Pre prints.org

Review Not peer-reviewed version

Am-Bivalent Copper: Mechanistically
Distinct Immune Effects Driving
Innovation in Cancer Nanomedicine

Devon Heroux , Xuxin Sun, Zeynab Nosrati , Marcel B Bally

Posted Date: 20 November 2025
doi: 10.20944/preprints202511.1463.v1

Keywords: copper; Cu; cancer; immunity; nanomedicines; ionophore; copper deficiency; immune cells;
immunotherapy; immune checkpoint inhibitors; PD-1; PD-L1

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2607537
https://sciprofiles.com/profile/2869339
https://sciprofiles.com/profile/494683
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2025 d0i:10.20944/preprints202511.1463.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Am-Bivalent Copper: Mechanistically Distinct
Immune Effects Driving Innovation in Cancer
Nanomedicine

Devon Heroux 123*, XuXin Sun 13, Zeynab Nosrati 123 and Marcel Bally 1234

I Department of Basic and Translational Research, BC Cancer Research Institute, Vancouver, BC, Canada

2 Department of Pathology and Laboratory Medicine, University of British Columbia, Vancouver, BC, Canada
3 Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada

4 Faculty of Pharmaceutical Sciences, University of British Columbia, Vancouver, BC, Canada

* Correspondence: dheroux@bccrc.ca

Abstract

Copper (Cu) is an essential mineral required by all living cells, where it supports critical enzymatic
and signaling functions. In cancer, this balance is often disrupted, creating vulnerabilities that can be
therapeutically exploited. Changes in Cu availability have been shown to influence key
immunoregulatory pathways, including those involved in inflammation, cell death, and immune
evasion. Notably, Cu can drive expression of programmed death-ligand 1 (PD-L1), contributing to
immunosuppression, while also promoting immunogenic cell death, which stimulates adaptive
immune responses. These dual effects highlight the complexity and therapeutic potential of Cu-based
interventions, particularly in the context of immune modulation and toxicity. This review argues that
Cu-based nanomedicines can selectively deliver high concentrations of bioactive Cu to tumor cells,
inducing cell death and triggering adaptive immune responses. We summarize current knowledge
on Cu’s roles in cancer and immunity, emphasizing recent insights into how these intersect through
Cu-mediated modulation of anti-cancer immune pathways. Finally, we explore the clinical potential
of Cu-based nanomedicines to convert immunologically “cold” tumors into “hot” ones, thereby
improving responses to immunotherapy. Realizing this potential will depend on the thoughtful
integration of Cu delivery approaches with existing immunotherapeutic strategies.

Keywords: copper; Cu; cancer; immunity; nanomedicines; ionophore; copper deficiency; immune
cells; immunotherapy; immune checkpoint inhibitors; PD-1; PD-L1

1. Introduction

Transition metals have a variety of important roles in biological processes, with zinc (Zn), iron
(Fe), manganese (Mn), cobalt (Co), and Cu being essential for human health [1]. While redox-inactive
Zn signals through fluctuations of ion pools, the latter four metals function largely as static co-factors
that drive redox catalysis through Fenton chemistry, although recently the concept of
metalloallostery has emerged as a new paradigm of protein regulation through metal ions binding
allosteric sites [2,3]. Approximately 30 enzymes utilize Cu as a co-factor, including cytochrome c
oxidase, superoxide dismutase, and lysyl oxidase which regulate the electron transport chain, free
radical scavenging, and crosslinking of collagen, respectively [3].

Cupric Cu has also been identified as a regulator of MEK1/2 and ULK1/2, resulting in MAPK
activation and autophagy which are frequently upregulated in cancer cells [4,5]. Accordingly, high
levels of Cu are found in many tumor types where it is a driver of proliferation, angiogenesis, and
metastasis, whereas a disruption of Cu homeostasis through either Cu deprivation or Cu excess
results in cell death through inhibition of cuproplasia (Cu-dependent cell growth and proliferation)
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or activation of cell death pathways including apoptosis, and caspase-independent cell death. The
latter are related to the recently described cuproptosis cell death mechanism [6-9].

These two strategies of Cu modulation have been studied clinically with varied success, with an
important consideration being the effect on the immune system. While Cu deprivation results in a
marked decrease in many aspects of the immune system, some data has demonstrated that Cu excess
may enhance the activity of immune cells, an important consideration given the role of the immune
system in anti-tumor responses. In recent years the direct role of Cu in tumor immunity includes
immune-activating properties through induction of immunogenic cell death and immune silencing
via overexpression and stabilization of PD-L1 [10-15]. The dynamic signaling role of Cu also results
in modulation of pathways such as NF-kB and ALDH1, which leads to variable expression of immune
signaling through cytokines and retinoic acid [16-19].

The goal of this review is to discuss recent advances in the study of Cu in anti-cancer immunity,
from a perspective of achieving improved treatment responses through Cu deprivation or Cu
delivery. The effects of Cu modulation on immune cells, as well as the effect on tumor cells are
described by outlining several mechanisms of immune activation and/or immune silencing. Recent
progress in the field of Cu nanomedicines as a potential way to deliver Cu-conjugated therapies has
been summarized. Nano-formulations help to address concerns about Cu/Cu-complex solubility
while taking advantage of the potential tumor-targeting properties of nanoformulations. The
conclusion highlights gaps in knowledge about Cu’s role in the immune system and its use to
improve or inhibit treatment outcomes. This conclusion suggests that Cu delivery, immunogenic
cell death and Cu-mediated effects can all engender improved treatment outcomes when used in
combination with existing immunotherapeutics.

2. Cu’s Role in Cancer and Cancer Treatments

Cu is considered to be an important target in cancer due to its essential role in the cell and its
dysregulation in many cancers [20]. Cu is a mineral nutrient and a key component for some critical
enzymes involved in fundamental biological pathways [21]. In normal conditions, Cu levels in the
body are controlled through a balance between absorption and distribution. In some cancers,
alterations in Cu absorption, transport, metabolism, or excretion have led to higher Cu serum levels
[22,23]. This may be due to higher demand for nutrients by cancer cells and this, in turn is linked to
an elevation of serum and tissue levels of Cu in various cancers including breast [24-27], ovarian
[26,28-30], lung [31-34], colorectal [26,35-37], stomach [38,39], thyroid [40,41], acute leukemia [42,43],
oral [44—46] and prostate [47,48] (Table 1). Moreover, various studies have confirmed serum Cu level
correlated with the grade of malignancy in some cancers and suggest serum Cu measurements could
be used as a screening tool for cancer diagnosis/prognosis [49,50]. Ceruloplasmin, the major Cu-
carrying protein in the blood, is another potential prognostic marker. Higher serum ceruloplasmin
levels (4-8-fold over normal level) have been reported in numerous cancers during tumor progression
which returns to normal during tumor regression [51,52]. With this in mind, it is important to
consider how Cu might influence the various hallmarks of cancer [53-55].

2.1. Role of Cu in Tumor Angiogenesis

Angiogenesis is a normal physiological process in which new blood vessels are formed from the
existing vasculature in developing or healing tissues. In addition, it plays a critical role in the growth
of cancer as the newly formed blood vessels are needed to provide oxygen, nutrients, and other
essential factors to the rapidly dividing cancer cells [56,57]. The tumor-associated blood vessels are,
however, abnormal and lack a basement membrane and are tortuous contributing to these blood
vessels being “leaky” to serum. Tumor angiogenesis is regulated by many diverse factors. This can
include hypoxia that can initiate the formation and release of vascular endothelial growth factor
(VEGF) a potent mediator of blood vessel formation [58]. Findings have linked tumor angiogenesis
with higher Cu and ceruloplasmin levels in serum [59,60]. Cu also has an essential role in the
regulation of hypoxia-inducible factor-1 (HIF-1). Under hypoxic conditions, HIF-1 binds the VEGF
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gene promoter and promotes angiogenesis [61]. On the other hand, depletion of Cu using Cu
chelation therapy has been shown to inhibit angiogenesis in a wide variety of cancers and cancer
models [56,62-65]. PSP-2 is a Cu(]) selective chelator which has induced significant anti-angiogenic
activity due to its ability to reduce intracellular Cu levels [66].

Table 1. Serum and tissue Cu levels in normal and cancer patients.

Serum Cu Level (ug/dL) Tissue Cu Level (ug/g)
Cancer
Normal Cancer Normal Cancer
50.6 +12.8 105.6 +12.8 [25] 93+23 21.0+10.7 [67]
Breast
98.8 +24.3 167.3 +37.9 [68] 1.58 +0.62 191 +0.56 [26]
106.73 +26.37 146 +24.78 [29] 0.3 +0.1 0.7 +0.3 [30]
Ovarian
92.9 139.5 [69] 1.26 +0.45 2.16 +0.63 [26]
109.5 +5.39 122.9+3.77 [34] 1.01 +0.02 1.52 +0.08 [31]
Lun
8 128.5 +5.23 162.4 +8.18 [33] 5.08 +1.09 8.23 +4.88 [32]
Col 152.08 +112.56 154.60 +91.71 [35] 1.53+0.35 1.90+0.6 [26]
olon
135.8 +30.5 138.6 +30.8 [37] 1.26 +0.37 1.47 +0.58 [36]
Stomach 143.03 +£3.25 171.94 +7.27 [38] 1.1+04 1.7+04 [39]
423 +
Thyroid 105.87+10.68 131.61+33.9 [40] 0.18 145+2.6 [41]
Leukemia 86.7 +25.3 132.8 +50.6 [43] 15+4*% 52 +16* [42]
124.83 +20.68 151.20 +11.20 [45]
Oral 114.20 + 38.69 209.85 + 160.28 [44]
105.5 +18.81 141.99 +21.44 [46]
97 +22 169 +31 [48]
Prostate
94.45 +34.37 100.31 32.38 [47]

* ug/10°cells.

2.2. Role of Cu in Tumor Metastasis

Cu ions appear to be required for the formation of pre-metastatic niches as well as the
establishment of metastasis through Cu-binding proteins. Lysyl oxidase (LOX) and LOX-like
(LOXL1-4) proteins are Cu-dependant metalloenzymes, secreted under hypoxic conditions by
various cancers such as breast, pancreatic, hepatic, and colorectal cancers [70-72]. LOX family
proteins are characterized by their Cu-binding sites at the C-terminal domain of the protein. The
catalytic function of LOX is activated once it binds to Cu as a co-factor [73]. To support intracellular
Cu delivery, the CTR1 transmembrane protein transports Cu ions into cells. Thereafter,
metallochaperones like antioxidant protein 1 (ATOX1) mediates the delivery of Cu to the Menkes Cu-
transporting ATPase (ATP7A and ATP7B) in the trans-Golgi network. ATP7A is responsible for
pumping intracellular Cu to secreted LOX cuproenzymes. Subsequently, the Cu-loaded LOX
mediates tumor progression through separate extracellular and intracellular mechanisms. Within
extracellular mechanisms, LOX catalyzes the oxidation of lysine residues in elastin and collagen and
forms a crosslinked elastin-collagen in the tumor microenvironment which facilitates tumor growth
and invasion [74,75]. It has been shown silencing ATOX1 and ATP7A genes can inhibit the LOX
activity, tumor growth, and metastasis in various models of lung, breast and head and neck cancers
[58-60]. In addition to this extracellular influence, LOX plays a key role in tumor cell migration and
invasion. The by-product of LOX activation is hydrogen peroxide which stimulates two key signaling
molecules- focal adhesion kinase (FAK1) and proto-oncogene tyrosine-protein kinase (SRC). This
promotes cell migration and metastasis [70,76]. Mediator of cell motility 1 (MEMO1) is another Cu-
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dependant enzyme involved in tumor metastasis. MEMOL1 is upregulated in tumors and its
expression is correlated with cancer aggressiveness [77,78]. In mammary epithelial cells, MEMO1
mediates HER2-dependent cell migration through upregulation of IGF-IR/IRS1 signaling [79]. Recent
studies have investigated MEMOI1 inhibition as a potential therapeutic target for cancer treatment
[80-82].

2.3. Role of Cu in Intrinsic and Acquired Chemotherapy Resistance

Platinum-based drugs are chemotherapeutic agents widely used for treatment of solid tumors
including colon, breast, ovarian, bladder, brain, and non-small cell lung cancers [83-88]. The most
common platinum agents are cisplatin, carboplatin, and oxaliplatin, which have unique roles in the
management of individual cancers [89]. However, resistance to platinum-based drugs develops due
to increases in DNA repair, reductions in cellular accumulation, and increases in drug inactivation
[93]. Studies have shown that cell entry and subcellular distribution of platinum-containing drugs
are mediated through transporter proteins (CTR1 and CTR2) and chaperones (ATOX1, ATP7A and
ATP7B) which, as indicated above, are also known to be involved in Cu homeostasis [90-92]. CTR1,
the main Cu uptake transporter, regulates uptake and controls the accumulation and cytotoxic effect
of platinum-therapeutics. Studies have shown a good correlation between CTR1/CTR2 expression
and chemoresistance to platinum-based drugs [28,93,94]. Elevated concentrations of Cu and
platinum-based compounds have opposite effects on the regulation of CTR1 and CTR2. When there
is an excess amount of Cu and platinum-containing drugs, CTR1 is downregulated through
endocytosis and degradation, while CTR2 expression is increased [94]. Moreover, it has been shown
that silencing of CTR2 leads to an increase in the cellular accumulation of cisplatin and this has been
proposed as a treatment to overcome platinum resistance [28]. Recent evidence demonstrates that
higher expression of the Cu transporters ATP7A and ATP7B in different tumor types contributes to
reduced sensitivity of platinum-based treatments due to an increase in drug efflux [78]. Several
studies have investigated the inhibition of ATP7A and ATP7B as potential targets in cancer
treatments. For example, silencing ATP7A and ATP7B expressions in ovarian cancer and breast
cancers has improved platinum drug sensitivity [96-98].

3. Can Copper be Considered a Metal with the Potential to Augment Anticancer
Therapeutics?

Copper ions play essential roles in numerous biological processes, many of which are directly
linked to cancer development and progression. Despite this, platinum-based compounds remain the
only clinically approved class of metal-based anticancer agents. Therapies that modulate copper
homeostasis are already established in other contexts, such as copper gluconate for deficiency and
chelating agents like penicillamine or trientine for Wilson’s disease, but their potential in oncology
has been largely overlooked. Given copper’s ability to influence both tumor growth and stress-
induced cell death, recent studies have focused on strategies that either elevate or deplete copper to
achieve therapeutic benefit. The following sections summarize these complementary approaches,
copper ionophores that deliver copper into cells and copper chelators that sequester it, and their
emerging roles in cancer treatment.

3.1. Cu Ionophores

Cu ionophores efficiently transport Cu across biological membranes, providing a payload of Cu
that can selectively induce cuproptosis in cancer cells [99,100]. The role of Cu ionophores in cancer
has been recently reviewed by Oliveri et al [101], and will be briefly discussed here in the context of
cancer immunity, an area of growing interest and attention. Table 2 identifies commonly used Cu
ionophores and their known cellular and immunological effects. The most commonly used of these
compounds in cancer is disulfiram (DSF), which is an anti-alcohol abuse drug that has shown
potential as an anticancer agent since the 1970s, although efforts to use it clinically have not been
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successful [102]. This may be due to its rapid systemic elimination and its requirement for Cu to be
active against cancer. This is where our lab became interested in the DSF metabolite
diethyldithiocarbamate (DDC), a well-known Cu-binding agent [103-105]. When DSF is
administered, it is converted in the blood to DDC, which may undergo oxidative biotransformation
to diethylthiomethylcarbamate (Me-DTC) [106]. This compound acts as a suicide inhibitor for
aldehyde dehydrogenases (ALDHs), although in the presence of Cu, DDC will form Cu(DDC), the
complex responsible for DSF’s anticancer activity. This may be preferentially formed within cancer
cells which have a higher level of intracellular Cu, although most studies with DSF have been in
combination with Cu, or as a soluble form of Cu(DDC)2 [102,107]. The mechanisms through which
Cu ionophores can act against cancer or modulate immune responses are summarized in Table 2, but
are further described in Section 5 of this review.

Novel small molecules have also been developed recently to expand the range of Cu ionophores
available for targeted cancer therapy. For example, YL21, a naphthoquinone derivative with two
dithiocarbamate groups, forms stable Cu-thiolate complexes that efficiently deliver Cu to
mitochondria [108]. Like DSF or more likely its metabolite DDC, YL21 significantly increases
intracellular Cu levels when combined with Cu?*, leading to mitochondrial dysfunction and protein
aggregation. However, YL21 is more soluble in aqueous environments than DSF, which can improve
Cu retention and reduce the need for additional formulation strategies to maintain bioavailability. In
contrast, rhenium(I) complexes like Re5 do not bind Cu directly but instead act as indirect Cu carriers
[109]. These complexes coordinate with nitrogen-donor ligands, such as bipyridine or
phenanthroline, which do not strongly chelate Cu but can indirectly promote Cu accumulation. Once
inside the mitochondria, Re5 can facilitate the reduction of Cu?* to Cu* in the presence of cellular
reductants like NADH and GSH, producing highly reactive hydroxyl radicals through Fenton-like
reactions. This approach bypasses the solubility and stability issues faced by direct Cu chelators like
DDC, allowing for more precise control over intracellular Cu distribution and oxidative stress.
Additionally, it is believed that the positive charge of rhenium complexes helps drive them into the
negatively charged mitochondrial matrix, where the buildup of reduced Cu can increase oxidative
stress and mitochondrial damage [109].

3.2. Cu Chelators

Contrary to the potential of Cu ionophores to augment anti-tumor responses, Cu chelation has
been explored as a way of reducing intracellular Cu levels and inhibiting Cu-driven cancerous cell
growth (i.e. cuproplasia) [110,111]. This creates the dilemma - is copper good or bad in the context of
cancer therapeutics? Commonly used chelators includes D-penicillamine, trientine, and
tetrathiomobdylate (TM) (Table 2), which differ from ionophores in that the binding coefficient to Cu
is generally stronger and leads to the sequestration of Cu instead of transport of Cu as would be
driven by ionophores [112]. Cu chelators target cell metabolism, kinase pathways, and
immunomodulating pathways including NF-kB, the inhibition of which potentially leads to a
reduction of various cytokines including IL-1b, IL-6, and IL-8, all of which are known to modify
immune components of the tumor microenvironment (TME). Cu chelation has shown efficacy in
combination with monoclonal antibody therapy [113], immune activation [114], and oncolytic
virotherapy [115,116], however, there are few studies on the direct role of Cu chelation in antitumor
immune response and more research is needed.

Table 2. Commonly used Cu chelators and ionophores.

Cu like-Ionophores *(added Cu) Cellular effect Immune effect
Disulfiram [11,14,117-119] igg’SKB' PSM, ALDH, *1ICD, PD-L1; |RA
Clioquinol [120] *|NF-xB, PSM n.d.

Pyrrolidine dithiocarbamate [120-122] *|NF-kB, PSM, 1CSP3 SNF'O" HL-12, 7IL-
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Elesclomol [123] TROS, |ATP7A n.d.
Cu Chelators
Penicillamine [124-126] TROS, 1dsDNA breaks ITC, BC, NK, NP
|TNF, IL-2, IL-4, IL-5,
Tetrathiomobdylate [127,128] INF-xkB, RAS/MAPK IFN-y; 1CD4+
infiltrate
Trientine [129] lAngiogenesis JIL-8
Curcumin [130,131] INF-xB, tROS |IL-1, IL-6, IL-8, IL-12

PSM = proteasome, ICD = immunogenic cell death, RA = retinoic acid, CSP3 = caspase 3, TC = T cells, BC=B
cells, NK = natural killer cells, NP = neutrophils, n.d. = no data.

4. Copper’s Role in the Inmune System

It is clear that Cu can modulate the immune system, but it is not clear whether Cu excess or Cu
deficiency would be best. This is because there is a poor understanding of how Cu can regulate
immune functions in general and in the context of cancer immunotherapy in particular. This needs
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Figure 1. Effect of Cu excess or Cu deprivation on immune cells. Supraphysiological Cu generally leads to an
activation of processes promoting immune response, while Cu deficiency leads to an inhibition of immune-
activating pathways. Cu excess includes Cu ions or Cu in complexation, and Cu deficiency includes dietary Cu
deficiency or Cu chelation. DC = dendritic cells, MP = macrophages, NP = neutrophils, NK = natural killer cells,
BC = B cells, DTH = delayed-type hypersensitivity, WD = Wilson’s disease, con A = Concanavalin A, LPS =
lipopolysaccharide. Created with Biorender.

4.1. Cu and the Immune System

Cu levels above physiological requirements appear to have varied effects on the innate and
adaptive immune system. White et al found that treating macrophages with Cu led to enhanced
activity and intracellular killing of E. coli [132]. This effect was likely due to the Cu-catalyzed
production of the hydroxyl radical from H20, allowing physiological levels of H20O: to be lethal to
bacteria [133]. An examination of the response of metallic allergens on dendritic cells (DC) found that
CuSO:s caused the release of IL-8 [134], a marker of DC activation. A study in mice fed with high
levels of Cu exhibited a significant decrease in delayed-type hypersensitivity responses (DTH)
associated with T cell recruitment [135]. Further, a study assessing long-term high Cu intake in young
men suggested that the Cu-containing diet decreased the levels of IL-2 receptor, which was associated
with regulating T cell proliferation [136]. These results are in agreement with observational studies
of patients with Wilson’s disease (WD), a genetic disease cause by a mutation in the ATP7B gene. A
study by Czlonkowska et al determined the effect of WD on immune function, and found that cell-
mediated immunity was impaired, yet antibody response was greatly increased [137].

Asnoted already, Cu-complexes are being considered as therapeutics and these complexes have
been shown to have a simulatory effect on the immune system in mice. For example, a study found
that injection of Cux(3,5-diisopropylsalicylate)s caused splenomegaly with increased splenic
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macrophage levels and enhanced T cell and B cell response [138]. It is not clear whether the effects
were due to Cu or the Cu-complex. As noted above, some Cu complexes actually can act like Cu
ionophores bringing Cu into cells. The effect of Cu is, however, uncertain as there are not many
studies highlighting the impact of Cu deficiencies on immune function. Studies have suggested that
Cu deficiencies can result in decreased in cell-mediated and humoral immunity [139], and increased
rates of infection and mortality in animals maintained on Cu-deficient diets [140]. Impaired cellular
function may be a result of reduced Cu-dependent enzyme activity, and the effects of dietary and
chelation-induced Cu deficiency are summarized below.

4.1. Dietary Cu Deficiency

The effects of insufficient dietary Cu on neutrophils have long been recognized, causing a
decrease in circulating neutrophils in animals and humans. Low levels of Cu in the diet can be
associated with the inhibition of respiratory burst and microbicidal functions [141]. Babu & Failla
demonstrated that cellular Cu status, respiratory burst and yeast-killing ability of peritoneal
macrophages decreases in severely Cu-deficient rats [139]. Further , in a study comparing spleens
from Cu-adequate and Cu-deficient rats, the NK cells from the Cu-adequate rats were five to
sevenfold more cytotoxic [142]. Cu deficiency causes a general reduction in T lymphocytes,
predominantly CD4+ cells, while the decrease in the CD8+ cells is less pronounced [143]. The B cell
response required for antigen processing and T cell coordination as well as antibody production is
seemingly impaired in Cu-deficient rats [144]. This does not appear to be due to a reduction in B cells.
Some studies have actually suggested an increase in B cell populations in when there is Cu-deficiency
[139]. Finally, morphological studies in mice and rats have shown that Cu-deficiency is characterized
by small thymuses and enlarged spleens accompanied by a notable decrease in IL-2 secretion by
rodent splenocytes. IL-2 production is required for T cell proliferation. The referenced studies in this
section assessed how reducing Cu levels in the diet may affect immune cells, but more studies have
actively pursued chelation therapy to engender Cu reductions.

4.2. Cu Chelation

The effects on immune cells achieved by Cu-chelation methods are similar to what has been
observed when evaluating dietary Cu-restrictions, but there are notable exceptions. Interestingly, Cu-
depletion through tetrathiomolybdate caused an increase in CD4+ T cell tumor infiltration in a
murine breast cancer model, while decreasing myeloid-derived suppressor cell (MDSC) levels [127].
The general decrease in the number and/or function of neutrophils, T cells, B cells, and NK cells were
comparable to that observed when Cu deficit diets were provided [125,145].
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Figure 2. Potential effects of Cu excess or Cu deprivation in tumor cells. Supraphysiological Cu leads to
modulation of cytokine production, PD-L1 expression, and activation of immunogenic cell death, while Cu
deficiency inhibits cytokine expression while decreasing PD-L1 exposure. Excess Cu includes Cu ions or Cu in
complexation, and Cu deficiency includes dietary Cu deficiency or Cu chelation. DC = dendritic cells, TC =T
cells, RA = retinoic acid, Cu (I) = Cu*, Cu (II) = Cu?*, ATP = adenosine triphosphate, CRT = calreticulin. Created
with Biorender.

4.3. Cu and Immunogenic Cell Death of Cancer Cells

Regulated cell death (RCD) is a type of cellular demise that relies on dedicated molecular
machinery, in contrast to the instantaneous demise of cells exposed to physical, chemical or
mechanical forces [146]. Initially proposed to be immunologically silent [147], researchers have
shown that various forms of RCD can be immunogenic, including chemotherapy and radiotherapy-
induced apoptosis that was observed to activate an antitumor adaptive immune response [148]. In
1953, Mole described a regression of tumors outside of the irradiated region, using the term abscopal,
meaning “away from the target” in Latin [149]. The abscopal effect was questioned for several
decades due to its rarity of occurrence [150], while in 2005, Casares et al found that doxorubicin
induces a caspase-dependent immune response [148]. This form of RCD has been referred to as
immunogenic cell death (ICD), and was defined in 2018 by the Nomenclature Committee on Cell
Death as ‘a form of RCD that is sufficient to activate an adaptive immune response in
immunocompetent syngeneic hosts” [146]. This requires two essential elements including activation
of cytotoxic T lymphocyte (CTL)-driven adaptive immunity as well as the generation of
immunological memory [151].

The immunogenicity of cell death depends on various factors, including the intrinsic antigenicity
of the cells, as well the presence of adjuvant signals. ICD involves spatiotemporally exposure or
release of danger signals which are required for the recruitment of antigen-presenting cells (APCs).
These signals are collectively referred to as damage-associated molecular patterns (DAMPs) [152],
and include the exposure of calreticulin (CRT) on the cellular surface, the secretion of high mobility
group box 1 (HMGB1), and the release of adenosine triphosphate (ATP) [151,153,154]. These signals
bind pattern recognition receptors (PRRs) in DCs and subsequently recruit CTLs into the tumor
microenvironment [155,156].
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Anticancer therapies including chemotherapy, targeted therapy, and radiation therapy have
been shown to elicit clinically relevant ICD responses [157-159] and there is evidence that
combination of certain ICD inducers with immune checkpoint inhibitors (ICI) leads to improved
efficacy [160-164]. Despite clinical potential only a few bona fide ICD inducers have been employed
for use in combination therapy with ICIs [157,165,166], although numerous FDA-approved ICD
inducers are being investigated for this purpose [167-172].

4.4. Approved ICD-Inducing Treatments with an Emphasis on Disulfiram

Considerable efforts have been made in using combination therapy of ICD inducing agents and
ICI in colon and rectal cancers, with the focus largely on oxaliplatin combined with PD-1/PD-L1
blocking antibodies [173-175]. Multiple trials have indicated that oxaliplatin is a more favourable ICI
combination agent than cisplatin [176,177], and this is believed to be due to oxaliplatin’s potent role
as an ICD inducer [178]. Supporting this is the finding that single nucleotide polymorphisms (SNPs)
in ICD-related genes could affect clinical outcomes in patients treated with oxaliplatin [179]. Recently,
a combination of the antibody-drug conjugate enfortumab-vedotin (EV) and pembrolizumab was
approved for patients with locally advanced or metastatic urothelial cancer [163]. EV is a notable
inducer of ICD, causing ER stress and immune cell recruitment, which contribute to its clinical
efficacy in combination with PD-1 therapy [163,180,181].

Disulfiram (DSF), a long-approved drug for the treatment of alcohol use disorder, has gained
attention for its potential anticancer properties. In biological systems, DSF is rapidly reduced to
diethyldithiocarbamate (DDC), which readily binds Cu to form Cu(DDC)2. This metatobile, rather
than DSF itself, is believed to mediate most of the anticancer effects associated with DSF [182,183].
Cu(DDC)2 has been shown to augment proteasomal degradation through inhibition of p97/NPL4,
disrupt redox balance, and induce apoptosis and ICD signaling [118,182-184]. A schematic of this
metabolic conversion and Cu complex formation is shown in Figure 3.

f ek i s s
SN S/SYN\/ — /\NJ\S' 2 C_uzi —\N—< Cu2+ >_N/—
s ) g g\

Disulfiram Diethyldithiocarbamate Copper diethyldithiocarbamate

Figure 3. Formation of copper diethyldithiocarbamate. Disulfiram cleavage produces two
diethyldithiocarbamate ligands that bind Cu?* through sulfur coordination to yield copper
diethyldithiocarbamate.

Recent studies have demonstrated that DSF/Cu can activate ICD markers in multiple tumor
types. In human colorectal cancer (CRC) models, DSF/Cu treatment led to the led to cell surface
exposure of CRT and HSP70, which promote the phagocytosis of tumor cells by APCs and are
associated with the development of ICD [151,153]. A corresponding xenograft study confirmed in
vivo induction of these markers, providing early evidence for the potential of ionophore-delivered
copper as an ICD inducer [10][151,153].

Beyond CRC, DSF/Cu has also shown promise in other malignancies where ICD and immune
modulation are relevant, including breast cancer (BC). Although BC was not among the initial cancer
types studied clinically with ICIs, there have been recent approvals for the indication of ICI in triple-
negative breast cancer (TNBC), and numerous ongoing trials for TNBC and other subtypes, including
HER?2-positive cancer [185-189]. There is evidence that cancer stem cells (CSCs), believed to be
responsible for tumor progression and metastasis [190] also interact with various immune cells,
promoting immune silencing and avoidance of destruction [191]. Irradiation therapy (IR) is a
standard treatment for BC and has been reported to induce ICD in breast and other cancers,
enhancing the efficacy of ICI [192,193]. However, consistent with evidence that breast cancer stem
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cells (BCSCs) are treatment-resistant, Sun and colleagues demonstrated that IR triggered reduced
levels of ICD signals in BCSCs [12]. A common molecular target for CSC inhibition is ALDH, which
is believed to cause resistance by removing genotoxic aldehydes in BCSC [190]. Because DSF is a pan-
ALDH inhibitor, its combination with copper has been explored as a strategy to target CSCs and
sensitize them to ICD-inducing therapies [194,195]. Sun ef al found that resistance in ICD induction
of irradiated cells was removed through pre-treatment with DSF/Cu by assessing ICD markers of
CRT, HSP90, HMGBI [12] representing the first study to use disulfiram with Cu to induce ICD in
CSCs.

While several recent approvals of ICIs for hepatocellular carcinoma (HCC) have significantly
improved management of the disease [196], most patients yield limited benefits from immune-based
therapies [197]. The immunosuppressive microenvironment in the liver is influenced by Kupffer cells,
MDSCs, Tregs, and anti-inflammatory cytokines, and a plausible strategy in enhancing
immunotherapy response is the conversion to an inflammatory TME [198]. DSF has been used to
inhibit HCC tumor-initiating cells (TICs) [199], and a recent study by Gao and colleagues
demonstrated the potential of DSF/Cu to cause activation of several ICD markers including CRT,
HMGB1, ATP, and IFN [11]. Significantly, a cancer vaccination model was used to provide the first
in vivo ICD validation of DSF/Cu, and synergistic anti-tumor activity was demonstrated in
combination with CD47 blockade. DSF/Cu treated cells underwent a significant gene enrichment in
Cu response, suggesting the potential of ionophore-mediated Cu delivery for further applications of
ICD induction. Despite DSF being the most frequently delivered form, future studies are expected to
clarify the clinical potential of DDC in complexation with Cu.

5. Cu, Cu-Complexes and PD-L1

Other efforts to induce ICD with Cu have involved the synthesis of Cu (II) complexes to generate
intracellular ROS. Kaur and colleagues prepared several compounds containing a Schiff base ligand
(known to generate ROS in combination with Cu) with various lipophilic polypyridyl ligands (known
to facilitate localization in the ER) [200]. The lead diphenyl-1,10-phenanthroline-bearing complex was
cytotoxic to both bulk breast cancer cells and BCSCs at sub-micromolar concentrations, induced
various DAMPs including CRT and ATP, and promoted BCSC phagocytosis by macrophages. This
represented the first cytotoxic Cu (II) complex to induce ICD in BCSC, and provided early rationale
for use of Cu in ICD. However, when considering the use of Cu and ICD induction it is our contention
that these should be considered in the context of ICIs such as the antibodies that have been developed
to target Programmed Cell Death Ligand (PD-L1).

PD-L1 is a trans-membrane .protein normally expressed by DCs, MPs, some activated T cells
and B cells, and tumor cells, in which it acts in a mechanism to escape anti-tumor immune responses
[201]. The PD-1/PD-L1 pathway maintains immune tolerance in the tumor microenvironment,
controlling T cell activation and cytokine secretion, leading to PD-1-mediated T cell exhaustion and
reduced cytotoxicity against tumor cells [201]. This negative interaction can be inhibited by anti-PD-
1/anti-PD-L1 antibodies, and since the approval of pembrolizumab for the treatment of advanced
melanoma in 2014, PD-1/PD-L1 ICIs have been approved for use in many other tumors [202],
although their efficacy is limited by various mechanisms of resistance in certain patients and side
effects in others [203]. PD-L1 protein expression on tumor cells was the first potential predictive
biomarker for sensitivity to ICI, and currently remain the best validated marker for cancer
immunotherapy [204,205]. While high PD-L1 levels have been associated with increased tumor
immune infiltration [206], its expression is correlated with worse prognosis in many tumors [207,208].
In the context of this review it is important to consider the role of Cu and PD-L1 expression and
targeted therapy.

Various mechanisms may lead to increased PD-L1 expression, including tumor
microenvironment (TME) release of pro-inflammatory cytokines such as IFNy, TNFa and IL-6, which
activate signaling pathways including EGFR, PI3K and AKT [209]. Cu (II) ions have been found to
activate EGFR in the absence of its ligand and cause activation of the AKT and ERK pathways [210]
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and recently, Voli and colleagues reported that intra-tumor Cu influences PD-L1 levels [13]. The
addition of Cu was shown to increase PD-L1 mRNA and protein levels, and upregulated the same
target gene set as IFNy, while Cu chelators decreased PD-L1 expression by inhibiting cancer cells’
response to IFNy, TNFa, and IFNa/b. Cu chelation inhibited EGFR phosphorylation, causing an
accumulation of ubiquitinated PD-L1 and subsequent proteasomal degradation, and decreased
STAT3 phosphorylation, reducing the expression of several STAT target gene. Decreasing Cu levels
in immune competent tumor-bearing mice led to an increase in tumor-infiltrating CD8+ T cells and
NK cells, demonstrating the therapeutic potential of Cu chelation in the context of decreased PD-L1
expression levels. With this in mind, one may question the use of Cu-like ionophores that could
mediate increased levels of Cu in tumor cells. However, this needs to be considered in the context of
combinations of Cu-like ionophores with PD-L1 targeted therapeutics.

Due to formation of the highly potent anti-cancer complex Cu(DDC)2 when DSF is administered
with Cu, DSF is most frequently studied in combination with Cu in cancer research [211]. However,
as many tumors contain elevated levels of Cu this may be sufficient for formation of active levels of
Cu(DDC)2 [212], and due to other less studied mechanisms there has been some clinical interest in
DSF given without Cu [213,214]. In a recent pre-clinical study, Zheng and colleagues uncovered a
link between DSF treatment mediated overexpression of IRF7, a regulator of type I IFN, and
upregulation of PD-L1 [15]. IRF7 binds to the PD-L1 promoter causing overexpression, a function
that is attenuated by methyltransferases such as DNMT1. DNMT1 inhibitors such as decitabine have
been studied clinically to improve the response of anti-PD-1/PD-L1 inhibition [215,216]. While
DNMT1-mediated PD-L1 upregulation promotes immune escape, combination treatment with ICI
promotes an antitumor immune response. Such data provides a rational to combine PD-L1 inhibitors
with Cu-like ionophores such as DDC. Interestingly, DSF treatment was found to inhibit DNMT1,
and while this resulted in no antitumor effects as a single agent the treatment decreasing
intratumoral T cell infiltration. Surprisingly, combination with anti-PD-1 mAb led to a synergistic
antitumor immune responses, representing a novel therapeutic strategy for metastatic triple-negative
breast cancer (TNBC) and other tumors. Another recent study also showed synergy between DSF and
anti-PD-1 treatment in melanoma, uncovering a stimulatory effect of DSF on CD8+ T cells [217]. The
authors of this study also noted that DSF treatment directly bound LCK, the first molecule to be
recruited to the TCR complex. This enhanced its kinase activity and increased T cell effector response
and antitumor immunity. The role of basal Cu in binding the DDC metabolite of DSF in this study is
unclear, and further studies are needed to understand this and the necessity of exogenous Cu
addition for DSF-mediated immune activation knowing that DSF is rapidly metabolized to DDC.

As noted above, disulfiram and or DDC inhibit aldehyde dehydrogenase (ALDH) and this is
why it is used to prevent alcohol consumption. ALDH is an enzyme responsible for oxidizing
aldehydes resulting from metabolic processes, and is also important for the maintenance and
differentiation of stem cells [218]. ALDHs regulate various pathways in cancer to promote
tumorigenesis and cancer stem cell signaling, including minimizing ROS production and enhancing
retinoic acid (RA) signaling [219,220]. ALDH is a negative prognostic marker for most tumor types
[221,222] and promotes an immune suppressive landscape by inducing Treg and modulating
macrophage polarization through the production of RA by multiple cell types [223-225]. ALDH is
positively correlated with PD-L1 levels in CRC and lung cancer patients [226,227], and PD-L1 is
known to promote various factors that maintain CSC stemness including OCT4 and Nanog through
activation of the PI3K/AKT pathway [228]. Thus dual ALDH and PD-1/PD-L1 axis inhibition is a
reasonable anticancer strategy.

Intratumoral Cu level has been found to have an inverse correlation between ALDH protein
levels in osteosarcoma (OS) cells, with ALDHPMsh highly metastatic cell lines having low Cu levels and
a ALDHYw low metastatic line having high levels of Cu [229]. Many studies have linked
DSF(DDC)/Cu to ALDH inhibition [230-233], with evidence suggesting that DSF(DDC)/Cu targets a
stem-cell like ALDH population and reporting antitumor activity against an ALDH"s" population in
vivo [232]. In contrast to this, Skrott et al recently suggested that anti-cancer activity of DSF (DDC)/Cu

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2025 d0i:10.20944/preprints202511.1463.v1

12 of 13

is not due to ALDH inhibition, as neither DSF nor DSF/Cu directly inhibit ALDH in a short-term
assay. They argued that the long DSF(DDC)/Cu exposure times used in previous studies caused cell
permeability, confounding results from the ALDEFLUOR assay used to measure ALDH function.
They also argued that the bona fide inhibitor of ALDH was the non-toxic DSF metabolite S-methyl-
N,N-diethylthiocarbamate-sulfoxide (Me-DTC-SO) [234], which is only generated in vivo and the
formation of which is minimized when DSF (DDC) is in the presence of Cu. Specifically, when
Cu(DDC): is formed it can be an active anticancer agent targeting NPL4, a subunit of the p97/VCP
segregase [183]. Altogether this provides compelling evidence that challenges the long-held belief
that DSF(DDC)/Cu targets ALDH inhibition as a major anticancer mechanism.

While the precise role of DSF(DDC)/Cu in ALDH inhibition is under debate, many recently
developed ALDH inhibitors have shown promising efficacy in tumors [235] and a recent in silico
screen of natural products for inhibitors of ALDH isoforms led to the synthesis of a rutin-Cu complex
that had sub-micromolar activity in a breast cancer cell line. Although there is promising evidence
for the role of Cu and Cu compounds in immunomodulatory ALDH inhibition, contradictory reports
and limited evidence indicate that further research is needed.

It is also worth noting that Cu has been shown to initiate an inflammatory state in rats, causing
the production of reactive oxygen species (ROS) and the activation of a downstream target of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) [236] as well as activate NF-kB and
TNF-a in the spleen and thymus of chickens [237,238]. Cu also caused the overexpression of NF-kB-
target cytokines in mice when given in feed [239], and Cu chelation through tetrathiomolybdate (TM)
led to a decrease in NF-kB-mediated pro-inflammatory cytokines in microglial cells in mice [240]
while inhibiting NF-kB in breast cancer cells [241]. Conversely, Kanemaru et al found that Cu, when
given as Cu (II) ions or in a peptide complex, inhibited NF-kB in ovarian cancer cells and Jurkat T
cells, and a number of other Cu complexes have demonstrated NF-kB pathway inhibition in cancer
[244]-[246]. NF-xB is a transcription-factor family comprising five subunits that controls expression
of target genes including IL6, TNFA, BCL2 and VEGF, influencing tumor cell proliferation,
inflammation, and adaptive immunity [242]. NF-kB is viewed as a critical link between inflammation
and tumorigenesis, and in certain tumor environments it can promote tumor proliferating effects
through inflammation or immunosuppression [243]. Tumor cells produce a variety of NF-kB-induced
cytokines and chemokines that influence the recruitment and activation of immune cells, and as well,
NF-kB mediates transcription and protein stability of PD-L1 in tumor cells, contributing to CD8+ T
cell exhaustion [244].

Although there is evidence that NF-kB activation and signaling in tumor cells may increase
patient response to ICI [245,246]. NF-kB inhibition can also be beneficial for patient response. NF-kB
inhibition downregulates genes involved in metastasis and angiogenesis in tumor cells [247] and has
numerous effects on immune cells in the TME including stimulation of DCs, T cells and NK cells, and
relieving suppression exerted by MDSCs and Tregs [244]. A well-studied compound is bortezomib,
which inhibits NF-kB as a by-product of its proteasome inhibition function [248] and has been shown
to have synergistic effects with anti-PD-1 therapy [249], with ongoing clinical interest [250].

While pyrrolidine dithiocarbamate, 8-hydroxyquinoline metabolites and other Cu-complexing
compounds have been shown to inhibit NF-kB in cancer [251,252], DSF (DDC) is the most studied
[117,253,254] and as an inhibitor of the proteasome system, DSF/Cu inhibits degradation of inhibitor-
kB (IkB), leading to suppression of NF-kB nuclear translocation and activation. The activity of
DSF/Cu has been used to inhibit 5-fluorouricil-induced NF-kB activation [117] and the reversal of
chemoresistance in colon and breast cancers [117,255]. Although there is a dearth of studies that
examine DSF(DDC)/Cu’s NF-kB inhibition in cancer and the resulting modulation of immune
phenotype, DSF has been examined for the inhibition of NF-kB-mediated cytokine output in a phase
2 clinical trial for coronavirus disease 2019 (COVID-19). The primary outcomes were a change in
plasma inflammatory biomarker levels (e.g. IL-6 and IL-b) and viral load on days 5, 15 and 31 [256].
DSF has also been examined clinically with minor benefit in HIV latency reversion [257], and due to
the context-dependent, possibly contradictory findings from studies of Cu and NF-kB interactions,
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further studies are needed to understand the role of DSF(DDC) in anti-tumor and anti-viral immunity
for the potential of this diversely active compound to be realized.

While Cu modulation has clear potential to influence cancer progression and treatment
response, particularly in the context of immunotherapy, its therapeutic development was historically
limited by concerns around toxicity and formulation challenges. In oncology, however, toxicity is
often acceptable within a defined therapeutic index, and Cu’s redox activity may offer advantages in
promoting tumor-selective stress and immune activation. One long-standing hurdle has been the
tendency of certain Cu complexes to form insoluble precipitates, limiting their viability as drug
candidates. More recently, a growing number of groups including ours have addressed this through
nanoformulations, which can improve apparent Cu solubility, stability, and tumor targeting. This
shift has opened new directions for Cu-based therapeutic design.

5.1. Cu-Based Nanomedicines

Cu-based nanomedicines have undergone a rapid evolution, transitioning from antimicrobial
materials to highly engineered platforms designed to deliver immunomodulatory and cytotoxic
effects. Early studies on Cu nanoparticles (Cu-NPs) and Cu oxide nanoparticles (CuO-NPs)
demonstrated strong bactericidal and virucidal activity [258,259], which later led to their
investigation in cancer contexts. However, their translation was hindered by dose-limiting toxicities,
pro-inflammatory off-target effects, and limited capacity for tumor-specific delivery [260-262]. The
reactive nature of Cu ions in circulation, including their interaction with serum proteins and redox
cycling in non-target tissues, presented considerable challenges to systemic application [263]. Initial
work with CuO-NPs in tumor models demonstrated dose-dependent tumor suppression, but also
substantial collateral tissue damage [264], reinforcing the need for more sophisticated delivery
strategies that could direct Cu to tumors while minimizing systemic exposure.

To overcome these issues, second-generation Cu nanomedicines incorporated Cu(Il) ions into
stabilized drug delivery systems. Two widely cited clinical examples are Vyxeos® (CPX-351) and
Irinophore C™, which utilize metal-coordinated drug encapsulation. Vyxeos® uses Cu bind
daunorubicin that is co-encapsulated with cytarabine at a synergistic 5:1 molar ratio, with Cu
stabilizing the complex and modulating drug release kinetics such that the drug to drug ratio could
be maintained after iv administration [265-267]. Irinophore C™ (which never made it to the clinic)
demonstrated that intraliposomal Cu could interact with irinotecan’s lactone and quinoline groups,
significantly prolonging retention compared to liposomes loaded using pH gradients alone or when
using other metals [268]. For this formulation copper provide unique properties. The selectivity of
Cu’s interaction was highlighted by comparative studies: when other divalent cations such as Zn2+,
Mg2+, or Mn2+ were used in place of Cu2+, the same retention could not be achieved [269-272].
Notably, Cu’s ability to coordinate with both the drug and the inner phospholipid leaflet was thought
to reduce passive permeability, further enhancing retention. Although this irinotecan formulation
did not advance into clinical trials, partly due to the approval of Onivyde, a different irinotecan
formulation, the concept of using metals to coordinate compounds with metal-binding ligands was
pursued further. These early studies firmly established Cu coordination as a viable strategy for
modulating drug retention and pharmacokinetics, building a foundation for subsequent
nanomedicine technologies.

Building on these early studies, our group developed a formulation strategy called Metaplex,
which uses Cu coordination within liposomal carriers. Cu(Il) solutions are first encapsulated into
liposomes, then mixed with metal-binding ligands such as DDC (the disulfiram metabolite) and
clioquinol to form Cu complexes inside the aqueous core [265,273,274]. This approach allows poorly
soluble ligands to be incorporated as stable Cu complexes. Injectable Cu(DDC)2 liposomes prepared
using this method were shown to reduce tumor growth in preclinical models [104], and the same
strategy was later applied to Cu(CQ)2, demonstrating compatibility with a range of structurally
diverse ligands [275].
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Other Cu-based nanomedicine strategies have focused on developing nanoparticles that release
Cu along with complementary agents to induce cancer cell death. One example is a core-shell
nanoparticle (CuP/Er) that releases Cu(Il) and erastin in the acidic tumor microenvironment [276].
Erastin blocks a key antioxidant transporter, leading to glutathione depletion and increased lipid
peroxidation, while Cu(Ill) binds to lipoylated TCA cycle proteins and disrupts mitochondrial
function, promoting cuproptosis. In MC38 and 4T1 tumor models, this combination induced ICD
characterized by calreticulin exposure, HMGB1 release, and ATP secretion, and significantly
inhibited tumor growth when combined with anti-PD-L1 antibodies. Another approach integrates
the IDO1 inhibitor NLG919 to overcome the immunosuppressive tumor microenvironment [277].
This strategy uses a biomimetic nanoparticle (ECNM) combining Cu?", elesclomol (ES), and NLG919
for enhanced tumor targeting and stability. The NLG919 component blocks IDO], reversing immune
suppression and promoting DC maturation and T cell activation, while the Cu?* and ES components
induce cuproptosis. In 4T1 tumor models, this combination induced hallmarks of ICD and
contributed to durable antitumor responses.

Building on the concept, some approaches considered using live immune cells as carriers.
MetaCells, for example, are cellular Trojan horses that incorporate Fe-Cu metal-organic frameworks
(MOFs) into live neutrophils, taking advantage of the natural tumor-homing capability of these cells
[278]. Neutrophils are drawn to inflamed tumor sites, allowing targeted delivery of Fe-Cu MOFs
directly into the tumor microenvironment. Once released, these MOFs generate reactive oxygen
species (ROS), deplete glutathione, and activate both cuproptosis and ferroptosis, promoting antigen
presentation and T cell activation. This strategy produced robust antitumor effects in 4T1 models,
including near-complete tumor regression.

MOFs, like those used in the MetaCell platform, are highly porous, crystalline structures that
allow precise control over the release of Cu?** and other therapeutic agents within the tumor
microenvironment. These frameworks can be engineered to respond to specific triggers, enhancing
the selectivity and potency of Cu-based therapies. For example, a CaO,@Cu-MOF nanoreactor was
designed to release Cu?* and the BRD4 inhibitor JQ-1 in response to GSH-rich and acidic conditions,
generating Cu*, blocking ATP7B, and producing oxygen to reduce hypoxia, promoting antigen
presentation and T cell activation in CT26 colorectal cancer models [279]. Luo et al. developed ES-
Cu-MOF nanoparticles by incorporating elesclomol and Cu?* within a Cu-based MOF, allowing for
pH-responsive release in the intracellular environment [280]. In fibrosarcoma models, the released
cargo led to mitochondrial stress, loss of FDX1, and features of ICD, including dendritic cell
activation.

External activation strategies, including photodynamic therapy (PDT) and sonodynamic
therapy (SDT), have also been explored to improve the performance of Cu nanomaterials. PDT uses
light to activate Cu-containing photosensitizers, generating reactive oxygen species (ROS) through
energy transfer processes. However, the hypoxic tumor microenvironment (TME) can limit oxygen
availability, reducing ROS production. To address this, systems like Au@SiO,@Cu,O nanocomposites
have been developed, incorporating an oxygen-enriched core to boost 'O, production under light
activation [281]. These designs also take advantage of Cu’s ability to deplete intracellular GSH,
lowering the antioxidant capacity of tumor cells and amplifying oxidative damage [281-283]. SDT, in
contrast, uses ultrasound to penetrate deeper tissues and activate Cu nanostructures through
mechanical and thermal effects. For example, Yan et al. developed Cu,O nanocubes coated with
graphene quantum dots (GQDs) to create a sonosensitizer that releases Cu* ions in acidic conditions
while promoting ROS production under ultrasound [284]. The GQD shell stabilizes the Cu,O core
and improves electron transfer under ultrasound, enhancing ROS formation without requiring high
oxygen levels. Similarly, Cu-cysteamine nanoparticles have been shown to generate ROS upon
ultrasound activation, demonstrating efficacy in preclinical tumor models [285].
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6. Conclusions

This review highlights the growing interest in copper (Cu) as a therapeutic target across disease
development, progression, and treatment. In particular, increasing evidence suggests that
modulating Cu levels can influence immune function, while advances in nanotechnology are
enabling more precise delivery of Cu-based therapies. Taken together, these findings point to a
promising, though still incompletely understood, role for Cu in cancer treatment. If Cu-based
formulations are to move forward clinically, however, their toxicity must be carefully considered.
While high doses of orally administered Cu?* have been shown to cause severe gastrointestinal and
hepatic toxicity, our own in vivo studies using Cu-based Metaplex formulations and Cu-containing
liposome controls have not shown overt signs of toxicity [273,286]. These studies used CuSO, doses
well below the toxic threshold in mice (100 mg/kg) [287]. As with any cancer therapy, some degree
of toxicity may be acceptable if it is manageable, whether through co-medications or careful dose
adjustments and scheduling. For Cu-based therapies to be viable, a rigorous assessment of safety in
future clinical trials will be essential.

Growing evidence suggests that metal-compound complexes are often more therapeutically
effective than the parent compound alone [288,289]. Some of these complexes modulate intracellular
pathways or trigger unique cell-killing mechanisms, such as the generation of reactive oxygen species
(ROS) and the induction of endoplasmic reticulum (ER) stress [290,291]. As discussed throughout
this review, such effects may arise from the Cu?* ion itself or through additive mechanisms. In
oncology, Cu-delivering systems offer a potential alternative to platinum-based therapies, which are
prone to inducing chemoresistance and carry significant toxicity across multiple organ systems.

Beyond cancer, Cu-based therapeutics may also hold promise for neurodegenerative diseases
such as Alzheimer’s, where Cu dyshomeostasis is thought to contribute to disease pathogenesis [292].
Liposomal or nanoparticle-mediated delivery of Cu complexes could help restore Cu balance in hard-
to-reach brain regions and potentially slow disease progression. The COVID-19 pandemic also
underscored the urgent need for antiviral agents and treatments for cytokine storms, a leading cause
of mortality in intensive care settings. Cu-NSAID complexes, which possess enhanced anti-
inflammatory activity, have emerged as one possible candidate [274]. Collectively, these examples
highlight the broad therapeutic potential of Cu-based nanomedicines and the opportunity to deepen
our understanding of Cu’s role in disease.

Although Cu has been used medicinally for its antimicrobial properties for centuries, only
recently has its broader therapeutic potential —particularly in cancer —begun to be appreciated. The
two opposing strategies of Cu chelation and Cu delivery both show promise in suppressing tumor
growth, but each presents unique challenges. Chelation impairs Cu-dependent processes critical to
cancer cell metabolism but may simultaneously suppress essential immune functions. Conversely,
Cu overload can drive oxidative stress and immunogenic cell death while enhancing elements of
immune activation. Recent studies suggest that combining Cu delivery with immune checkpoint
inhibitors may unlock synergistic antitumor effects [14,15,173,293-295].

Despite this promise, the context-dependent nature of Cu signaling complicates its use.
Pathways such as NF-kB and ALDH1 are modulated by Cu in complex and sometimes contradictory
ways, emphasizing the need for detailed mechanistic studies. It remains unclear how Cu behaves
when delivered as free ions versus as part of ionophore-like complexes. Recent studies by our group
and others have begun to clarify these mechanisms, linking intracellular Cu delivery and ionophore
selectivity to ICD signaling, tumor copper metabolism, and immunotherapy response [296-301]. The
growing field of Cu nanomedicine is increasingly integrating these insights with advances in tumor
immunology and targeted delivery to develop more effective, combination-based cancer therapies.
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