenic factors like fibroblast growth factor (FGF)
and inflammatory cytokine IL-1a (Chen Z. et al., 2023), but also
promote tumor angiogenesis and metastasis by directly activating
various proangiogenic molecules, including VEGF, SOD1, FGF2,
TNF-q, and IL-6 (Wang X. et al,, 2023). For example, copper ions
infiltrating the nucleus via CCS can enhance the expression and
increase the persistence of hypoxia-inducible factor 1 (HIF-1),
thereby stimulating VEGF expression and inducing tumor
angiogenesis (Chen X. et al, 2023). Moreover, Cu can also
regulate the affinity of angiopoietin to endothelial cells by
directly binding to angiogenic factors (Wang Z. et al, 2023). In
conclusion, copper’s pivotal role in tumor angiogenesis will further
promote colorectal cancer progression and metastasis.

3 Cuproptosis: cell death induced by
copper in colorectal cancer

In 1978, Chan et al. reported that high concentrations of copper
could induce fibroblast cell death (Chan et al., 1978). However, the
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understood.  The
conventional belief suggests that copper ions can enhance cell

underlying mechanism remains poorly
death by triggering the accumulation of reactive oxygen species
(ROS), inhibiting proteasome activity, and causing mitochondrial
dysfunction (Hu et al,, 2022). Nevertheless, recent research has
revealed cuproptosis as a novel form of regulated cell death,
shedding light on the enigmatic mechanism behind copper-
induced cell death. Copper-induced cell death is mediated
through protein lipoylation. Excessive copper transfer to
mitochondria leads to the reduction of Cu** to Cu" by FDXI.
Unlike other known forms of regulated cell death, elevated levels
of Cu* directly interact with dihydrolipoamide-acetyltransferase
(DLAT), a lipoacylating component in the TCA cycle within
mitochondria. This interaction results in oligomerization of
lipoacylated DLAT protein and destabilization of Fe-S proteins,
ultimately leading to proteotoxic stress and subsequent cellular
death (Figure 1) (Tsvetkov et al, 2022). The recognition of
cuproptosis highlights the crucial role of copper in tumor
pathogenesis and emphasizes the potential efficacy of copper-
based nanomedicines in colorectal cancer immunotherapy.

4 Cuproptosis and colorectal
cancer TME

4.1 Colorectal cancer: immunosuppressive
tumor microenvironment

The intricate tumor microenvironment consists of tumor cells,
non-tumor cells (such as fibroblasts, endothelial cells, and immune
cells), and non-cellular components including the extracellular
matrix, cytokines, and growth factors (Wang et al., 2023c). The
composition and infiltrative status of immune cells within TME are
critical factors that influence tumor progression, prognosis, and
treatment strategies (Guo et al, 2020). Based on their distinct
functionalities, immune cells can be categorized as innate and
adaptive immune cells. Innate immune cells encompass
macrophages, NK cells, and MDSCs which constitute the body’s
initial defense against foreign aggressors (Sadeghi et al., 2024).
Tumor-associated macrophages (TAMs) can be classified into
M1 and M2 profiles. M1 macrophages stimulate antitumor
responses by producing proinflammatory cytokines such as IL-6,
IL-12, IL-23, etc., whereas M2 macrophages promote tumor
immune evasion by recruiting Tregs and  secreting
immunosuppressive cytokines like IL-10 and TGF-p (Prakash
2023). As progression occurs time,

M1 macrophages could gradually polarize into M2 macrophages

et al, tumor over
(Sharifi et al., 2019). NK cells possess potent tumoricidal capabilities.
Insufficient infiltration of NK cell correlates with adverse cancer
progression and prognostic indices (Wang et al., 2021). The reduced
levels of infiltrating NK cell in CRC tissues along with compromised
cytotoxic activity may be associated with the establishment of an
immunosuppressive TME in CRC (Halama et al., 2011). MDSCs
represent a diverse group of regulatory cells derived from the
myeloid lineage. Research indicates that MDSCs exhibit elevated
levels in CRC patients’ circulation, which are associated with
diminished antitumor immunity levels along with advanced
tumor stage and metastasis (Umansky et al, 2016). Adaptive
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Mechanisms of cuproptosis. STEAP and DCYTB facilitate copper transitions to monovalent states for cellular entry through CTR1 in intestinal
epithelial cells. Within these cells, copper associates with copper chaperones such as ATOX1, CCS, and SOD1, localizing to distinct subcellular sites like
mitochondria, TGN, and nucleus. The copper ionophore DSF or ES facilitate the import of excess copper into the cell and further shuttle it to the
mitochondria. Intensive copper binding to mitochondrial lipoylated TCA components triggers oligomerization of lipoylated proteins like DLAT and
destabilizes Fe-S cluster proteins, inducing proteotoxic stress leading to cell death.

immune cells comprise T cells and B lymphocytes, which elicit a
sustained antitumor immune response (Gajewski et al, 2013).
T cells, the predominant immune cell population in colorectal
cancer, can be categorized as CD8" T cells and CD4" T cells.
CD8" T cells produce cytotoxic enzymes such as granzyme B and
perforin, and also exert antitumor activity by generating the
proinflammatory signaling mediator TNF-a (Guo et al., 2020).
Similar to CD8" T cells, CD4" T cells exhibit cytotoxic effects
through the Fas/FasL and GZMB/Perforin pathways (Russell and
Ley, 2002). B lymphocytes are responsible for antibody production.
However, their role in the TME remains controversial. A recent
study has suggested that B lymphocytes may play a vital role in the
therapeutic response to ICIs by modulating T cell activation and
functionality (Helmink et al., 2020). Regulatory T cells, a subset of
CD4" T lymphocytes, could produce IL-10 through multiple
pathways to suppress the cytotoxic activity of both CD8* and
CD4* T cells and downregulate the expression of IFN-y and
TNF-a. Consequently, their accumulation within tumors hinders
the expansion of anti-tumor effector T cells and promotes an
immunosuppressive microenvironment (Oshi et al., 2020).

4.2 Copper dyshomeostasis and the tumor
microenvironment in colorectal cancer

Copper is an essential trace element in the human body, playing
a key role in maintaining immune homeostasis and enhancing
immune system function (Figure 2), and potentially influencing
the development and progression of colorectal cancer through

immune-related mechanisms (Mo et al, 2024). The
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dyshomeostasis of copper influence the

functionality of the immune system through diverse mechanisms,

can potentially

which subsequently impacts the initiation of anti-tumor immune
responses and the efficacy of immunotherapy. Primarily, copper is
crucial for keeping the normal activity of immune cells, and assists in
the synthesis of cytokines and chemokines, which play an integral
role in managing the body’s immune response (Ladomersky and
Petris, 2015). A disruption of copper homeostasis in the body may
result in compromised production of immune-related molecules,
reducing the capacity of the immune system to monitor and
eliminate cancer cells. Research has demonstrated that apart from
a reduction in the count of circulating neutrophils in patients with
copper deficiency, the functionality of neutrophils to generate
immunoactive substances such as superoxide anions is also
(Babu and Failla, 1990).
deficiency also brings about a decrease in the count of antibody-

diminished Furthermore, copper
producing cells within the body (Prohaska and Lukasewycz, 1981).
Besides, studies have shown that copper deficiency could also
impairs the number and functionality of cytotoxic T cells and
helper T cells, which ultimately limits the secretion of immune
effectors and leading to immunosuppression (Cheng et al., 2022).
Maintaining intracellular and extracellular copper homeostasis is a
premise for proper macrophage function. Copper deficiency can
lead to macrophage depletion (Bala et al.,, 1991), while excessive
copper can impair macrophage function (Zhao and Zhao, 2019).
Additionally, copper ions have been shown to induce the
polarization of M1 macrophages (Diez-Tercero et al, 2022).
Furthermore, copper also exhibits regulatory effects on the
expression of the immune checkpoint PD-L1. Voli’s study have
demonstrated that copper deficiency can reduce PD-L1 mRNA
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translation by suppressing the JAK/STAT pathway and can also
decrease PD-L1 expression by promoting its ubiquitination and
degradation in tumor cells (Voli et al.,, 2020).

Conversely, intracellular copper overload can lead to cell death.
Copper-induced cell death is a new type of regulatory cell death that
occurs when excess copper in the cell binds directly to the
lipoacylated component of the tricarboxylic acid cycle, known as
cuproptosis. Studies have shown that cuproptosis can modulate the
efficacy of immunotherapy by affecting the infiltration of immune
cells in the tumor microenvironment. For example, Zeng et al. found
that cuproptosis in microsatellite-stabilized colorectal cancer cells
can enhance the cytotoxicity of CD8" T cells by downregulating the
WNT signaling pathway (Zeng et al, 2024).In tumor cells,
cuproptosis also can improve anti-tumor immune responses
through ¢GAS-STING signaling. The cGAS-STING pathway is an
essential innate immune signal that plays a crucial role in the anti-
tumor immune response. Jiang et al. found that, under the induction
of ES and CuCl,, the cGAS-STING activity in dendritic cells co-
cultured with cuproptosis-activated ccRCC cells increased in a dose-
dependent manner, and the combination of cuproptosis inducers
(ES and CuCl,) and anti-PD-1 therapy can synergistically increase
the levels of circulating CD45%, CD8* T lymphocytes, enhance the
pro-inflammatory response and the production of type I IFN,
thereby amplifying the anti-tumor immune response and
enhancing the efficacy of anti-PD-1 therapy (Jiang et al., 2022).
However, further investigation is needed to fully understand the
impact of copper on the human immune system.
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4.3 Key cuproptosis genes and the tumor
microenvironment in colorectal cancer

SLC31A1, DLAT,
Multiple bioinformatics

Key cuproptosis genes include FDXI,
CDKN2A, and LIAS, among others.
investigations have demonstrated the intricate association of
these genes with immune-related gene expression and infiltration
of immune cells in the TME. This suggests their potential as
promising targets and biomarkers for enhancing the effectiveness
of immunotherapy in colorectal cancer (Zhu et al., 2022).

The iron-sulfur protein FDXI, an upstream modulator of
protein lipoacylation, plays a significant role in promoting the
synthesis of the key enzyme LIAS during DLAT lipoacylation
(Dreishpoon et al., 2023). Studies have demonstrated a positive
correlation between FDXI1 expression and infiltrated levels of CD8"
T cells, NK cells, and neutrophils, while showing a negative
correlation with infiltrated levels of CD4" T cells and cancer-
associated fibroblasts. These findings suggest that elevated
FDX1 expression is beneficial in preventing tumor immune
evasion (Wang L. et al,, 2023). Furthermore, FDX1 expression is
significantly associated with various immune-related genes
including chemokines, chemokine receptors, MHC molecules,
2022). Taken
regulating the

and immune checkpoint proteins (Yang L. et al,
together, these indicate that
FDX1 expression may hold promise for
immunotherapy efficiency in colorectal cancer.

observations

enhancing
CTR1, also
known as SLC31Al1, is a copper transporter protein that plays a
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crucial role in maintaining intracellular copper homeostasis. (Tury
et al, 2023). Elevated levels of intracellular copper induced by
SLC31A1 can activate molecular cascades such as NFkB, JAK/
STAT, and PI3K/AKT/mTOR to upregulate PD-L1 expression in
tumor cells (Voli et al., 2020). Therefore, targeting SLC31A1 in
combination with anti-PD-L1 therapy may be a promising approach
for cancer treatment. DLAT is an inner mitochondrial membrane
protein that regulates tumor progression through pyruvate
oxidation, citric acid cycle and glycolysis processes. (Ganetzky
et al, 2024). Studies have shown that DLAT can shape the
immunoreactive TME by increasing cytotoxic T cell levels and
reducing T cell depletion. Moreover, DLAT expression positively
correlates with the infiltration levels of CD8* T cells, neutrophils,
macrophages B cells and DC cells in CRC patients (Chu et al., 2023).
Thus, DLAT could potentially enhance the response of CRC to
immunotherapy by shaping “hot” TMEs.

Single sample gene set enrichment analysis was utilized by Qing
et al. in their investigation to calculate individual cuproptosis scores
(CS), which exhibited a significant positive correlation with the
expression of most cuproptosis-related genes, indicating that CS can
serve as an indicator of the cuproptosis status. Their findings
demonstrated that CS levels were substantially higher in tumor
tissue compared to healthy tissue, and there was a strong positive
association between CS and resting mast cells, eosinophils, activated
CD4" T cells, and dendritic cells. Additionally, CS showed a marked
negative correlation with Tregs, NK cells, MO macrophages,
follicular helper T cells, and memory B cells (Qin et al, 2023).
Therefore, these cuproptosis-related genes have the potential to be
novel immunotherapeutic biomarkers.

4.4 Cuproptosis-related IncRNAs and the
tumor microenvironment in
colorectal cancer

Long non-coding RNAs (IncRNAs) play significant roles in
various stages of tumor progression, including proliferation,
apoptosis, They
contribute to tumorigenesis, development, dissemination, and

angiogenesis, and metastasis. significantly
metastasis (Coan et al., 2024). Moreover, IncRNAs can regulate
mRNA translation in a base-pair-dependent manner and modulate
signaling pathway such as WNT/B-catenin, PI3K/Akt, mTOR, and
TP53 through interactions with diverse proteins and lipids (Galamb
et al,, 2019). Importantly, several studies have demonstrated the
critical functions of IncRNAs in controlling colorectal cancer cell
proliferation, apoptosis, epithelial-mesenchymal transition (EMT),
invasion, and drug susceptibility via gene transcriptional regulation
and post-transcriptional modulation (Chen and Shen, 2020).
Therefore, IncRNAs hold great potential as biomarkers for early
identification, diagnosis, and prognosis prediction of colorectal
Additionally, the
cuproptosis-related IncRNAs (CRLs) are expected to provide

cancer. therapeutic ~ strategies targeting
novel insights for cancer treatment.

Yang et al. (2023) developed a risk-scoring model incorporating
six cuproptosis-related IncRNAs (AC009315.1, PLS3-AS1, ZEB1-
AS1, AC007608.3, AC010789.2, and AC010207.1) that exhibit
strong correlations with colorectal cancer prognosis. They

observed reduced immune score and CD8" T cell infiltration in
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the high-risk group, while the low-risk group showed lower immune
rejection, immune dysfunction, and TIDE scores compared to the
high-risk group. Moreover, these IncRNAs included in the risk
model demonstrated positive associations with several immune
checkpoint proteins such as PD-L1 and CTLA4, suggesting their
potential as biomarkers for prognostication and prediction of
immunotherapy response in CRC patients. Similarly, Pang et al.
utilizing CRLs including SNGH16, LINC02257, PRARP-ASI,and
LENGS8-ASI in their risk model, revealed significantly higher
infiltration of naive B cells,CD8" T «cells, follicular helper
T cells; M1 macrophages, and resting mast cells in the low-risk
group compared to the high-risk group (Pang et al., 2023). This
may be attributed to CRL’s influence on the immune status of CRC
patients. These findings provide novel insights into CRC prognosis
research and contribute to advancements in CRC immunotherapies.

5 Crosstalk between cuproptosis
and ICD

Cuproptosis and immunogenic cell death (ICD) are two
essential forms of programmed cell death that play significant
roles in various physiological and pathological processes,
including cancer. ICD is a regulated form of cell death that
triggers an immune response against dying cancer cells’ antigens,
thereby preventing tumor recurrence and metastasis (Pan et al,
2024). Upon induction of ICD, a series of signaling molecules
known as damage-associated molecular patterns (DAMPs), such
as extracellular ATP, surface-exposed calreticulin, and released
high-mobility group box 1 protein (HMGBI1), among others, are
generated (De Silva et al., 2024). These DAMPs bind to pattern
recognition receptors (PRRs) present on the surface of dendritic cells
(DCs), initiating a cascade of cellular responses and potentially
amplifying innate and adaptive immune responses (Yatim et al.,
2017). Consequently, activated T cells infiltrate multiple tumor sites,
facilitating the elimination of cancer cells while also enhancing the
tumor antigen-specific T-cell immune response through the release
of tumor-associated antigens from dead cancer cells (Deng et al.,
2024). Recent studies have shown that treatment protocols involving
1CD,

suggesting a potential correlation between cuproptosis and

cuproptosis-inducing  drugs can effectively stimulate
immunogenic cell death (Li et al, 2023a). For example, Kaur
demonstrated that the reticulum-targeting Copper (II) complex
can increase intracellular ROS levels, induce ER stress, stimulate
the release of damage-related molecular patterns, and ultimately
promote immunogenic cell death in breast cancer stem cells (Kaur
et al., 2020). Furthermore, Cuproptosis is expected to enhance ICD
and initiate a robust anti-tumor immune response within the tumor
tissue, making it a promising modality for immunotherapy against
malignant tumors (Liang et al., 2024). Zheng et al. reported that
DSF/Cu co-delivery system can trigger tumor cell autophagy and
induce immunogenic cell death, promote M1 macrophage
polarization and dendritic cell maturation, and enhance the
killing effect of CD8" T cells and NK cells, thereby promoting
anti-tumor immune response and tumor regression (Zheng et al.,
2020). Zhao et al. also found that DSF/Cu can induce ICD in OSCC
cells and promote the maturation and activation of DCs, thereby
improving the anti-tumor immune response (Zhao et al.,, 2024).
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Hence, cuproptosis inducers are expected to enhance the efficacy of
immunotherapy by promoting ICD, forming a promising
combination  synergistic  strategy for  colorectal cancer
immunotherapy. However, further research is needed to explore
the intrinsic association between cuproptosis and the mechanism

underlying immunogenic cell death.

6 Enhancing the efficacy of
immunotherapy against colorectal
cancer through the utilization of
cuproptosis-inducing nanomedicines

In recent years, the emergence of cuproptosis has introduced a

novel strategy for colorectal cancer treatment, while
nanotechnology’s progression exhibits potential for broad
pharmaceutical applications. Nanomedicines, distinct from

conventional antitumor drugs, exhibit benefits including small
size, stable structure, high permeation, robust controlled release
capacity, and favorable biocompatibility. Moreover, nanomedicines
can specifically target tumors via acoustic, optical, or thermal
responses, enhancing synergies with therapeutic strategies like
photodynamic  therapy,

chemodynamic  therapy, and

sonodynamic therapy, forming sophisticated drug delivery
systems with pronounced clinical transformation potential.
Consequently, the development of innovative copper-based
nanomedicines to induce cuproptosis of colorectal cancer cells
may evolve into an extremely promising tumor therapeutic strategy.

Immunotherapy is a novel clinical strategy for treating tumors
by stimulating the body’s innate immune system to recognize and
eliminate tumor cells (Demaria et al., 2019). Currently, various types
of immunotherapies have been developed, including immune
checkpoint inhibitors, tumor vaccines, chimeric antigen receptor
T cells (CAR-T), et al. (Liu Y. et al., 2023). The significant impact of
copper and cuproptosis on the tumor microenvironment highlights
the potential to bolster cuproptosis induction in combination with
immunotherapy as a novel research avenue for enhancing colorectal
cancer immunotherapy. For instance, Huang et al. synthesized a
copper-based nanoplatform BSO-CAT@MOF-199@DDM
(BCMD). The release of Cu® during degradation in the acidic
tumor microenvironment can not only induce cuproptosis but
also stimulate dendritic cell activation and cytotoxic T cell
infiltration, thereby reshaping the immunosuppressive TME.
Furthermore, BSO-CAT@MOF-199@DDM (BCMD) has shown
significant potential to enhance the efficacy of anti-tumor
immunotherapy when combined with the immune checkpoint
inhibitor a-PD-L1 (Huang et al.,, 2023).

Potential copper-related drugs, such as copper ionophores, hold
considerable potential in colorectal cancer treatment when
integrated with advanced nanomaterials and synergized with
established methods
radiotherapy, immunotherapy, etc.). Currently, nanomaterials

therapeutic (including  chemotherapy,
employed in copper-based nanomedicines comprise polymer
nanoparticles (PNPs), liposomes, polymer micelles (PM), Mxenes,
Cu-MOF, hydrogels, etc. PNPs are preferred for their versatility,
biocompatibility, controlled release, biodegradability, and adjustable
size, shape, and surface charge. Moreover, through surface

modification, PNPs can be precisely directed to specific body
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tissues to enhance drug efficacy (Beach et al., 2024). Nevertheless,
the clinical application of PNPs necessitates further exploration,
solvent acidic

encompassing toxicity during preparation,

degradation by-products, biphasic drug release, and mass
production challenges. Liposomes, which are composed of
phospholipid bilayers, offer biocompatibility, biodegradability,
high drug loading rate and encapsulation of both hydrophilic
and hydrophobic substances. They can extend drug circulation
half-life and generate high local drug concentrations in tumors
(Zununi Vahed et al., 2017). However, the incorporation of
water-soluble inorganic copper ions may compromise liposome
structural stability. Polymeric micelles, possessing superior
biocompatibility, active targeting, stimulatory reactivity, and
minimal toxicity to healthy cells, can dissolve multiple drugs
within the micellar core. Their small size facilitates their
accumulation in the TME via enhanced permeability and
retention effects (Hari et al, 2023). Nonetheless, PM’s stability
may result in slow drug release, decreasing it’s therapeutic
efficacy. MXenes, a unique two-dimensional material, offers facile
production and  functionalization, large  surface
biocompatibility, and ideal mechanical properties, along with

excellent photothermal and photodynamic effects, thus enabling

area,

effective non-invasive anti-cancer therapy (Fadahunsi et al.,, 2022).
However, its stability, controlled drug release, and biodegradability
remain issues. MOF is a crystalline particle filled with molecular-
sized pores formed by metal ions and organic linkers, possesses high
porosity, large surface area, excellent loading capacity, and
biodegradability. It serves as a promising platform for nano-drug
Cu-MOF combines
therapeutic potentials of copper ions, including driving Fenton-
like reactions, inducing CDT, and generating ROS as a

delivery and tumor treatment. diverse

photosensitizer for PDT. Additionally, the high specific surface
area and porosity of Cu-MOF make it an effective carrier for
chemotherapeutic drugs and photosensitizers (Song et al., 2024).
Hydrogels, due to their hydrophilicity, biodegradability, extensive
swelling ability, and suitable mechanical properties, are promising
materials in cancer therapy. Their injectability, self-repair,
controllable drug release, and excellent biocompatibility make
hydrogels widely utilized in cancer treatment (Farasatkia et al.,
2024). In conclusion, considering the intrinsic characteristics of
different nanomaterials and integrating them organically with
potent
nanoplatforms for inducing colorectal cancer cuproptosis and

copper-based drugs will help developing more

immunotherapy synergism (Figure 3).

6.1 Nano-encapsulated copper ionophore

Excessive intracellular copper can be directed towards the
mitochondria, where its interaction with fatty acylated proteins
initiates proteotoxic stress, ultimately leading to cancer cell death
through a process known as cuproptosis (Tsvetkov et al., 2022).
Copper ion carriers, such as DSF, can form a neutral lipophilic
complex with copper, enhancing the accumulation of copper within
the cell (Allensworth et al., 2015), which suggests that utilizing
copper ionophores may be a promising approach for inducing
cancer cell cuproptosis in cancer therapy. However, current
copper ionophores have demonstrated limited therapeutic efficacy
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Cuproptosis-based nanomedicine synergizing with ICls operational mode diagram. The copper ionophore is co-encapsulated with copper and
nanomaterials into minute particles of nanomedicine. Subsequently, the engineered cuproptosis-induction nanomedicine is co-administered into the
body in conjunction with anti-PD-L1 antibody. The copper-bearing nanomedicine is internalized by tumor cells and liberates copper ions. Copper ions
penetrate mitochondria and bind with lipoylated proteins to induce tumor cell cuproptosis. Concurrently, the activation of ICD prompts the release
of DAMPs, reverse the immunosuppressive tumor microenvironment and activate the anti-tumor immune response, thereby exhibiting synergism with

anti-PD-L1 antibody.

either independently or in combination with other drugs (Kang
et al, 2023). This may be due to an active balance regulatory
mechanism present in most cancer cells that controls the cellular
content of copper and prevents damage from excessive influx of
copper ions over a brief period. Additionally, systemic
administration of copper ionophore is associated with issues such
as insufficient dosages and severe adverse reactions (Pan et al., 2022).
Therefore, there is an urgent need to develop more effective and
precise delivery systems for these agents. Nano-drug delivery
systems offer targeted accumulation at tumor sites and
synergistic effects when combined with other therapies to
enhance treatment outcomes. Thus, integrating nanomaterials
with copper ionophore could lead to innovative drug delivery
that

immunotherapy.

systems significantly ~ improve  colorectal  cancer
Elesclomol (ES), a copper ionophore primarily targeting

mitochondrial metabolism, was initially developed as a

chemotherapy adjuvant and can induce copper-dependent
mitochondrial apoptosis to exhibit anti-cancer activity (Gao
et al, 2023). However, due to the rapid clearance and
metabolism of ES in the circulation, short half-life and limited
tumor accumulation, its anti-cancer efficacy in clinical trials is
suboptimal (O'Day et al, 2013). Recently, the integration of
nanomedicine with elesclomol has facilitated the application of
advanced nanotechnology to manipulate the pharmacological

properties of ES and synergize with immunotherapy. Copper
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oxide nanoparticles (CuO NPs), possessing exceptional attributes
like efficient drug loading and biological compatibility, serve ideally
as metal oxide nanoparticle-derived carriers for inducing
cuproptosis. Lu et al. integrated the copper ionophore ES with
CuO NPs within a polyethylene glycol polymer to form the
cuproptosis-stimulating nanosystem ES@CuO. Upon ingestion by
tumor cells, ES@CuO degrades and releases Cu*" and ES, thereby
increasing intracellular copper levels and triggering cuproptosis,
significantly suppressing tumor growth. Furthermore, ES@CuO can
stimulate immune responses via increased tumor-infiltrating T
thereby
significantly enhancing the anti-tumor efficacy of anti-PD-

lymphocytes and inflammatory cytokine secretion,
1 antibodies in mouse melanoma (Lu X. et al., 2024). Guo et al.
synthesized a ROS-responsive biodegradable polymer PHPM and
utilized it to encapsulate ES and Cu into nanoparticle NP@ESCu.
Upon internalization by tumor cells, excessive intracellular ROS
triggers targeted release and accumulation of ES and Cu within
tumor cells. The synergistic effect between ES and Cu not only
evokes cancer cell cuproptosis leading to DAMPs release that
facilitates DC cell maturation and augments CD8" T cell
infiltration but also transforms immune “cold tumors” into “hot
Additionally, NP@ESCu notably enhances PD-LI

expression in tumor cells, remarkably improving the response

tumors.”
rate of anti-PD-L1 therapy, thus enabling synergy between

cuproptosis induction and immunotherapy for an enhanced anti-
tumor effect (Guo B. et al., 2023). The combination of NP@ESCu
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with anti-PD-L1 therapy provides both a novel therapeutic strategy
for colorectal cancer as well as serves as a model for nano-drugs
fused with cuproptosis to enhance the efficacy of tumor
immunotherapy.

DSF represents another extensively studied copper ionophore,
and its main metabolite diethyldithiocarbamate, can form CuETs by
binding with Cu®" to exhibit anti-tumor efficacy (Lu et al., 2022).
Recent studies have demonstrated that DSF has the ability to
the
manipulation of tumor-associated macrophages and regulation of

modulate tumor immune microenvironment through
PD-L1 expression, showing significant potential for synergistic
immunotherapy in colorectal cancer. For instance, Zeng et al.
discovered that disulfiram enhances the anti-PD-1 treatment
efficacy in the 4T1 breast cancer mouse model by stimulating
IRF7 to elevate PD-L1 expression in TNBC cells and augmenting
the infiltration of CD8+T cells (Zheng et al., 2021). However, DSF
lacks sufficient tumor targeting capacity and is limited by its poor
water solubility and systemic toxicity caused by exogenous Cu**,
which hinders its practical application. To overcome these challenges,
with  specificity the

microenvironment are promising solutions. Li et al. developed

nanomedicines towards tumor
PH-responsive lipid-coated calcium phosphate nanoparticles
loaded with Cu?** and DSF (Cu-LCP/DSF NPs), which release
Cu2+
microenvironment, leading to the generation of cytotoxic
metabolite CuET. In addition to direct cytotoxicity, CuETs can

induce immunogenic cell death of cancer cells effectively, rectify

and DSF wupon degradation in an acidic tumor

the immunosuppressive TME, thereby enhancing the efficacy of
immune checkpoint inhibitors (Li Q. et al, 2022). This pH-
responsive nanoparticle exhibited excellent safety profile and
remarkable anti-tumor activities in CT26 mouse model, providing
valuable insights for developing innovative nanomedicines to
augment immunotherapy for colorectal cancer. In another
investigation, Liu et al. developed a biomimetic system called
CuX-P by coating DSF/Cu incorporated MXene nanosheets onto
T cell membranes that overexpress PD-1. This system demonstrated
the ability to identify and adhere to tumor cells’ PD-LI, exhibiting
remarkable tumor-targeting capability. Upon internalization by
tumor cells, CuX-P induced cuproptosis through the liberation of
DSF/Cu*, while also triggering elevated CRT expression and
HMGBI release, thereby facilitating the recognition and activation
of tumor-associated antigens by dendritic cells. Additionally, DSF/Cu
escalated the expression of PD-L1 in tumor cells (Liu T. et al., 2023).
Thus, CuX-P can evocate a potent anti-tumor immune response
while inducing cuproptosis, which considerably enhances the efficacy
of anti-tumor immunotherapy.

Chimeric antigen receptor T cells (CAR-T) represent a
groundbreaking immunotherapy approach that has demonstrated
significant success in the treatment of hematological malignancies.
However, their effectiveness in treating solid tumors is currently
limited (Neeser et al., 2023). A recent study conducted by Wang and
his team explored a potential solution by examining the effect of
radiation therapy combined with DSF/Cu in triggering cytotoxic
stress responses in cancer cells. This technique can significantly
increase immunogenic cell death of differentiated cancer cells and
CSCs while promoting CAR-T cell proliferation and inducing
differentiation of effector memory T cells, thereby substantially
inhibiting metastatic tumor progression (Wang et al., 2023e).
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6.2 Sonodynamic therapy combined with
nanomaterials

Sonodynamic therapy (SDT), a non-invasive ultrasound
modality, holds significant potential for precise targeting and
eradication of solid tumors due to its exceptional tissue
penetration and efficacy in deep tumor ablation (Wang et al,
2022). However, the therapeutic effectiveness of SDT is limited
under hypoxic tumor microenvironment conditions due to reduced
production of ROS (Yang Z. et al., 2022). To address this issue, Chen
et al. developed a biomimetic nanorobot (SonoCu) enclosed within a
macrophage membrane to facilitate synergistic anticancer effects
through cuproptosis and SDT. SonoCu exhibits remarkable tumor
targeting ability, tissue penetration, internalization into cancer cells,
and can specifically induce ultrasound-responsive cytotoxicity
reactions.
the
destructive impact of SDT on cancer cells by promoting ROS

towards cancer cells while minimizing adverse

Furthermore, SonoCu-mediated cuproptosis enhances
accumulation and protein toxic stress mechanisms, thereby
presenting a novel strategy for augmenting sonodynamic therapy
and stimulating cancer cell cuproptosis that may have synergistic
implications in colorectal cancer immunotherapy (Chen K. et al.,
2023). Yu

semiconductor polymer nanoreactor (SPNLCu). The sonar-

Similarly, et al. engineered a sonar-activated
activated LOx cascade release efficiently depletes lactate in TME
and mitigates its immunosuppressive effects. Furthermore, Cu*
mediates cupptosis and induces immunogenic cell death, thus
potentiating anti-tumor immune responses, demonstrating
promising efficacy in mouse pancreatic cancer models (Yu N.
et al,, 2024). Concurrently, Tang et al. synthesized Cu-substituted
ZnAl ternary LDH nanosheets (ZCA NSs), a multifunctional
platform for synergistic SDT/Cuproptosis combination therapy.
The Jahn-Teller effect engendered by Cu** optimizes the
electronic structure of ZCA NSs, enhancing sonodynamic
processes. ZCA NSs augment SDT efficiency by depleting
endogenous GSH to amplify oxidative stress. Additionally, the
resultant excess Cu®' triggers cuproptosis, while cytotoxic ROS
foster dendritic cell maturation, stimulating systemic antitumor
immunity, and ultimately hindering distal metastasis in mouse

CT26 colon cancer models (Tang et al., 2024).

6.3 Photosensitive nano biomaterials to
induce cuproptosis: PTT/PDT therapy

Photothermal therapy (PTT) induces the anti-tumor immune
response by heating and eliminating tumors, which leads to the
production of tumor antigens and other immune signals. This
process activates the body’s immune system to target and attack
the tumor cells. Various photothermal agents, such as gold NPs and
CuS NPs, have been developed for cancer treatment (Li et al., 2020).
When these photothermal agents accumulate at the tumor site,
localized hyperthermia can be induced by laser irradiation to
enhance immunogenic cell death, promote the release of DAMPs,
and further eliminate tumors by presenting tumor-associated
antigens, facilitating dendritic cell maturation and activating
cytotoxic T lymphocytes (Deng et al, 2019). For example,
CuMoO, nanodots fabricated by Zhang et al. not only efficiently
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induce cuproptosis in tumor cells but also exhibit excellent
photothermal conversion efficiency under near-infrared II (NIR-
1I) laser irradiation. Furthermore, CuMo0QO, nanodots with multi-
enzyme activity can also modulate the tumor microenvironment,
leading to immunogenic cell death and activation of the immune
response, providing a promising nanoplatform for multimodal
combination therapy of tumors (Zhang et al, 2023). Similarly,
Hu et al. developed a mesoporous polyamine-based nanoplatform
(MPDA-Cu/DQ-GOx-FA/PEG, MCDGF), which not only offers
superior photothermal therapeutic effect through nanocarrier
mesoporous polydopamine but also induces Cu(DTC),-mediated
immunogenic cell death, enhances macrophage polarization
towards anti-tumor subtypes, amplifies CTL-mediated anti-tumor
immune response, and thus presents a new strategy for synergistic
cancer treatment integrating PTT, chemotherapy, and
immunotherapy (Hu et al,, 2023). In another investigation, Ruan
et al. synthesized a microbial nanohybrid E.coli@Cu,O composed of
E. coli and Cu,O nanoparticles, which can specifically accumulate at
colorectal tumor sites after intravenous administration. In response
to elevated levels of H,S in colorectal tumors, Cu,O can be converted
into CuS, demonstrating a strong photothermal effect under NIR-IT
laser irradiation. Furthermore, E.coli@Cu,O not only catalyzes the
initiation of cuproptosis through DLAT oligomerization but also
reverses the immunosuppressive tumor microenvironment in
colorectal cancer by enhancing dendritic cell maturation and
T cell activation, and synergizes with immune checkpoint
inhibitors (Ruan et al., 2024). Studies have shown that abnormal
glycolysis and high lactate levels in tumor cells may affect the
sensitivity of tumor cells to cuproptosis, and elevated lactate
levels can also form a highly immunosuppressive tumor
microenvironment. Therefore, copper-human serum albumin
nanocomplex loaded gold nanocages with bacterial membrane
coating (BAu-CuNCs) were developed. Upon near-infrared laser
exposure, copper-human serum albumin (Cu-HSA) release is
amplified, copper ions are liberated via disulfide exchange
reaction with intratumoral GSH, thereby triggering cuproptosis
and initiating immunogenic cell death in tumors, reversing

immunosuppressive ~ TME.  Simultaneously, ~under  NIR
illumination, gold nanocages (AuNCs) can stimulate the
overproduction of ROS, thereby suppressing glycolysis,

diminishing lactate and ATP levels, and ultimately augmenting
tumor cell sensitivity to cuproptosis, and amplifying the anti-
tumor immune response (Zafar et al, 2024). Furthermore, Wu
et al. engineered a bioorthogonal Cu single atom nanozyme
(CuSACO) loaded with high-efficiency catalase, oxidase, and
peroxidase-like multi-enzyme activities, demonstrating superior
photothermal performance upon 1064 nm laser irradiation.
CuSACO effectively suppresses orthotopic breast tumor growth
and metastasis by integrating the diverse effects of nanozymes
with multi-enzyme catalytic activity, cuproptosis inducers,
photothermal therapy, and immunotherapy. This discovery
underscores the immense potential of innovative strategies
utilizing multiple mechanisms to enhance the potency of
cuproptosis-inducing nanomedicines (Wu L. et al., 2024).

Tumor vaccines have the potential to effectively stimulate the
body’s anti-tumor immune response and eliminate tumor cells.
However, current conventional tumor vaccines suffer from

limitations such as reduced bioavailability, inadequate lymphatic
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reflux, and low antigen/adjuvant encapsulation rate, which hinders
their long-term effectiveness and leads to unsatisfactory anti-tumor
effects (Sun et al., 2024). To address these issues, Shen et al.
developed a photothermally activated dendrimer nano-vaccine
G5-PBA@CuS/antigen/cGAMP. This nano-system can integrate
photothermal therapy to eliminate primary tumors upon laser
irradiation. Additionally, the PBA fragment attached to the
vaccine can capture the primary tumor antigen and serve as an
in situ vaccine to initiate adaptive anti-tumor immune responses,
effectively inhibiting the development of distal tumors (Shen S. et al.,
2023). Furthermore, intracellular accumulation of copper may exert
antitumor effects by inducing cuproptosis in cancer cells.

PDT (photodynamic therapy) is a therapeutic approach that
utilizes photosensitizers, light, and oxygen to produce reactive
oxygen species and leading to apoptosis (Yu L. et al., 2024). This
technique is highly targeted, minimally invasive, and has minimal
toxicity. In the study by Liang et al., they synthesized a copper
(CCNAs)  that
photosensitizer-prechemotherapy immune

synergistic ~ nano-assembly incorporated

and checkpoint
inhibitors to induce cuproptosis and enhance cancer immune
therapy. The ZnPc of CCNAs exhibited

photodynamic reactions under NIR-II laser irradiation, while the

component

presence of Cu®* not only enhanced the photodynamic effect by
catalyzing ROS but also promoted the aggregation of lipoacylated
proteins within mitochondria, inducing cuproptosis in tumor cells.
PDT-induced tumor apoptosis and Cu-induced cuproptosis can
enhance ICD, resulting in a strong anti-tumor immune response
with the assistance of immune checkpoint inhibitors (Liang et al.,
2024). Therefore, simultaneous administration of photosensitizers
and Cu*" via a nano-delivery system can serve as an effective strategy
for synergistic tumor therapy, enhancing PDT-induced apoptosis
and Cu’*-induced cuproptosis. In another study, Liu et al. designed
an in situ therapeutic vaccine by fabricating a copper-
tetrahydroxybenzoquinone (Cu-THBQ/AX) nano-MOF, utilizing
the unique antigen of the primary tumor to stimulate a
personalized, potent, and enduring anti-tumor immune response.
Cu-THBQ/AX impairs ATP7A function, triggers copper ion
accumulation, instigates tumor cell cuproptosis, and activates the
in situ type I photodynamic action of Cu-THBQ/AX via alkaline
phosphatase overexpressed on the tumor cell membrane, generating
O,_ and -OH, inducing caspase-3-mediated pro-inflammatory
effectively the

“cold” “hot”
suppressing tumor growth and metastasis. (Liu Y. et al., 2024).

pyroptosis, tumor

microenvironment from a

thereby transitioning

state to a state,
These works provide a valuable insight into the therapeutic
management of colorectal cancer using cuproptosis combined
with immunotherapy.

6.4 Chemodynamic therapy combined with
nanomaterials

Chemodynamic therapy (CDT) primarily converts intracellular
hydrogen peroxide into intensely toxic hydroxyl radicals via a
Fenton or Fenton-like reaction, stimulating the production of
endogenous ROS to catalyze tumor cell demise (Tang et al,
2019). indicated that CDT can
immunogenic cell death, shifting the tumor microenvironment

Research has also induce
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from a “cold” immunosuppression to a “hot” immunoactivation
state (Xu et al.,, 2022). Furthermore, studies have shown that Cu*,
acting as a catalyst in the Fenton reaction (Liu et al., 2022), has
significant potential in combining cuproptosis induction strategies
with CDT therapy. Li’s group developed a Cu-coordinated covalent
organic framework Cu-COF integrating two valence copper ions.
Cu* can promote the generation of -OH and 'O, within cells, leading
to DNA damage and lipid peroxidation. Additionally, Cu®* can
deplete endogenous GSH, further reducing the elimination of ROS
and enhancing the Fenton-like effect produced by Cu® (Li et al,
2023b). The combined effects of these functions can promote
immunogenic cell death, and exert a potent anti-tumor effect.
Xia et al. also developed a novel drug delivery strategy (LDH/
HA/5-FU) to implement the CDT therapy based on Cu.
Overexpressing GSH in TME can partially convert Cu®* in LDH/
HA/5-FU nanosheets to Cu', the reduced Cu' can act as an
efficacious Fenton-like reaction catalyst and disrupt copper
homeostasis within tumor cells, instigating the onset of
cuproptosis. Furthermore, LDH/HA/5-FU nanosheets not only
exhibit excellent biosafety but also can reconfigure TME as an
immunomodulator to escalate the infiltration level of antitumor
M1-like TAMs, CD4" T cells and CD8" T cells (Xia et al., 2024). By
integrating CDT, chemotherapy, and immunotherapy, LDH/HA/5-
FU nanosheets have displayed impressive potential in treating solid
tumors. Recent research led by Fang et al. developed an injectable
zwitterionic hydrogel system (Gel@M/CuO,/DOX/STING) loaded
with nanoparticles (M/CuQ,/DOX) and STING agonists 2',3'-
cGAMP, demonstrating a superior ability to specifically target
and eradicate tumor cells while reshaping TMEs. On the one
side, hydrophilic STING agonists activate the STING pathway,
upregulate interferon signaling-related genes and reshape
suppressive TMEs, thereby promoting dendritic cell maturation
and augmenting tumor-specific CD8'T cell infiltration. On the
other side, M/CuO,/DOX can target and eliminate tumor cells
via DOX-induced DNA damage, immunogenic cell death, and
cuproptosis (Fang et al, 2023). Collectively these studies
foreshadow a promising future for photodynamic therapy and
cuproptosis inducers in augmenting the efficacy of colorectal
cancer immunotherapy.

6.5 Natural product-based cuproptosis-
inducing nanomedicines

Contemporary breakthroughs with Chinese herb extracts in
cancer treatment demonstrate great promise. Numerous clinical
agents, including paclitaxel and camptothecin, are derived from
natural products and draw focus due to their exclusive mechanisms,
minimal toxicity, and multi-aim effects. They have exhibited
successful expansion of applications and enhancement of cancer
immunotherapies. some natural

Specifically, products have

demonstrated cuproptosis-inducing abilities. For instance,
Eupalinolide B has been observed to inhibit pancreatic cancer cell
proliferation, migration, and invasion via ROS generation and
cuproptosis (Huang et al., 2024). Hence, leveraging the inherent
benefits of Chinese herb extracts and integrating them with
cuproptosis inducers to formulate more potent nanomedicines

for synergistic promotion of cuproptosis could aid in developing
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novel strategies for cuproptosis induction. For instance, Lu et al.
developed a self-amplified cuprated nanoparticle (Cel-Cu NPs)
utilizing celastrol (Cel), a natural product isolated from medicinal
plants. As a multifunctional copper ionophore, Cel aids in copper
delivery to tumor cells, and decrease GSH level in cancer cells,
bolstering the efficacy of cuproptosis. Cel-Cu NPs can further
activate immunogenic cell death, promote dendritic cell
maturation, and increase CTLs infiltration (Lu S. et al., 2024). In
combination with anti-PD-L1 treatment, Cel-Cu NPs can reverse
the immunosuppressive tumor microenvironment and efficiently
eliminate metastatic tumors. Moreover, a hydrogel composed of
glycyrrhizin (GA), Cu*', and celastrol not only stimulates ROS
production and accelerates apoptosis but also modulates the
tumor microenvironment, promotes tumor-associated
macrophages polarize to M1-TAM, and activates DC-mediated
antigen presentation to stimulate T cell proliferation through
chemodynamic therapy, thereby synergizing with anti-PD-
L1 antibodies and demonstrating promising clinical translational
potential (Wu et al.,, 2025). The robust tolerance of tumor cells
towards oxidative stress decreases the efficacy of ES. Augmenting
intracellular Cu concentration and disrupting redox homeostasis
could be a valuable strategy to enhance the anti-tumor mechanism
of ES. To this end, Wu et al. developed a ROS-responsive polymer
(PCP) using cinnamaldehyde (CA), the primary component of
cinnamon, to encapsulate ES-Cu compounds (EC) and form
ECPCP. The PCP coating disintegrates in response to high ROS
levels, releasing ES and Cu and inducing tumor cell cuproptosis. CA
disrupts mitochondrial function and produces substantial ROS,
triggering oxidative stress. Simultaneously, Cu’"-activated Fenton
reaction and CA-induced ROS generation could disrupt the redox
homeostasis and supplement the oxidative stress induced by ES,
leading to ICD of tumor cells. The combined synergy of cuproptosis
and immunotherapy presents a potential optimization approach for

the clinical application of ES (Wu H. et al., 2024).

6.6 Multiple cell death pathway-
targeted nanodrugs

The process of cancer cell death is a complex and carefully
controlled process. Different modes of cell death are interconnected
and can work together synergistically (Wang et al., 2024). These
various modes of cell death may share common pathways and have a
profound influence on each other. For example, the ferroptosis
stimulators sorafenib and erastin have been shown to enhance
copper-induced lipoacylated protein aggregation, leading to
cuproptosis in primary liver cancer cells (Wang W. et al,, 2023).
Additionally, the combined administration of copper ionophores ES
and Cu has been found to induce copper-dependent ferroptosis in
colorectal cancer cells by breaking down ATP7A, resulting in copper
(Gao 2021).
Understanding the interaction between different modes of cell

accumulation  within ~ mitochondria et al,
death and their combination could lead to improved anti-tumor
treatment outcomes. Qiao et al. designed self-destructive and
multienzymatically active copper-quinone-GOx nanoparticles

(CQG NPs), which can stimulate NLRP3-mediated pyroptosis

while releasing self-destructive copper ions that induce
cuproptosis. The liberated quinone further depletes the
frontiersin.org
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endogenous copper chelator GSH, increasing the vulnerability of
cancer cells to cuproptosis. The simultaneous occurrence of these
two modes of cell death can trigger the release of DAMPs, shift
tumor-associated macrophages from an immunoinhibitory
M2 phenotype to an immunostimulatory M1 phenotype, reverse
the immunosuppressive TME, ignite a robust systemic immune
response, greatly enhancing immune therapeutic effects, providing a
novel strategy against tumor dormancy and preventing tumor
relapse (Qiao et al., 2023). Li et al. synthesized a nanoreactor
Cu, «Se that binds the ferroptosis agonist erastin to the surface of
Cu,Se in order to enhance intracellular oxygen utilization and
GSH through Cu*

accumulation. Furthermore, Cu,,Se has the ability to modulate

consumption, leading to ferroptosis
the phenotypic polarization of TAMs, increase IFN-y production by
CD8+T cells, and develop a combined therapeutic protocol that
simultaneously activates ferroptosis, copper-dependent cell death,
and anti-tumor immune responses (Li K. et al., 2023). Similarly, in
another study, a core-shell nanoparticle CuP/Er was designed to
incorporate copper and erastin into cancer cells to synergistically
promote cuproptosis and ferroptosis. CuP/Er not only increase
tumor cell sensitivity to cuproptosis, but also induces strong
immunogenic cell death, enhances antigen presentation, and
upregulates PD-L1 expression, thereby synergizing with anti-PD-
L1

adenocarcinoma in mice (Li Y. et al,, 2024).In conclusion, the

antibodies to effectively mediate regression of colon
advancement of therapeutic strategies targeting multiple cell
death pathways will help overcome cancer cell resistance. Drugs
targeting crucial proteins common to multiple cell death pathways
may demonstrate superior efficacy compared with drugs focusing on

a single cell death pathway.

6.7 Synergistic strategy of cuproptosis-
inducing nanomedicines combined with
radiotherapy and immunotherapy

Radiation therapy (RT) employs high-energy ionizing
radiation to directly or indirectly damage DNA duplexes,
inducing DNA double-strand breaks, and triggering diverse
death  (Schaue McBride,  2015).
Radioimmunotherapy, driven by radiation therapy-induced

tumor  cell and
ICD, is a promising approach to supplement the effect of
conventional RT, which is limited to local tumor treatment.
However, RT’s effective ICD activation is limited by radiation
dose, weak tumor immunogenicity, and radioresistance due to
the TME (Jarosz-Biej et al, 2019). The integration of
cuproptosis-inducing nanomedicine with RT could potentially
address these challenges. Cu®" can deplete endogenous GSH and
catalyze intratumoral H,O, conversion to O,, thereby regulating
tumor cell radioresistance. Besides, reduced Cu* can generate
highly toxic hydroxyl radicals (-OH) from H,0,, augmenting
tumor oxidative stress, amplifying ICD, and shifting M2 TAM:s to
anti-tumor M1 TAMs. Additionally, tumor cell cuproptosis can
stimulate ICD activation and enhance tumor immunogenicity.
Hence, the RT-cuproptosis-immunotherapy cascade strategy
holds significant promise in colorectal cancer. For instance,
Jiang et al. designed a Cu-Hf dual-ion hybrid nanostimulator
(CHP) for TME tumor

manipulation,  achieving
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radiosensitization at low X-ray doses, ROS accumulation, and
cuproptosis promotion. Moreover, cuproptosis can bolster RT-
induced anti-tumor immune responses via ICD activation,
leading to robust anti-tumor immunity (Jiang et al., 2024).
Similarly, Shen et al. engineered a sodium alginate hydrogel
incorporating ES-Cu and galactose, which not only efficiently
induces cuproptosis in colorectal tumor cells but also
significantly enhancing the sensitivity of colorectal tumors to
radiotherapy and immunotherapy (Shen W. et al, 2023).
Furthermore, Li et al. developed a novel multifunctional
copper-based nanocomposite (RCL@Pd @CuZ) to enhance RT
sensitivity. This platform, with DSPE-PEG-RGD modification
for tumor targeting and penetration, has been demonstrated to
amplify ICD by improving hypoxia, promoting cuproptosis,
depleting GSH, amplifying oxidative stress, and enhancing
X-ray absorption. In mouse tumor models, RCL@Pd @CuZ +
RT achieved >90% tumor growth inhibition compared with RT
alone, and RCL@Pd @CuZ + RT + anti-PD-1 treatment
maximally suppressed tumor growth (Li R. et al., 2024). These
approach holds immense potential for leveraging cuproptosis to

enhance tumor radioimmunotherapy.

7 Discussion

Copper plays a dual role in cellular processes. Maintaining
optimal copper levels is crucial for cell survival and function,
while excessive copper can induce cell death. Understanding the
mechanism of cuproptosis opens up new possibilities for
managing colorectal cancer. In colorectal cancer cells, the
concentration of copper is significantly higher than that of
normal cells, which means that they are more sensitive to
cuproptosis. By delivering more copper into colorectal tumor
cells, once the concentration of copper exceeds the scavenging
ability of tumor cells, it triggers cuproptosis. The dual role of
copper in cancer depends on its concentration and distribution
within tumor cells. By precisely controlling the concentration of
copper, it can be transformed into an effective anti-cancer
strategy. Integrating cuproptosis induction strategies with
existing treatment approaches may offer a breakthrough in
overcoming tumor drug resistance. Recent bioinformatics
highlighted that key genes
could  potentially  enhance

studies have involved in

cuproptosis anti-tumor
immunotherapy by influencing immune cell extravasation and
immune checkpoint molecule expression within the TME.
Moreover, cuproptosis may also improve the effectiveness of
colorectal cancer immunotherapy by promoting immunogenic
death. These findings underscore the significant potential of
with
immunotherapy. However, further investigation is necessary

combining cuproptosis-inducing strategies
before implementing this approach into clinical practice.
Directed delivery of copper ions to tumor cells is crucial for the
development of effective cuproptosis-inducing therapies. However,
direct delivery of copper ions is highly challenging due to their
inherent instability. Furthermore, existing cuproptosis-inducing
drugs have limited therapeutic efficacy due to drawbacks such as
rapid poor  bioavailability,
accumulation. Additionally, they may also cause severe systemic

excretion, and limited tumor
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toxicity and side effects when used directly. The invention of more
efficient copper ion nano-drug delivery systems will help address
these issues comprehensively. Nevertheless, while optimizing the
physicochemical properties of nanomedicines is crucial for
enhancing targeted therapeutic effects, it should be noted that
incorporating nanoparticles may lead to unforeseen side effects.
Thus, comprehensive histological and pharmacological analysis is
necessary. Moreover, the inefficient accumulation and permeation
of nano-drug delivery systems within tumor sites hinder the efficacy
of cuproptosis-inducing nano-drugs significantly. Studies have
shown that only 0.7% of drugs reach solid tumors after systemic
administration (Challenging paradigms in tumour drug, 2020).
Consequently, strategies to enhance the penetration and rapid
diffusion of more nano-drugs across tumor blood vessels are
imperative. Presently, most nano-drug delivery systems remain in
the in vitro experimental phase, with poor in vitro-in vivo
correlation. The therapeutic efficacy and safety in humans
require further optimization. It is vital to extend the blood
circulation time of nano-drugs and ensure their long-term
biosafety. Hence, a detailed
pharmacokinetics, biodegradability, and metabolic pathways is

evaluation of nanomaterial’s

necessary. Prospectively exploring the biological mechanism of
cuproptosis in-depth and scientifically designing copper-based
nanomedicines will provide a remarkably promising diagnostic
and treatment strategy for colorectal malignancies.

Currently, research on cuproptosis is still in its early stages, with
a predominant focus on bioinformatics studies. There remains a lack
the
mechanism underlying cuproptosis. In future investigations, it is

of comprehensive understanding regarding molecular
imperative to thoroughly explore the regulatory roles and pathways
associated with cuproptosis in tumors while examining its
involvement in tumor initiation, growth, metastasis, particularly
in cancer stem cells and TME. Furthermore, it is essential to
investigate potential mechanisms that hinder drug resistance
against copper-based nanomedicines by exploring tumor cell self-
regulation mechanisms related to intracellular copper homeostasis.

ROS plays a vital role in the manifestation of various forms of
cell death. Strategically designed combination therapies aimed at
activating multiple pathways of cell death associated with ROS will
contribute to enhancing the efficacy of cancer treatment. For
instance, therapeutic ~modalities such as radiotherapy,
photodynamic therapy, chemokinetic therapy, and sonodynamic
therapy have demonstrated their ability to induce significant levels
of ROS, showing great potential for synergistic cuproptosis
induction protocols and tumor eradication.

Another interesting phenomenon is lactate’s role in copper
metabolism within the tumor microenvironment. Firstly, lactate
accumulation results in TME acidification, thereby affecting copper
2005).
heightened lactate levels can influence the functioning of copper
transporters like CTR1 and ATP7A/B, thereby altering copper

uptake and efflux in cells. Shen et al. discovered that heightened

ion Dbioavailability (Inaba and Takenaka, Secondly,

lactate levels could increase CTR1 expression mediated by Grhl2 via
lactate modification of histone H3K18 in the Grhl2 promoter region,

thereby promoting intracellular copper accumulation and

enhancing cuproptosis (Shen et al., 2024). However, Zafar et al.
increased tumor cell

reported lactate reduction markedly

susceptibility to cuproptosis (Zafar et al., 2024). Moreover,
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Menkes disease patient serum lactate levels (with ATP7A genetic
deficiency) were substantially elevated, implying a potential
connection between lactate and human copper metabolism (Gu
et al, 2014). Concurrently, lactate may also regulate the redox
potential by reducing the PH in the tumor microenvironment
(Jamieson et al, 2015), influencing copper oxidation status,
stimulating ROS production, and subsequently affecting copper
metabolism via the oxidative stress pathway. In summary, the
of the
microenvironment on copper metabolism and cuproptosis

impact and  mechanism lactate  in tumor
require further investigation.

As previously mentioned, intracellular copper plays a crucial
role in regulating the infiltration of diverse immune cells and the
expression of PD-L1 in tumor cells, suggesting that copper
dyshomeostasis can influence the immune system in a variety
of ways. Tumor immunotherapy represents an innovative
approach for and advancements in

cancer treatment,

nanoscience, including  targeted  delivery  technology
optimization, improved tumor vaccine design, and meticulous
integration with PDT and CDT therapies are expected to further
enhance colorectal cancer immunotherapy by inducing
cuproptosis. Investigations into the functional significance of
cuproptosis in tumor metabolism and immune response will
establish a solid theoretical foundation for future development
of more potent cuproptosis-inducing nanomedicine combined
immunotherapy strategies.

To the of

nanomedicines in colorectal cancer immunotherapy, certain

optimize potential cuproptosis-inducing
aspects in their formulation need to be clarified. The selection of
copper ionophores is critical when preparing these medicines.
Current popular choices include DSF and ES. ES is considered
the more promising due to its superior delivery efficiency and
ES can stimulate the

production of ROS in cancer cells, induce mitochondrial

mitochondria-specific Cu transport.

oxidative stress, and endorse anti-tumor activity through
cuproptosis induction (Gao et al, 2023). However, its limited
tumor accumulation and rapid clearance in circulation limit its
clinical applications. On the other hand, DSF possesses anti-cancer
efficacy across various cancer types, and displays favorable safety in
human trials (Kang et al., 2023). Both ionophores have relative
merits, with their effectiveness depend on cancer type, stage, and
patient traits. Hence, superiority cannot be unequivocally assigned.
Future developmental endeavors can adapt the ionophore selection
based on the unique cancer type and tumor metabolic features.
Additionally, natural copper ionophores like curcumin and celastrol
from Chinese herbs hold promise in the development of advanced
cuproptosis-inducing nanomedicines. Besides, the size, structure
and shape of cuproptosis-inducing NPs can substantially
influence the circulation time, biodistribution, cellular uptake,
and targetability of copper-based nanomaterials (Tang et al,
2014). The selection of nanomaterials in copper-based drug
requires cautious deliberation. Nanomaterial include polymers,
liposomes, and Cu-MOF have proven successful application in
cancer treatment. Thus, it is wise to fully comprehend the
intrinsic characteristics of various nanomaterials and integrate
them with copper-based drugs to create an efficient colorectal
cancer cuproptosis-inducing and immunotherapy synergistic

nanoplatform. Besides, the choice of ICIs is equally significant.
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Presently, most cuproptosis-induction nanomedicines combined
with ICIs select PD-L1
accumulation can promote PD-L1 upregulation on tumor cells
(Zhou et al,, 2019), increase the binding checkpoints for PD-L1
inhibitors and enhancing their efficacy. On the other hand, PD-L1 is

inhibitors. On one hand, copper

primarily expressed on tumor cells and antigen-presenting cells. PD-
L1 inhibitors can directly block the interaction between PD-L1 on
tumor cells and PD-1 on T cells, retaining the regulatory effect of
PD-L2 on immune response, making them more specific in
inhibiting tumor cell immune evasion. Further investigation is
required on the actual effect of the combination of PD-1
inhibitors and cuproptosis-inducing nanomedicines. We also
expect the exploration of synergistic therapy between other
checkpoint CTLA-4, LAG-3
inhibitors, and cuproptosis-inducing nanomedicines.

immune molecules such as

In the future, our research should focus on the following
points. Firstly, we should concentrate on refining copper
ionophores to enhance their tumor cell selectivity and copper
ion transport efficiency. Secondly, ascertaining the optimum
copper ion concentration for triggering cuproptosis in
colorectal cancer cells necessitates the development of more
accurate measures to measure copper levels in plasma and cells.
This would help discerning and analyzing the therapeutic process
of cuproptosis and facilitate the translation of cuproptosis-induced
nanomedicines into clinical practice. Thirdly, devising novel
nanomaterial to augment the

targeting and  specific

accumulation of cuproptosis-inducing nanomedicines  for
colorectal cancer is necessary. Strategies such as modifying NPs’
surfaces with antibodies, peptides, proteins, and small molecules
(e.g., folic acid, hyaluronic acid), can specifically bind to
overexpressed receptors or antigens on cancer cells. This
facilitates the internalization of NPs by cancer cells via
receptor-mediated endocytosis, and allows for direct delivery of
loaded active ingredients to tumor cells. Additionally, the
NP surface

modification can enhance ligand binding and increase tumor

utilization of biomimetic cell membranes for

cell uptake efficiency, achieving homologous tumor targeting
(Fang et al., 2014).Furthermore, platelet membrane-coated NPs
can be targeted by p-selectin on cell membranes to bind
CD44 overexpressed in cancer cells, thus improving cancer cell
targeting (Hu et al, 2015). Employing TME stimulation-
responsive nano-delivery vehicles can acheive safe encapsulation
of drugs and controlled drug release, facilitating cuproptosis-
induced drug delivery to specific tumor sites and minimizing
healthy tissue toxicity. Examples include pH-sensitive, ROS-
activated, and GSH-responsive drugs, etc (Lu J. et al., 2024). It
has been found that the TME of colorectal cancer is abundant in
H,S, thus advocating the utilization of H,S-responsive copper
nanoparticles for targeted colorectal cancer treatment (Lu
J. et al., 2024). Fourthly, further study into the co-regulatory
proteins and signaling pathways between cuproptosis and other
cell death pathway is essential, and the development of multi-
pathway targeted therapy can decrease drug resistance. Fifthly, oral
cuproptosis-inducing nanomedicines for colorectal cancer
treatment must to be developed. Lastly, the application of
artificial intelligence technology coupled with the development
of machine learning tools holds significant potential for optimizing
cuproptosis-induced nanomedicine design.
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8 Conclusion and future perspective

Colorectal cancer is a highly heterogeneous disease, posing
significant challenges for clinicians due to its treatment resistance
and metastatic potential. The emerging field of cuproptosis-based
immunotherapy has garnered increasing attention as it offers
promising approaches for overcoming drug resistance in CRC,
controlling cancer metastasis, and enhancing the efficacy of
immunotherapy. Particularly, nanodrugs capable of inducing
cuproptosis have emerged as a transformative approach with their
unique advantages including targeted delivery, multi-drug combination
therapy, and synergistic multimodal strategies. Despite significant
advancements in cuproptosis-inducing nanomedicines for anti-
immunotherapy, careful

consideration. Firstly, the immune response against tumors initiated

tumor several  issues  necessitate
by cuproptosis is partially mediated through immunogenic cell death.
However, monotherapy-induced ICD often fails to elicit a sufficient
immune response. Nanotechnology can synergistically enhance various
treatment approaches, reversing the immunosuppressive tumor
microenvironment and significantly augmenting the impact of anti-
tumor immunotherapy. Secondly, further investigation is required to
elucidate the mechanism and biological safety of cuproptosis-inducing
nanomedicines combined with immunotherapy. Additionally, precise
molecular typing is crucial for identifying a subgroup of CRC patients
likely to positively respond to the combination of cuproptosis-inducing
nanomedicine and immunotherapy, particularly those with dMMR/
MSI-H phenotype. In addition to MMR and MSI status, additional
reliable biomarkers are needed to predict the efficacy of this
synergistic therapy.

Future research and development priorities for cuproptosis-
based nanomedicines include enhancing their targeting
capabilities, optimizing pharmacodynamic properties, increasing
copper transport capacity and developing synergistic therapeutic
strategies to enhance efficacy. The most crucial aspect is the precise
delivery of copper ions through nanomedicine to minimize damage
to normal tissues while utilizing cuproptosis as a cancer treatment.
(He et al., 2024). Cuproptosis originates from mitochondrial copper
overload; therefore, targeted mitochondrial nanodelivery systems
have the potential to induce cuproptosis more effectively. Although
an increased concentration of Cu* promotes the elimination of
tumor cells, the in vivo metabolism of nanomedicines and activation
of copper excretion pathways gradually reduce the copper content
within tumor cells. Simultaneously, slightly elevated levels of copper
may facilitate tumor growth and metastasis. Therefore, it is crucial to
modify their
pharmacokinetic profiles in order to maintain a lethal level of
copper ions within tumors. Lastly, the suboptimal outcome of

engineer suitable nanomedicines that can

colorectal cancer immunotherapy primarily stems from an
immunosuppressive TME. Future efforts should focus on

developing  effective  cuproptosis-inducing ~ nanomedicines
combined with immunotherapy strategies aimed at reversing this
phenomenon.

In conclusion, the integration of cuproptosis-inducing nano-
drug delivery system with immunotherapy represents a promising
avenue for advancing research and clinical translation in colorectal
cancer treatment, poised to emerge as a significant field of
investigation. Given the rapid progress in nanotechnology, we

anticipate that synergistic immunotherapy inducing cuproptosis
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will optimize the anti-tumor efficacy and ultimately serve as an
optimal therapy for CRC.
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Glossary

CRC Colorectal cancer

PD-1 Programmed cell death protein 1
PD-L1 Programmed death-ligand 1

ICIs Immune checkpoint inhibitors

dMMR Mismatch repair deficiency

MSI-H High microsatellite instability

TME Tumor microenvironment

DMT1 Dimethyltryptamine N-methyltransferase 1
Ccp Ceruloplasmin

SOD Superoxide dismutase

ROS Reactive oxygen species

IMS Intermembrane space

Cul Copper ligands

SLC25A3 Solute carrier family 25 member 3
IMM Inner mitochondrial membrane

Ccco Cytochrome-c oxidase,

CCSs Copper chaperone for superoxide dismutase 1
COMMD1  Copper metabolism Murrl domain
XIAP X-linked inhibitor of apoptosis proteins
RTK Receptor Tyrosine Kinase

ERK Extracellular regulated protein kinases
CSC Cancer stem cell

IL-17 Interleukin-17

NF-kB Nuclear factor kappa B

TGF-p Transforming growth factor-{

ECM Extracellular matrix

HIF-1 Hypoxia-inducible factor 1

FDX1 Ferredoxin 1

DLAT Dihydrolipoamide S-acetyltransferase
TCA Tricarboxylic acid

STEAP Six-transmembrane epithelial antigen of the prostate
DCYTB Duodenal cytochrome b

CTR1 Cu transport protein 1

SLC31A1 Solute carrier family 31 member 1
ATP7A ATPase copper transporting alpha
MT1/2 Metallothionein1/2

GSH Glutathione

SOD1 Superoxide dismutase 1

ATOX1 Antioxidant 1

TGN Trans-Golgi network

[60).¢ Cytochrome oxidase

MEK Mitogen-activated extracellular signal-regulated kinase

Frontiers in Pharmacology

MAPK
FGF
VEGF
TNF-a
ICD
NK cells
MDSCs
TAMs
Tregs
ccRCC
IncRNAs
EMT
CRLs
CRT
DAMPs
HMGB1
PRRs
0oscC
DC
CAR-T
PNPs
PM
MOF
NPs
TNBC
CTL
NIR

CA

RT
LIAS
CDKN2A
DSF

ES

PTT
PDT
CDT
SDT
MELK
cGAS

STING

10.3389/fphar.2024.1451067

Mitogen-activated protein kinase
Fibroblast growth factors

Vascular endothelial growth factor
Tumor necrosis factor alpha
Immunogenic cell death

Natural killer cells
Myeloid-derived suppressor cells
Tumor-associated macrophages
Regulatory cells

Clear cell renal cell carcinoma
Long non-coding RNAs
Epithelial-mesenchymal transition
Cuproptosis-related IncRNAs
Calreticulin

Damage-associated molecular patterns
High-mobility group box 1 protein
Pattern recognition receptors

Oral squamous cell carcinoma
Dendritic cell

chimeric antigen receptor T cells
Polymer nanoparticles

Polymer micelles

Metal-organic framework
Nanoparticles

Triple negative breast cancer
Cytotoxic T lymphocyte
Near-infrared

Cinnamaldehyde

Radiation therapy

Lipoic acid synthase
Cyclin-dependent kinase inhibitor 2A
Disulfiram

Elesclomol

Photothermal therapy
Photodynamic therapy
Chemodynamic therapy
Sonodynamic therapy

Maternal embryonic leucine zipper kinase
Cyclic GMP-AMP synthase

Stimulator of interferon genes
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