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Metalions play crucial roles in the regulation ofimmune pathways. Infact,
metallodrugs have along record of accomplishment as effective treatments
for awide range of diseases. Here we argue that the modulation of
interactions of metal ions with molecules and cells involved in the immune
system forms the basis of a new class ofimmunotherapies. By examining
how metalions modulate the innate and adaptive immune systems, as well
as host-microbiotainteractions, we discuss strategies for the development

of such metalloimmunotherapies for the treatment of cancer and other
immune-related diseases.

Metal elements were perceived as elixirs by alchemists and have been
used for hundreds of years to help treat diseases' . A notable example
is platinum complexes, discoveredinthe1960s*°. Platinum-based drugs
have become the first-line chemotherapy for many cancers°. However,
aswithother cytotoxic chemotherapeutics, platinum drugs have severe
adverse effects on healthy tissues, and malignant cells can become resist-
anttothem’. Few metal-based therapies have been successful in the clinic?.
Strategies other than arresting the proliferation of cells are needed to
spur the development of more effective and safer metal-based drugs.
Metal ions are critical in the regulation of many immune pro-
cesses®’, For example, K* contributes to the preservation of T cell
stemness, and a high concentration of K promotes the metabolic
reprogramming of T cells and increases their in vivo persistence
and multi-potency'®". Ca®*, whose concentration is elevated within
cells after the engagement of a T cell receptor (TCR) with its antigen,
facilitates the phosphorylation of TCR-CD3 complexes and acts as
a second messenger for the dephosphorylation of nuclear factor of
activated T cells (NFAT)>**, K*, Na* and Ca* play an important role
in regulating activation of the nucleotide-binding oligomerization
domain, leucine-rich repeats and the pyrin domain-containing pro-
tein 3 (NLRP3) inflammasome™ ¢, Mn?* increases the sensitivity of
cyclic GMP-AMP synthase (cGAS) and the stimulator of interferon
genes (STING) against infection and cancer, whereas Zn* plays a role
in the recognition of cytosol DNA by cGAS*¢, Platinum-based cancer
drugs thatinduceimmunogenic cell death can synergize withimmune

checkpoint blockade, leading to enhanced immune activation2.,

Theseimmunomodulatory functions of metal ions could provide new
principles and mechanisms for the design of metal-based therapies.

Metal ions and metal-ion-containing substances can modulate
physiological or pathological immune responses for the treatment
of disease, and thus provide opportunities for immunotherapies.
Although metal ions and metal salts (such as alum adjuvant and Zn
supplements) have been used to modulate immune processes for
disease treatment or prevention’?, strategies for enhancing immu-
notherapies by incorporating metal ions have not been sufficiently
explored. Moreover, general guidelines for the development of such
metalloimmunotherapies are lacking. In this Perspective, we provide an
overview of the mechanisms by which metalions modulate theinnate
and adaptiveimmune systems and host-microbiotainteractions, and
leverage this knowledge to outline a set of design principles for the
development of metalloimmunotherapies for use against cancer and
otherimmune-related diseases.

Metalloimmunology

Metal ions are involved in the immune process through their struc-
tural, catalytic or regulatory interactions with immune sensors, ion
transporters and enzymes and downstream effector proteins. Physi-
ochemically, such interactions are determined by the coordination
number, geometry and electrostatic charges of metalions (which affect
the stability and selectivity of metalion-biomolecule complexing) and
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Fig.1|Immune processes involving metalions. a, Metal ions and metal-ion-
containing substances can modulate innate immunity. For example, Ni**, Co*,
Fe*,Fe*, Pb%, Pt*, Pt*', Zn* and Mg*' can affect the TLR signalling pathway; K,
Zn*, alum(111) salts, Ni**, Na*, Mn*" and Ca** can modulate NLR signalling; and Mn?",
Zn*,Mg*,K* and Ca** can regulate the activation and signalling of cGAS-STING.

b, Ca®*,Mg*,Zn*,K*and Na* are involved in key signalling pathways of T cell
function, and hence modulate adaptive immune responses. ¢, Theimmune system
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of the host can control the levels of Zn**, Mn?*, Fe?* and Fe** at the host-microbe
interface, thus regulating the composition of the microbiota and inhibiting the
growth of invading pathogens. ZIP8, zinc transporter SLC39A8; CRAC, calcium
release-activated channels; AcCoA, acetyl coenzyme A; mtDNA, mitochondrial
DNA; mtROS, mitochondrial ROS; NGAL, neutrophil gelatinase-associated
lipocalin; NRAMP1, natural resistance-associated macrophage protein 1.

by the capacity of metal ions to stabilize transition states, promote
nucleophilicattacks® and facilitate proton transfer® (which function
asacofactorin catalytic processes). The concept of metalloimmunol-
ogy, which was recently proposed to define the complex interactions
between theimmune system and metal ions**”, has raised awareness of
metal-ion-regulated immune responses and their potential biomedical
applications. In this section, we review how metal ions influence pro-
cessesininnate immunity and adaptiveimmunity and host-microbiota
interactions (Fig. 1).

Processesininnate immunity

The innate immune response is the first line of host defence against
invading pathogens. The detection of microbes relies on pattern rec-
ognition receptors that sense pathogen-associated molecular patterns,
such as lipopolysaccharide (LPS), flagellin, RNA and DNA?%, Certain
metal ions can also activate pattern recognition receptors, including
Toll-like receptors (TLRs) and nucleotide-binding oligomerization
domain-like receptors (NLRs). Ni** can directly activate human TLR4
totrigger aninflammatory response that is comparable to that of LPS
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(acommon TLR4 ligand). Three non-conserved histidine residues
within the leucine-rich repeats of TLR4 are thought to be responsible
for Ni% binding. In one study, two histidine alterations substantially
abolished Ni**-induced activation, whereas LPS stillinduced cytokine
production®, indicating the distinct TLR-binding and activation mecha-
nisms between LPS and Ni**.

Other metal ions or metals, including Co*" (ref. 31), Pb* (ref. 32),
Pt* and Pt* (ref. 33), also induce TLR-dependent immune activation.
Fe*"- and Fe**-associated haeme molecules can directly activate TLR4
viaamechanism thatis different from that of LPS. Both porphyrinring
andiron-ion coordinationareindispensable for TLR activation®*. The
innateimmune functions commonly lead to activation of the signalling
pathways involving nuclear factor-kB (NF-kB) and mitogen-activated
proteinkinase, to stimulate cytokine production. A variety of metalions
have pro-inflammatory functions, including the activation of NF-kB and
mitogen-activated protein kinase®. For instance, Fe*", but not Fe*, can
functionasanagonistto directly activate the NF-kB pathway and induce
the production of tumour necrosis factor «*. Furthermore, decreased
extracellular levels of Mg can upregulate the expression of NF-kB™".
As aregulatory pathway, NF-kB can also regulate the expression of
zinc transporter protein and allow for Zn* intake®®. The influx of Zn?**
in turn downregulates the activity of IKK by binding to a specific site
in the kinase domain, which in turn negatively modulates the NF-kB
pathway. Inaddition, chelating Zn** can augment the TLR-dependent
generation of interferon 3 (IFNB)*.

Recognition by a subset of NLRs is required for the activation of
caspase-1viaassembly of the multiprotein complex inflammasome*°.
Thisleadstothe production ofinterleukin-1f (IL-1B) and IL-18 (ref. 41).
The canonical inflammasomes are composed of an NLR protein (such
asNLRP1,NLRP3 or NLRC4), the adaptor molecule ASC and caspase-1.
Activation of inflammasomesleadsto cleavage of gasdermins (GSDMs),
which formlarge pores on cellmembranes. NLRs canrecognize micro-
bial stimuli, as well as endogenous markers of cellular damage, such as
adenosine triphosphate (ATP) and uric acid crystals. Activation of the
NLRP3 inflammasome by the crystalline form of uric acid prompted
examination of whether other immunostimulatory crystals can be
similarly recognized by the NLRP3 inflammasome*. It was found that
the production of IL-1B and IL-18 in macrophages can be induced by
alumadjuvantand that deficiency in each component of NLRP3 inflam-
masomes fails to trigger their production®. Mechanistically, alum(111)
salts canundergo phagocytosis, resulting in the damage of lysosomes,
which induces activation of the NLRP3 inflammasome*’. Similarly,
sustained Zn** depletion may cause the destabilization of lysosomes,
stimulation of the NLRP3 inflammasome and secretion of IL-13****.
Mitochondrial damage has also been linked to inflammasome activa-
tion*,and a variety of metalions can be mediators in this process. Mn?*
can act as an amplifier of NLRP3 inflammasome signalling by causing
mitochondrial defects in microglial cells, which further increases the
release of ASC-containing exosomes and transfers the inflammasome
activation from cell to cell via exosomes*. The Ni**-induced accumula-
tion of mitochondrial reactive oxygen species (ROS) and the release of
mitochondrial DNAY, as well as hyperosmotic stress from high levels
of NaCl-induced accumulation of mitochondrial ROS*®, can lead to
the activation of inflammasomes. Apart from metal-ion-mediated
lysosomal and mitochondrial defects in inflammasome activation,
the influx of Ca®" and efflux of K* are two other common signals of
activation of the NLPR3 inflammasome***, Ca?* can promote the assem-
bly of components of the NLPR3 inflammasome, mediated by the G
protein-coupled receptor calcium-sensing receptor*’. When stimu-
lated, the calcium-sensing receptor canelicit anincreased cytoplasmic
Ca*' signal by activating phospholipase C (PLC) and via a decrease in
cyclic AMP levels through the inhibition of adenylate cyclase. Both sig-
nals contribute to enhanced formation of the NLPR3 inflammasome. In
addition, Gd** can function as an agonist of the calcium-sensing recep-
tor toindirectly activate the NLRP3 inflammasome®. Low intracellular

levels of K* can contribute to activation of the NALP3 inflammasome,
but not the NLRC4 inflammasome*°. A higher concentration of K" can
prevent the assembly of NLRP3 inflammasomes and hinder caspase-1
recruitment®. Cu?** can induce caspase-1-dependent pyroptosis via
the production of ROS in hepatocytes®’. Additionally, Cd can induce
pyroptosis mediated by GSDME in cancer cells by activating the NLRP3
inflammasome and ROS production®.

The cytosolic surveillance mechanism of DNA can induce the
production of type I IFN (IFN-I) via the activation of STING**. STING
activation relies on cGAS, which can sense cytosolic DNA and trigger
the synthesis of cyclic GMP-AMP (cGAMP) from ATP and GTP. cGAMP
also induces an IFN-I response via STING, which can recruit the cyto-
solickinases IKK and TBK1to activate the downstream transcriptional
factors NF-kB and IRF3 (refs. 55,56). cGAS belongs to the nucleotidyl
transferase superfamily, which is commonly dependent on divalent
cations for activation”. This indicates that certain divalent metal ions
canplay importantrolesin cGAS-mediated innate immune pathways.
Asanabundantion source in the cytosol, Mg** can serve as the catalytic
cofactor of cGAS to catalyse the formation of cGAMP*, Mg?* can be
replaced by Mn**, which elicits even higher catalytic activity”. Mn**
directly activates cGAS to generate secondary messenger cGAMP
either at low concentrations of double-stranded DNA" or independ-
ent of it”. Mn* can also augment STING activity by enhancing the
downstream signalling of STING". Differently from Mg?** in the cyto-
sol, Mn?* is released from mitochondria and the Golgi apparatus on
infection by DNA viruses. These findings indicate that Mn?* is a more
efficient cGAS activator than Mg?* (refs.17,59). Zn?* and other metalions
stabilize the cGAS-DNA complex by binding to cGAS and increasing
the generation of cGAMP®. In addition to mediating activation of the
STING pathway, some metal ions are indirectly involved in enhancing
orrestraining STING activation. For example, intracellular endoplasmic
reticulum stress incorporates Ca®* mobilization, which can support
STING activation®. Additionally, to decrease sustained STING activa-
tion, K" efflux can restrain cGAS-induced IFN-I responses by producing
the pore-forming protein GSDMD®?,

Processes in adaptive immunity

A key aspect of adaptive immunity for the generation of long-lived
and antigen-specificimmune responses is the activation of the TCR-
CD3 complex through the recognition of antigens presented by major
histocompatibility complexes®’. Metal ions serve either as structural
support for the formation of the complex induced by TCR signalling
or as regulatory factors for kinases or phosphatases or for transcrip-
tional proteins that affect the associated effector programs of T cell
activation. TCR stimulation is followed by the recruitment of various
kinases, in particular the leukocyte-specific protein tyrosine kinase
(Lck), for phosphorylation®. The phosphorylated proteins further acti-
vateinducible T cell kinase (ITK) and PLCy to trigger the release of Ca?*
fromintracellular stores, which induces activation of Ca®* channels®*,
In fact, Ca® influx affects the signalling network in the TCR activation
pathway. Onthe one hand, Ca**influxes lead to alocal Ca** concentra-
tion in proximity to TCR that is higher than that in the cytosolic com-
partment, which neutralizes the negative charge of the phospholipids,
promotes dissociation of the cytoplasmic domain of CD3 and exposes
tyrosine groups for phosphorylation®. Therefore, Ca** mediation can
sustainand amplify T cell activation. On the other hand, Ca®* can bind
to calmodulin and subsequently activate phosphatase calcineurin to
dephosphorylate NFAT. Dephosphorylated NFAT can then translocate
into the nucleus and induce NFAT-dependent gene expression™. Defects
instore-operated calcium entry also cause aninability to activate NFAT
and thus are associated with impaired immune responses®. Apart from
indispensable Ca* functions, other metal ions also have roles in this
signalling network. Forinstance, TCR stimulation alsoinduces arobust
Mg influx through magnesium transporter 1(MAGT1), whichis critical
for subsequent PLCy activation and Ca*' signalling®”. Mg?* deficiency
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owingto defectsin MAGT1 can lead to abnormal expression of natural
killer group 2 member D (NKG2D) in cytotoxic CD8" cells and natural
killer cells, which undermines cytolytic responses®. Decreased Mg**
levels also negatively affects TCR signalling by inhibiting ITK because
of the unique binding ability of Mg*" to the catalytic pocket of ITK.
Other divalentions, such as Ca** and Mn*, do not exhibit similar effects
on ITK®. Because of these immune functions, Mg?* supplements can
enhance the expression of NKG2D*®in T cells and the activation of
lymphocyte function-associated antigen 1 (LFA-1)"°, and magnesium
phosphate canincrease antigen-specific T cell responses and the pro-
duction of IFNy”'. Zn?* also displays dual roles in mediating adaptive
immunity. On the one hand, it has inhibitory effects on the activity of
phosphatase calcineurin, which hinders the nuclear translocation of
NFAT”?. On the other hand, it displays a stimulatory effect in promot-
ing the formation of acomplex between the cytoplasmic tails of CD4/
CD8aand Lcksoastoinduce efficient antigen-specific T cell activation
via TCR complexes”.

There are other mechanisms of metal ion mediation in adaptive
immunity. In particular, increases in K* levels serve as an ionic check-
point to suppress the function of effector T cells by impairing the
TCR-dependent phosphorylation of Akt—-mTOR (where Akt refers to
protein kinase B and mTOR is for mammalian target of rapamycin).
Mechanistically, K*-mediated Akt-mTOR phosphorylationimpairment
relies on enhanced activity of the serine/threonine phosphatase PP2A,
and the inhibition of PP2A activity can rescue the hypophosphorylation
of Akt and counteract the functional suppression of effector T cells
caused by elevated K* levels™. Furthermore, K" elevation can also hinder
the uptake of nutrients by T cells, leading to metabolic reprogramming
towards autophagy and to mitochondria-dominant cellular metabo-
lism'. This decreases the availability of nucleocytosolic acetyl coen-
zyme A and limits histone acetylation on genes that are responsible
for effector functions and exhaustion, leading to dysfunction of the
effector program of T cells (but preservation of their stemness)'*”.

Serum/glucocorticoid-regulated kinase 1is another salt-sensible
regulator for Na* channels and other ion channels’. Increasing Na*
concentrations caninduce overexpression of thiskinase, which leads to
the deactivation of FOXOL. This mediates theinduction of pathogenic
T helper 17 (T,,17) cells by enhancing IL-23R expression’®, as well as
impairment of the suppressive function of Foxp3* regulatory T cells via
alteration of the stability of Foxp3 and enhancement of IFNy secretion””.

Processes in host-microbe interactions

Theroles of the gut microbiome—the largest among the microbial com-
munities colonizing the human body”*—in human health and disease
are gradually being uncovered’*. The gut microbiota mediates and
trains host immunity, and microbiota and the host have a symbiotic
relationship to maintain homeostasis®*?. Collective communities of
these bacteria provide unique and powerful enzymatic capabilities for
the regulation of host physiology. The mechanisms behind the cross-
talk between the immune system and microbiota commonly involve
various metabolites® . Metal ions, including Fe*", Zn* and Mn*', are
frequently required by bacteria to produce metalloenzymes, which
provide structural support or promote catalytic processes®. It has
therefore been speculated that metal ions serve as secondary mes-
sengers at the interface of host gut-microbiotainteractions, and that
theionsregulate the composition of microbiota or control the growth
of invading pathogens.

Levels of metalions are carefully regulated intracellularly so that
essential functions can be fulfilled while limiting toxicity. The host
develops mechanisms in either restricting the availability of metal
ions against unwanted pathogenic bacteria or by directing the toxic-
ity of these metal ions to defend itself from microbial invaders®®. For
instance, to limit the access of metal ions to intracellular bacteria,
the natural resistance-associated macrophage protein 1 migrates
to the phagosomal membrane and pumps Fe?* and Mn?" out of the

phagosomal compartments®. However, bacteria can circumvent the
host immunity-mediated restriction to metal ions. The bacteria can
either evolve to find alternative metalions to support their survival (as
reported for Borrelia burgdorferi, which can substitute Fe** for Mn?*;
ref. 88) or they can compete for metalions through other means. One of
the strategiesis to secrete small-molecule siderophores as Fe chelators
because siderophore-Fe** complexes cansubsequently be transported
into the bacteria®. As a countermeasure, activation of TLRsinduces the
generation of neutrophil gelatinase-associated lipocalin to bind and
sequester certain siderophores’. In addition, bacteria have surface
receptors for haeme or haemoproteins that can transport Fe* into
the cytoplasm®.. Other metal ions, including Mn? and Zn?', also play
indispensable functions at host-microbeinterfaces and areregulated
via similar mechanisms®. For instance, calprotectin, which takes up
nearly half of the protein compositions of the neutrophil cytoplasm, isa
strong chelator of Mn* and Zn*, and restricts their access to bacteria®.
Abnormallevels of metalions can also cause toxicity and kill bacteria.
In fact, macrophages leverage this mechanism: they release Zn* into
the phagosome to eliminate bacteria®. Established crosstalk among
metalions, microbiotaand the hostimmune systemis one of the major
host defence mechanisms againstinvading pathogens. As more roles of
the gut microbiotain disease contexts are discovered, we expect that
it will be increasingly possible to leverage metal ions to modulate the
composition of the gut microbiota to treat disease®.

Metalloimmunotherapies

Thetargeted modulation ofimmune processes by metal ions may pro-
vide opportunities for therapy. Here we categorize such metalloim-
munotherapies into six major classes: metal-based vaccine adjuvants;
metal-ion-based immune supplements; metal-ion-based immune-cell
reprogrammers; metal-ion-based immunotherapy sensitizers;
metal-complex-induced or metal-ion-induced immunogenic-cell-death
therapies; and metal ions for modulation of the microbiota. For each
type of metalloimmunotherapy, we will discuss the fundamental prin-
ciples, latest developments and future research directions. We seek to
provide aroadmap for developing metalloimmunotherapies (Fig. 2
and Table1).

Vaccine adjuvants

Insoluble metal salts are effective vaccine adjuvants for enhancing
immune responses to vaccines. These responses are mediated viathe
provision of effective innate immune stimulation and the prolongation
of antigenavailability to B cells and antigen-presenting cells (APCs). The
mechanism of action of alum hydroxide and alum phosphate, which
have been widely used as vaccine adjuvants since the 1920s, had long
beenattributed to the depot effect and cell death-associated stimula-
tion of the innate immune system’®. However, alum adjuvant-induced
immune stimulations were later found to be mediated in part by the
NLRP3 inflammasome and production of pro-inflammatory cytokines
such asIL-1p and IL-18 (ref. 22). Deficiency of NLRP3, ASC or caspase-1
compromises the effect of alum adjuvant. Moreover, other metal salts
canalsobe used as vaccine adjuvants; for example, calcium phosphate
isavaccine adjuvant that has been used in the diphtheria-pertussis-
tetanus vaccine and smallpox-yellow fever-measles-BCG-tetanus
pentavalent vaccine in France”. Iron oxide, zinc oxide and magne-
sium phosphate nanoparticles have also been studied as vaccine adju-
vants’%, These inorganic metal salt vaccine adjuvants are often used
inthe formofaninsoluble particle, which may have several advantages
withrespect to organic vaccine adjuvants, such as the sustained release
of antigens and enhanced uptake by immune cells.

Based on the cGAS-STING activation property of Mn*', a colloid
manganese salt called Mn jelly (Mn)) has been developed as an
adjuvant®. MnJ has been shown to be a highly effective adjuvant
that induces strong humoral immune responses, as well as cellular
immune responses. Mechanistically, the adjuvant properties of MnJ
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supplements®’°, For example, Mg?* supplements enhance viral control and
anticancer immune responses by augmenting the cytotoxicity of CD8 T cells and
NK cells. ¢, Metal-ion-mediated immune-cell reprogramming’®. For example, K
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the potency of adoptive cell transfer. d, Metal-ion-based immunotherapy

9
e

b Immune supplements

Increases
NKG2D;

promotes
LFA-1 activation =

Virus + cell

Cancer cell

Increases NKG2D
expression

L.

CD8 T cell

NK cell

Enhances cytotoxicity

d Immunotherapy sensitizers

STING agonists

IFN |

~--¢--o-—o -9 -ECy

Survival rate

Dose Time

— STING agonists — STING agonists + Mn?* ‘

f Modulation of the microbiota

P. anaerobius |

__ TLR/NLR
pathways

DCS%/
a&

Actlvated DCs

—J

3

>

vy )

—

\
/

CcD8T cell

ICB responsive

sensitizers'®. For example, Mn? amplifies the activation of STING and enhances
the therapeutic efficacy of immunotherapies. e, Immunogenic cell death
induced by metal complexes or metal ions®. For example, Pt(11) or Pt(1v) drugs,
such as oxaliplatin, induce immunogenic cell death in cancer cells. f, Metal ions
for the modulation of microbiota'"’. For example, Ag* can selectively allow for
the growth ofimmune-activating microbes to augment antitumour immunity.
DC, dendritic cell; ECs,, half-maximal effective concentration; ICB,immune
checkpointblockade.

have been attributed to activation of the cGAS-STING pathway and
NLRP3 inflammasomes. MnJ mixed with various antigens (such asinac-
tivated viruses, recombinant proteins or peptides) exhibited strong

adjuvant activity and was superior to alum adjuvants. MnJ promoted
antigen complexation, thus sharing the physical properties of alum
adjuvants, and induced effective T,]1 responses (in addition to T,;2
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Table 1| Effects and applications of representative metal ions or metal-ion-containing substances

Metalion Pathway

Brief effects

Potential applications

Innate immunity

NLRP3 and NLRC4
inflammasomes

Hyperosmotic stress induces activation of NLRP3 and NLRC4
inflammasomes

Na* influxes mediated by epithelial sodium channels

Vaccine adjuvant

Na* exacerbate NLRP3 activation in cystic fibrosis Immune-cell reprogramming
Immunotherapy sensitizer
Adaptive immunity SGK1 Na* induces the overexpression of SGK1, which deactivates Py
FOXO1 and induces activation of T,,17 cells, which impairs the
suppressive function of regulatory T cells
NLRP3 inflammasome Low intracellular K* induces activation of NALP3
inflammasomes
Innate immunity
CcGAS-STING K* effluxes inhibit responses by cGAS-dependent IFN-I via
GSDMD
Kt Akt-mTOR K* enhances Akt-mTOR phosphorylation, suppressing T cell Immune-cell reprogrgmming
activation Immunotherapy sensitizer
Adaptive immunity Mitochondrial TCA cycle K" induces the metabolic reprogramming of T cells as a
mitochondria-dominant cellular metabolic process that
impairs the effector function of T cells while preserving T cell
stemness
NLRP3 inflammasome Increased intracellular Ca®* decreases cellular cyclic AMP and
activates NLRP3 inflammasomes
Innate immunity
cGAS-STING Ca? mobilization-induced endoplasmic reticulum stress . .
activates STING-dependent IRF3 phosphorylation Vaccine adjuvant
Ca? Immune-cell reprogramming
8 TCR-CD3 Ca? neutralizes the anionic charge of phospholipids, Immunotherapy sensitizer
facilitating TCR phosphorylation and potentiating the effector  |mmunogenic cell death
Adaptive immunity function of T cells
NFAT Ca?" activates calcineurin, inducing NFAT-dependent gene
expression
Alum(n)  Innate immunity NLRP3 inflammasome Alum(in) adjuvants activate NLRP3 inflammasomes Adjuvant
Immune-cell reprogramming
cGAS-STING Zn? promotes the phase separation of DNA-cGAS complexes,
which are involved in the biosynthesis of cGAMP
Innate immunity NLRP3 inflammasome The depletion of Zn* activates NLRP3 inflammasomes via
destabilization of lysosomes
o . - . Immune supplements
- NF-kB Zn*" downregulates the activation of NF-kB via IKK inhibition Immune-cell reprogramming
NFAT Zn* inhibits calcineurin and NFAT-dependent gene expression  Immunotherapy sensitizer
Lo . Microbiota modulation
Adaptive immunity TCR-Lck Zn* promotes the formation of a complex between CD4/CD8
and Lck, which is involved in T cell activation
Host-microbe interface Calprotectin Zn? can chelate with calprotectin, restricting its access to
bacteria
Mn? increases the sensitivity of cGAS to double-stranded DNA
cGAS-STING
. . Mn? increases the affinity between STING and cGAMP . .
Innate immunity Vaccine adjuvants
NLRP3 inflammasome Mn?* activates NLRP3 inflammasomes and propagates the Immune supplements
Mn2 exosomal release of ASC Immune-cell reprogramming
Immunotherapy sensitizer
NRAMP1 NRAMP1 migrates to the phagosomal membrane, promoting [ ——— )
2% S ! genic cell death
N p Mn** effluxes, which influence the levels of bacteria Vicielieim meculEiten
Host-microbe interface
Calprotectin Mn? can chelate with calprotectin, restricting its access to
bacteria
TLR4 Haeme associated with Fe?* or Fe** directly activates TLR4
Innate immunity
NF-kB Fe? directly activates IKK and NF-kB in Kupffer cells
Haeme Haemg can bind with Fe* to facilitate its transportation to Vaccine adjuvants
Fe? and bacteria Immune-cell reprogramming
Fed* Siderophores Bacteria secrete siderophores to chelate Fe®** for their use Immunotherapy sensitizer
) ) Immunogenic cell death
Host-microbe interface 11 g_NGAL Bacteria-activated TLR and NGAL can bind with siderophores  Microbiota modulation
to sequester Fe®*
NRAMP1 NRAMP1 migrates to phagosomal membranes, promoting Fe?
effluxes, which influence bacterial levels
Co** Innate immunity TLR4 Co* activates TLR4 Vaccine adjuvants

Immune-cell reprogramming
Immunotherapy sensitizer
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Table 1(continued) | Effects and applications of representative metal ions or metal-ion-containing substances

Metalion Pathway Brief effects

Potential applications

TLR4

Ni?" directly activates TLR4 and triggers the production of
pro-inflammatory cytokines

Vaccine adjuvants
Immune-cell reprogramming

Ni%* Innate immunity | h .
NLRP3 inflammasome Ni?* activates NLRP3 inflammasomes via the accumulation of ~ IMmunotnerapy sensitizer
mitochondrial ROS and the release of mitochondrial DNA Immunogenic cell death
NKG2D Low intracellular levels of Mg?* decrease NKG2D expression in
natural killer cells and impair their cytotoxicity
Innate immunity
NF-kB Decreases in the extracellular levels of Mg? upregulate the
expression of NF-kB
Immune supplements
Mg? TCR-ITK Mg? binds with ITK to enhance TCR signalling Vaccine adjuvants
Immune-cell reprogrammin
NKG2D Mg?‘ inducgs NKG2D expression on CD8 T cells, enhancing Immunotherap)?se%sitizer 9
L . their cytolytic responses
Adaptive immunity
LFA-1 Extracellular Mg? can promote an active conformational
change in the T cell co-stimulatory molecule LFA-1,
augmenting T cell activation and cytotoxicity
Pt(1) or Innate immunity Immunogenic cell death  Pt(i1) or Pt(Iv) drugs induce DNA damage and the production Immunogenic cell death
Pt(iv) of a wide range of DAMPs (in particular, HMGB1, heat-shock Immunotherapy sensitizer

proteins, ATP, CRT and S100 proteins), activating innate

immune cells

HMGB?1, high-mobility group B1; NGAL, neutrophil gelatinase-associated lipocalin; NRAMP1, natural resistance-associated macrophage protein 1; SGK1, serum/glucocorticoid-regulated

kinase 1; TCA, tricarboxylic acid.

responses). Notably, Mn salt is economical and simple to manufacture.
These studies underscore that the formulation of various metal ions
into appropriate delivery systems may provide new opportunities for
effective adjuvants and therapeutics.

Immune supplements

Metal ion supplements could be used to treat diseases by triggering
specific immunological modulation or promoting changes in the
metabolism of immune cells. For example, Mg** supplements have
been used to treat infection by the Epstein-Barr virus®”® in patients
with X-linked immunodeficiency with an Mg defect, EBV infectionand
neoplasia disease (XMEN). XMEN disease is associated with deficien-
cies in MAGT1, which impairs Mg?" influxes on TCR stimulation and
Tcellactivation. Lower intracellular concentrations of free Mg?* would
decrease the expression of NKG2D in natural killer cellsand CD8* T cells
and attenuate their cytotoxicity. These patients are thus more likely to
suffer from severe chronic viral infections and lymphopoenia®®. When
these patients were treated with Mg?* supplementation, the intracellular
levels of free Mg?* were restored and NKG2D expression was increased
in a dose-dependent manner, leading to recovery of the cytotoxicity
of natural killer and CD8" T cells and to a decrease in the fraction of
cellsinfected with the Epstein-Barr virus®. Interestingly, Mg?* canalso
promote aconformational changeintheT cell co-stimulatory molecule
LFA-lin the context of cancerimmunotherapy’. Inan Mg*-containing
environment, LFA-1 adopts an active extended conformation with an
open headpiece thatinduces calcium fluxes, TCR signalling, metabolic
reprogramming and cytotoxicity. In murine tumours, intratumoral
injection of Mg?* strengthened theimmune responses of T cells against
the cancer. Clinically, serum levels of Mg in patients treated with chi-
meric antigen receptor (CAR) T cells or immune checkpoint blockers
were correlated with overall survival”. Overall, these findings suggest
that supplementation with Mg?* may improve the efficacy ofimmuno-
therapies against cancer and infectious diseases.

Zn*"has beenwidely used for cold remedies. Although the results
vary across study conditions and clinical trials, Zn** seems to be effec-
tive in shortening the duration of disease when administered within
24 hofthe onset of symptoms, and it may also have a prophylactic effect
in children”. The mechanism is unclear, yet it is thought to be related
toinhibition of viral replication, viral binding of ICAM-1and improved
hostimmunity through cytokine productionand enhanced T cell func-
tion. Moreover, in patients infected with human immunodeficiency

virus, Zn* supplementation resulted inincreased numbers of T helper
cells and decreased opportunistic infection by Pneumocystis jiroveci
and Candida'**'", Still, the actual therapeutic effects and mechanisms
of action of metalion supplementation remain unclear.

Notably, metal ion supplements are considered as dietary sup-
plements. These drugs are subject to strict regulations by the United
States Food and Drug Administration, but the requirements for dietary
supplements, including immunoregulatory supplements, are much
less stringent. This underscores the need to assess the clinical utility
and safety of metal-ion-based immune supplements through extensive
mechanistic studies and large randomized clinical trials.

Immune-cell reprogramming

Theimmuneactivity of metalions canbe used to reprogramme immune
cells and improve the efficacy ofimmune-cell therapies, such as CAR
T celltherapy. T cells exposed to high K" conditions undergo autophagy
and mitochondrially dominant metabolism, which leads to decreased
nucleocytosolic acetyl coenzyme A, as well as histone modification
and epigenetic remodelling, restricting the terminal differentiation
of effector T cells and preserving T cell stemness™. This enhances the
stemness of T cells and thereby their self-renewal, differentiation poten-
tial and persistence. Hence, treatment with K" ex vivo reprogrammes
Tcellsinto stem cell-like T cells and improves the efficacy of adoptive
T cellimmunotherapy. As a proof of concept, activated Pmel T cells
ex vivo in the presence of a high concentration of K were adoptively
transferred into mice with established B16 melanoma tumours'’. The
K*-treated T cells exhibited substantially enhanced persistence in the
secondary lymphoid system and the tumour microenvironment, and
were maintained inamore multipotentand less differentiated state. The
adoptive transfer of K'-reprogrammed T cells substantially inhibited
tumour growth and prolonged animal survival compared with the con-
ventional transfer of T cells that had not been exposed to K* (ref. 10). Sec-
ondary transfer of tumour-infiltrating lymphocytesisolated fromthe
mice that received K*-reprogrammed T cells led to enhanced immune
memory responses to tumour antigens. This study therefore improved
the mechanistic understanding of K* metalloimmunology and provided
evidence ofthe feasibility of K*-reprogrammed T cell therapy. Further
work could focus on reprogramming other immune-cell types and
exploring additional metal ions for reprogramming. For example, in
view of their APC stimulation activity'®***°, Mn*', alum(111) and Fe*"**
might be useful for reprogramming dendritic cells for therapy.
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The reprogramming of immune cells with metal ions has unique
advantages. First, ex vivo reprogramming can be performed with
precise and adjustable doses of metalions. It sidesteps the challenges
of delivering metal ions to specific sites and to cells in vivo. Further-
more, it is technically complex and time consuming to genetically
reprogramme CAR T cells with armours (that is, pro-inflammatory
ligands and cytokines) in order to limit T cell exhaustion'®?, and
the necessary gene-editing agents come with safety risks. Instead,
metal-ion-mediated cell reprogramming could serve as metal armours
that canincrease the persistence of CAR T cell therapy in a simple yet
effective manner, as shown by the K*-mediated reprogramming of
T cells'. Moreover, metal armours of cell therapy can be applied to
otherimmune-cell therapies, including those based on dendritic cells,
natural killer cells and macrophages. For example, macrophages and
natural killer cells have been engineered with CARs for the treatment of
solid tumours'®*'°*, Mn* can promote the polarization of macrophages
fromthe M2 phenotype tothe M1 phenotype, as well as naturalkiller cell
activation via the cGAS-STING pathway'®. This type of development
may broaden the applicability of metalloimmunotherapy.

Immunotherapy sensitizers

Metal ions that can improve the sensitivity of the immune system to
immunetherapeutics are classified asimmunotherapy sensitizers. Sensi-
tized responses canbe achieved intwo ways: metalions can directly modu-
late drugtargetinteractions; or they canact onspecificimmune pathways
that synergize withimmunotherapy. Different from metal-based immune
supplements, metal-ion-based immunotherapy sensitizers should be
considered as drugs. Thus, metal-ion-based immunotherapy sensitizers
should be regulated strictly, whichwould involve specific disease indica-
tions, precise doses, complete clinical safety and effectiveness testing,
evidence-based approval and prescription-based use.

Mn?* and Co?* can increase the sensitivity of dendritic cells to
STING agonists and induce the production of IFN-I', Specifically, Mn
potentiated cGAMP, an endogenous STING agonist, by 12- to 77-fold
across differenthuman STING haplotypes. The combination of STING
agonistsand Mn* increased tumour antigen-specific T cell responses
and tumour inhibition effects in vivo. Mechanistic studies revealed
that Mn?*" augmented downstream molecular events, leading to
STING-independent p65 phosphorylation, STING-independent TBK1
phosphorylation and STING-dependent IRF3 phosphorylation. Highly
activated p65 and IRF3 in turn formed a transcriptional IFNf3 enhan-
ceosome for further potentiation of the IFN-I response’®. We have
shown that the co-loading of a CDN-based STING agonist and Mninto
ananoparticleled toremarkableincreasesin the therapeutic efficacy
of STING agonists'®. In mice withimmune checkpoint blocker-resistant
tumours, this therapy (administered intratumourally or intravenously)
led to tumour regression and the establishment of anticancerimmune
memory. Moreover, this therapy outperformed other clinical-stage
STING agonists and led to superior antitumour therapeutic effects.
Thisworkillustrates the feasibility of discovering bioactive metalions
and their utilization for the formulation of metalloimmunotherapies.

Inadditionto directly potentiating the activity of STING agonists,
Mn? can synergize with immune checkpoint blockers. For example,
intranasal administration of Mn* promoted dendritic cell matura-
tion, antigen presentation and the activation of T cells and natural
killer cells, and synergized with therapy targeting programmed cell
death protein1(PD-1) inamurine tumour model'®. Inaphasel clinical
trial, the combination of anti-PD-1 antibody with intranasal adminis-
tration or inhalation of Mn?" led to IFN-l induction'®. Notably, partial
responses and stable disease were observed in patients withadvanced
solid tumours who had failed to respond to an anti-PD-1antibody com-
bined with either chemotherapy or radiotherapy. Encouragingly, the
researchers did not report any major toxicity. This clinical example of
metalloimmunotherapy underscores that such a simple yet efficient
strategy canin principle be used to modulate the therapeutic effects of

immune checkpointinhibitors. Also, many Mn-based nanomaterials,
such as MnO, nanoparticles'**'°%, hybrid MnO, nanoparticles®,
Mn-doped inorganic nanoparticles"*" and Mn-doped organic nano-
particles™', could potentially synergize with immune checkpoint
blockade. Moreover, Mn-based nanoparticles canalso alleviate tumour
hypoxia'®®'™, induce immunogenic cell death™® and potentiate chemo-
therapies and phototherapies'**""",

Immunogenic cell death
Immunogenic cell death is a type of cell death-inducing immune
activation involving the release of damage-associated molecular pat-
tern (DAMP) molecules, such as high-mobility group B1, heat-shock
proteins, calreticulin and ATPY. These DAMP molecules can further
activate APCs (such as dendritic cells) in the tumour microenviron-
ment and prime T cell immune responses against cancer”’. Certain
metal drugs, notably oxaliplatin, have been found to be inducers of
immunogenic cell death?®", Oxaliplatin, in addition to causing DNA
damage andinducing collateral endoplasmicreticulumstress, triggers
the expression of a wide range of immunogenic cell death markers
and promotes the release of various DAMP molecules from tumour
tissues. Notably, new Pt(1v)-indoleamine-2,3-dioxygenase (IDO)
inhibitor conjugates have been developed forimmuno-chemotherapy.
Pt(1v)-(D)-1-methyltryptophan conjugates induced effective DNA
crosslink-triggered apoptosis and led to IDO-mediated T cell inhibi-
tion™°. In addition to Pt(11) or Pt (1v) metallodrugs™’, several other
metal complexes targeting the endoplasmic reticulum (such as the
iridium(11r) complex', ruthenium(i1) complex'?? and copper(i1)
complex'?®) induce immunogenic cell death. Moreover, radiotherapy
based on metal radioisotopes'* or radiotherapy sensitized via metal
nanomaterials' can also induce immunogenic cell death, activate
the cGAS-STING pathway and turn cold tumours into hot tumours.
Because tumours are generally resistant to apoptosis, cancer
treatments may also benefit from new forms of immunogenic cell
death, such as ferroptosis and pyroptosis'>*'?. Ferroptosis is an
iron-dependent cell death process associated with iron accumula-
tion, lipid peroxidation and membrane damage. For example, a p53
plasmid-encapsulated metal-organic network induced ferroptosis
via the Fenton reaction of Fe**-based MON, which led to the production
of ROS, as well as p53 expression and oxidase stress'*, Additionally, a
glucose oxidase and doxorubicin-loaded biomimetic metal-organic
framework (MOF) triggered antitumourimmunity based on the regu-
lation of ROS-ferroptosis-glycolysis'?. Also, transferrin-modified
MgO, nanosheets delivered ROS to kill tumour cells™. A ruthenium(ir)
complex exhibited antitumour activity in vivo. Pyroptosis involves
the formation of plasma membrane pores by members of the GSDM
protein family, such as GSDMD and GSDME™. Ca?* modulators could
cause mitochondrial Ca*  overload and subsequently trigger the gen-
eration of ROS, as well as GSDME cleavage, leading to pyrolysis'*. Also,
ironions combined with carbonyl cyanide m-chlorophenyl hydrazone
(aROS-inducing drug) can activate ROS and induce pyroptosis viathe
Tom20-Bax-caspase-GSDME pathway in melanoma with promising
in vivo antitumour effects. On the basis of the photosensitivity of
various metalions, metalion complexes have been developed as pho-
tosensitizers for inducing ferroptosis and pyroptosis. For instance,
the iridium(111) complex serves as a photosensitizer and induces fer-
roptosis under hypoxic conditions™*. Rhenium(1) was also anchored by
carbonicanhydraseIX to elicit GSDMD-mediated pyroptotic cell death
onirradiation, whichled to dendritic cell maturationand T cell activa-
tion'. Platinum(11) was also developed as a photocontrollable cGAS-
STING activator that damages mitochondrial and nuclear DNA on light
irradiation and induces pyroptosis among cancer cells"®. Cuproptosis,
anewer form of programmed cell death, is copper and mitochondria
dependent™. Although cuproptosis seems to be mechanically dif-
ferent from other cell death pathways, it remains unclear which role

cuproptosis playsin the immune system',
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Modulation of the microbiota

In humans, the microbiota modulates immunity and immunother-
apies’”®? Specifically, the gut microbiota and its metabolites can
influence the function of T cells and lead to improved outcomes of
cancer immunotherapy"®"****° Because of the capability of metal
ions to interfere with the host-microbe interface®*®, it is expected
that metalions can be leveraged to promote the outgrowth of favour-
able microbes or to alter the composition of the host microbiota for
the treatment of disease. For example, sodium tungstate selectively
inhibits molybdenum cofactor-dependent microbial respiratory
pathways only during periods of inflammation'*. Feeding mice with
tungstate water resulted in inhibition of inflammation-induced
blooming of the Enterobacteriaceae population, which ameliorated
the severity of gutinflammation. Notably, tungstate treatment had
minimal effects on the composition of the gut microbiota under
homeostatic conditions. To modulate the gut microbiota more effi-
ciently, colon retentive gels'*? or micelles'* and other engineered
products could be developed to enable the efficient delivery of metal
ions into the gut so as to enhance their biological functions on the
host gut-microbe interface.

Local microbiomes (in tumours'* and several organs'*>'*®) have
beenimplicatedin disease prognosis. Therefore, metal-ion-based ther-
apeutics could be developed to favourably alter the local microbiota.
Forexample, silver nanoparticlesincorporated within amucoadhesive
hydrogel have been shown to modulate the oral microbiota, which then
synergized with PD-1blockade for the treatment of oral squamous cell
carcinoma'”’. Silver nanoparticles are unique in allowing for the growth
of Peptostreptococcus anaerobius while inhibiting the growth of other
bacteria. The abundance of P. anaerobiusis positively correlated with
the prognosis of patients with oral squamous cell carcinoma. Mecha-
nistically, P. anaerobius exerts immune-activating effects by promoting
the maturation of dendritic cells via TLR and NLR pathways and the
subsequent activation of T cells. An absence of T cells weakens the
efficacy of P.anaerobius, indicating the relevance of crosstalk between
the microbes and immune system.

144

Precision metalloimmunotherapy
We believe that metal ions and metal-ion-containing substances could
engender a range of metalloimmunotherapies (Table 1). Also, metal-
loimmunotherapies may provide therapeutic advantages owingto a
number of factors: many metal ions and substances containing them
are abundant and cost effective’®®’; metalloimmunotherapy can act
through mechanismsof actionthatare distinct from those of traditional
immunotherapies, thus allowing for complementary and synergistic
effects'; and metal ions have unique physicochemical properties that
can be harnessed to design novel, multifunctional therapeutics'.
Metal ions have unique pharmacokinetic and pharmacodynamic
profiles. Some metal ions, such as Fe?**, Cu?* and Zn?*, are essential
nutrients and perform essential functions'. Also, ametal ion may play
different tissue-dependent roles, such as the diverse roles of Ca* in
T cell signalling, bone health, muscle contraction and neurotransmitter
release. Some metalions, such as Pb?" and Cd*', are non-physiological
and have inherent toxicity. Therefore, non-targeted systemic admin-
istration of metal ions could lead to physiological imbalances and
toxicity. Thus, strategies for the precise control of metal ions in vivo
will be needed (Fig. 3).

Leveraging molecular engineering

lonophores—chelating small-molecule agents—have a long history of
medical use for the modulation of levels of metal ions inthe body. They
arewidely used for the elimination of heavy metalions fromblood and
tissues, as well as for the treatment of excessive heavy metal accumula-
tion or poisoning™°. Small-molecule ionophores can also selectively
chelate metal ions and mobilize them to a disease area for targeted
metalion modulationinthe context of disease treatment. Forexample,

elesclomol can target Cu** and transport Cu* for the treatment of
Menkes disease™ (a lethal condition, caused by a genetic deficiency
inthe copper-transporting adenosine triphosphatase ATP7A, that is
associated with progressive neurological injury owing to impaired
activity of cytochrome c oxidase in the brain). Interestingly, elesclo-
mol can transport Cu*" across the cell membrane and escort it into
mitochondria, thereby restoring the levels of cytochrome c oxidase in
the brain. In animal models, the elesclomol-Cu?* complex prevented
neurodegeneration in cortical and hippocampal regions and led to
long-term control of the disease. This suggests that targeting metalions
anddelivering them to a specific tissue, cell or subcellar compartment
isafeasible therapeutic strategy. Small-moleculeionophores could be
designedto selectively increase or decrease immune-active metalions
in a targeted disease area. Drug repurposing™' and structure-based
rational drug design'” could be applied to accelerate the development
of suchionophores.

Furthermore, the conjugation of targeting ligands with metal
complexes could be used for the targeted delivery of metal ions for
precision metalloimmunotherapy. Antibody-metal ion isotope con-
jugates have been used for targeted imaging with positron emission
tomography (PET)"* and single-cell mass cytometry™*. For PET imag-
ing, antibodies or antibody fragments can deliver metal ions to specific
tissues, such as tumour sites, with high contrast™*. For single-cell mass
cytometry, various immune cell populations can be differentiated
and tagged at high resolution via antibody-metal ion isotope conju-
gates™*', This suggests that antibody-metal ion isotope conjugates
are feasible for the selective delivery of metal ions to specific tissues
and cells. Polymeric chelators may also be used toincrease the payload
capability of antibodies™*, and chelators could be optimized to avoid
the non-specific release of metal ions before they arrive at the target
site.Inaddition to antibodies, other targeting ligands, including pep-
tides™, antibody fragments'* and aptamers'”’, might also be used for
the targeted delivery of metal ions.

Metal-ion-containing drug conjugates could also be leveraged for
combined metalloimmunotherapy. For example, Pt(1v) prodrugs have
been conjugated toimmunomodulator molecules (for example,anIDO
inhibitor and aformyl peptide receptor peptide) to amplify antitumour
immune responses?***%, This strategy induced immunogenic cell death
and synergistically amplified the immune activation cascade.

Leveraging nanobiotechnology

Strategies developed for nanomedicines may also aid the delivery of
metalionsin patient-acceptable dosage forms with appropriate stabil-
ityand release profiles'*, as well as the targeted delivery of ions across
physiological barriers to specific tissues and cells"’. We believe that
nanobiotechnology-based metalloimmunotherapy is asuitable strat-
egyforthe development of effective and safe metalloimmunotherapies.

Nanomaterials for metalloimmunotherapy. Advancesinthe develop-
ment of nanomaterials and nanomedicines over the past few decades
provide a solid foundation for metalloimmunotherapeutics'1°01¢2,
Nanoparticles of various sizes and shapes are available for the delivery
of metalions"®, Such metal-ion-containing nanoparticles canbeinor-
ganic nanoparticles, polymer-based nanomaterials'®"'*>'**, lipid-based
nanomaterials'*>'*°, MOFs'*'*’ or coordination polymers'®®'%,
Inorganic nanomaterials can be insoluble metal salt nanoparticles,
metal oxide nanoparticles orinorganic non-metallic nanomaterials. For
insoluble metal salt nanoparticles,immune-active metalions could be
easily loaded inside nanoparticles during synthesis. For example, Ca®,
Mn?" and APP* could be incorporated inside phosphate salt nanoparti-
cles via nanoprecipitation synthesis'®'**"'”*, In these nanoparticles,
metalions also serve as the structural component, which usually leads
to good formulation stability and high loading capacity. Metal ions
could be released under acidic conditions, such as the tumour micro-

environment and endosomes'®.
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Metal oxide nanoparticles can also release metal ions under acidic
conditions. For example, iron oxide nanoparticles have been used as
anironsupplement in patients”?, and MnO, nanoparticles can alleviate
the hypoxia in tumours and release Mn* for the activation of STING'”".

Regarding inorganic non-metallic nanomaterials, metal ions can
be loaded inside via physical sorption or chemical bonds. Physical
sorption, including absorption and adsorption, refers to the process
whereby metal ions attach to nanomaterials through physical forces,
such as charge differences and polarizability, whereas chemical bonds
provideinteractions between the metalions and heteroatom functional
groups (consisting of oxygen, sulfur and nitrogen, for example) on
the surface of nanomaterials. For optimal stability during metal ion
loading and in vivo delivery, it is beneficial to employ both physical
sorption and chemical bonds. For example, metal ion radioisotopes
loaded into amorphous silica nanoparticles via physical interactions
(involving surface charge and porosity) and chemical bonds (via coordi-
nation with oxygenatomsarranged in a variety of symmetries) resulted
in excellent in vivo stability of the nanoparticles for PET imaging'”>.
Under certain conditions, the physical interactions and chemical bonds
between the metalions and nanoparticles can be disrupted, facilitating
release of the ions. For example, the pH of the solution could change
the surface electric potential of the nanoparticles and affect their
electrostatic interactions with the metal ions (physical release)'*,
or cations, anions or biomolecules in the microenvironment could
induce de-coordination of metal ions from the nanomaterials (chemical
release)'”. These phenomena could be harnessed to devise strategies
for the selective release of metal ions at target sites.

Lipid-based nanoparticles, such as unilamellar vesicles, mul-
tilamellar vesicles, liposomes and solid lipid nanoparticles, are
widely used because they are biocompatible, easy to prepare and
manufacture and suitable for the delivery of a wide range of pay-
loads"®. Metal ions can be loaded into the hydrophilic interior of
unilamellar and multilamellar liposomes by hydrating a lipid film in
metal-ion-containing solutions'”’. Divalent metal cations (such as
Mg?*", Ca* and Mn*") can bind phospholipid head groups and induce
the fusion of unilamellar lipid vesicles composed of certain phos-
pholipids'®, such as phosphatidylserine, thus producing new lipid
structures, including cochleate lipid cylinders'”’ and multilamellar
vesicles'. Different from lipid vesicles, solid lipid nanoparticles have
asolid core and an outer lipid shell. Metal ions can be embedded in
the core matrix'*>'°®, The inner core improves the stability of the metal
ions, whereas the outer lipid surface provides specific biophysical
properties. Metalions can alsobe chelated in hydrophobic molecules
and inserted into lipid layers™".

Many natural and synthetic polymers have been developed for
use as components of nanomedicines. Metalions can be entrapped in
the polymer matrix via coordination or electrostatic interactions or
complexed on its surface via chelation’®?, Polylactic-co-glycolic acid
(PLGA) isacommonly used polymer in drug delivery because of its bio-
compatibility, biodegradability, safety and approval records'’. PLGA
nanoparticles have been used to encapsulate metal ions (Ba*', Gd** and
Ce’*") assurrogates of radionuclides™*. Insoluble metal salts can also be
encapsulated in PLGA nanoparticles by using the water-in-oil-in-water
emulsion-solvent-evaporation method. For example, calcium phos-
phate wasadded in the inner aqueous phase of a water-in-oil-in-water
emulsion to make calcium phosphate-loaded PLGA nanoparticles'.
Bothstrategies could be applied forloadingimmune-active metalions
in PLGA nanoparticles for metalloimmunotherapy. Other well-studied
biocompatible polymers, such as polylactic acid'®, chitosan'®, gela-
tin'®, alginate'’ and hyaluronic acid"’, may also be employed. These
polymers typically have free coordination groups that can complex
with metal ions and entrap them in the polymer matrix. A key advan-
tage of polymer-based nanomedicines is the flexibility that they
offer to integrate into the construct multiple monomers, functional
groups or stimuli-responsive linkers for the precise modulation of key

formulation parameters, such as stability, responsivity, degradation
profiles, release kinetics and drug combinations'®,

Nanoscale MOFs?*'*” and nanometric coordination polymers
(NCPs)'**1%¢ based on metal-ligand coordination, are promising
systems for metalloimmunotherapy. Nanoscale MOFs are organized
MOFs that are crystalline and porous, whereas NCPs are amorphous
coordination polymer nanoparticles that can either be porous or
non-porous'®. Nanoscale MOFs and NCPs are built from metal ions or
clustersbridged by organiclinkers through coordinationinteractions,
whichreadily combines the beneficial features of organic and inorganic
nanoparticles. Leveraging the features of nanoscale MOFs and NCPs,
immune-active metal ions and various drugs could be loaded easily in
nanoparticles with high encapsulation efficacy and tunable release pro-
files. However, because coordination bonds are mostly unstable under
physiological conditions, further surface modifications need to be
performed toincrease nanoparticle stability. For example, nanoscale
MOFs and NCPs can be coated with liposomes'*® or silica'®! for use in
cancer treatment'®%. Nanoscale MOFs and NCPs may exhibit unique
advantages: their compositions and structures are readily tunable; the
coordination bonds within them are relatively labile, rendering them
biodegradable; and various drugs and metalions, especially those with
porous structures with high surface area, can be loaded into them.

To develop a successful metalloimmunotherapy, appropriate
nanoparticles as delivery vehicles should be selected on the basis of
their physical properties (including size and shape) and biocompat-
ibility, as well as according to specific needs regarding the loading
efficacy or capacity, stability and release kinetics of the metalionsinthe
desired physiological environments. From a translatability viewpoint,
each metalloimmunotherapy faces distinct challenges that must be
addressed. For inorganic nanoparticles, as well as for polymer- and
lipid-based nanomaterials, challenges related to large-scale manufac-
turing, reproducibility and stability would need to be addressed’*'*>,
Although MOFs and coordination polymers are tunable and multifunc-
tional systems, their sensitivity to environmental and physiological
factors, complex synthesis and surface modification and biocompat-
ibility are hurdles to overcome®*'*, Antibody-metal ion conjugates
would benefit from their specificity and targeted approach, but they
face challenges in payload capability, potentialimmunogenicity and
the standardization of their synthesis™*'**'”, For all forms of metal-
loimmunotherapy, it will be essential to address regulatory require-
ments for safety and efficacy’>'*>"°, Overall, the clinical translation
of metal-ion-containing nanomedicines will require acomprehensive
understanding of each material’s properties, the optimization of syn-
thesis techniques and the mitigation of safety concerns.

Design principles of nanomedicine for metalloimmunotherapy.
Nanoparticle size affects the systemic circulation of nanomedicines,
their ability to cross physiological barriers and their biodistribution,
tissue penetration, cellular uptake and subcellular distribution. For
intravenous injection, particles smaller than the renalfiltration cut-off
of 5.5 nm may be excreted fast through the kidney'*®, whereas large
particles are taken up by the reticuloendothelial system and exhibit
poor tissue penetration*®, Therefore, for intravenous metalloimmu-
notherapy, nanoparticle size should be tuned to obtain appropriate
circulation times and suitable accumulation levels in target tissues.
Naturally, the size of ananoparticle also affects the in vivo behaviour
of the nanomedicine when administrated via other routes of admin-
istration. For example, nanoparticles of 10-30 nm administered
subcutaneously drain passively to lymphatics and accumulate in
lymph nodes, thus allowing for targeted delivery of immune modu-
lators'. At the cellular level, 50 nm was reported to be the optimal
nanoparticle size for cellinternalization*’° (however, this is cell type
dependent; for example, phagocytic immune cells can internalize
nanoparticles about 400 nmin diameter more efficiently than 130-nm
nanoparticles®).
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Fig. 4 |Futureresearch directions in metalloimmunotherapy. Top left: the
discovery of metalloimmunological processes and mechanisms viametallomics
(thatis, the use of -omics tools to understand how metal or metalloid elements
interact withimmune processes) and metallomics-integrated multi-omics.
Bottom left: the deciphering and modulation of the interaction of metal ions
with microbiota. Centre: the design of suitable strategies for the development

Treatment

Design and development

of metalloimmunotherapies, and the leveraging of molecular engineering and
nanobiotechnology to develop precision metalloimmunotherapies. Right:
metalloimmunotherapies may be tested and optimized for the treatment of
cancer, inflammation, infectious diseases, autoimmune diseases and other
immune-related conditions.

The shape of nanoparticles also plays an important role in the
pharmacokinetics and pharmacodynamics of nanomedicines. First,
their shape affects their interactions with blood fluidics. For example,
nanorodslocalize better to blood vessels than nanospheres?>** (thisis
because nanorods have higher aspect ratios, and blood flow willinduce
rollingin shapes with higher ratios; in this process, edge margination
in nanorods will happen at a faster rate than in nanospheres™). Sec-
ond, nanoparticle shape affects interactions with cells. For example,
owing to their elongated shape, rod-shaped nanoparticles are more
efficiently taken up by immune cells™*®, In mice, polystyrene spheri-
cal nanoparticles carrying ovalbumin antigen induced a T, 1-biased
humoralimmune response, whereas rod-shaped polystyrene particles
induced a T;2-biased response?®*.

The surface modification of nanoparticles is crucial for the
efficacy and safety of nanomedicines®®. In fact, PEGylation—the
modification of nanoparticles with poly(ethylene glycol)—is a widely
used strategy. PEG provides a stealth coating® with multiple func-
tions: it increases nanoparticle stability and compatibility; it works
as a brush that prevents the shielding of nanoparticles from serum
proteins, such as complement compounds and immunoglobulins,
thus limiting opsonization and clearance; and it increases the circula-
tion half-life of the nanoparticles. However, because PEGylated drugs
canlead to the formation of anti-PEG antibodies**®, alternative poly-
mers are under development®”. Another approach is the use of cell
membrane coatings, which can mimic the natural structure of cells
and help nanoparticles evade detection by the immune system?®°s.
For example, red blood cell membrane-coated nanoparticles can
circulateinblood for along time without inducing anti-drug antibod-
ies?*’. Additionally, the cloaking of nanoparticles with membrane
material from platelets decreases complement activation and can be
used to target wound sites, owing to the inherent ligands displayed
on platelets®'’. Also, nanoparticles have been functionalized with
the CD47 peptide to present adon’t eat me signal to macrophages®'’.
The surface properties of nanoparticles can also affect the formation
of a protein corona in vivo, which can mask the nanoparticle with
endogenous biomolecules. Protein coronas can mediate biological
recognition and thus change the tissue and cellular biodistributions
of nanoparticles®®,

Nanomedicines can target specific organs or tissues by either
passive targeting or active targeting. In passive targeting, nanoparti-
cles of specific biophysical properties accumulate at a target site via
inherent physiological or pathological processes. For example, leaky
tumour vasculature brings about the enhanced permeability and
retention effect®?, which has been exploited to promote the intratu-
moral accumulation of nanoparticles after intravenous injection. In
addition, owingto the inherent lymphatic draining process, nanopar-
ticles 5-50 nmin diameter can effectively drain to lymph nodes after
subcutaneous injection*>**, The surface charge of nanoparticles
is also an important factor for organ selectivity?”. In particular, the
pKa of nanoparticles controlled by anionic, cationic or zwitterionic
lipids dictates the composition of the protein corona, affecting the
accumulation of nanoparticles in the spleen, lung or liver?®. These
inherent passive targeting mechanisms can therefore be exploited by
adjusting the biophysical properties of nanoparticles. Inactive target-
ing, nanomedicines are modified with ligands®’—typically, antibodies,
peptides, carbohydrates or aptamers—for the delivery of cargo to
specific immune cells. Nanoparticles with magnetic properties can
also be attracted to a target tissue via an external magnetic field*s.
Because theimmune system s cellularly heterogeneous, cell-specific
delivery of metal ions will be crucial to eliciting specificimmune func-
tions. Hence, appropriate conjugate chemistry, type of ligand and
surface ligand density should all be taken into consideration when
designing nanomedicines for metalloimmunotherapy that leverage
active targeting.

The delivery of metalions could be spatiotemporally manipulated
through suitably functionalized nanoparticles. Although the systemic
administration of metalions mayinduce therapeutic effects®, it is desir-
abletoregulate the release of metalionsintarget tissues so as to mini-
mize side effects and maintain the physiological homeostasis of metal
ions. Many nanobiotechnology strategies can be employed for the
controlled release of metal ions. For example, nanomedicines endowed
with stimuli-responsive properties can release metalions on demand
inresponse to endogenous stimulation'**'¢$2'222 (inyolving pH, ROS,
enzymes or concentration gradients, for example) or to external stimu-
lation***>*72¢ (with light, X-ray radiation, temperature, ultrasound or
magnetic fields) at the desired location and time. For nanomedicines
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responsive to endogenous stimuli, the design principles canbe based
onresponsive linkers or functional groups on polymer-based nanopar-
ticles*®, nanoscale MOFs'*>"” and NCPs'**'¢¥22%2?7_For nanomedicines
responsive to external stimuli, wireless techniques based on advanced
electronics and actuators (such as acoustic waves**? electric fields?>,
magnetic fields**° and electromagnetic radiation®") could be applied
for the on-demand release of metal ions. Nanoparticles could also be
functionalized withimaging properties forimaging-guided metalloim-
munotherapy®**. Moreover, nanomedicines with inherent therapeutic
activity can synergize withimmune-active metal ions for combination
metalloimmunotherapy. For instance, metal-containing nanoparticles
with catalytic properties and X-ray sensitizer properties could augment
metalloimmunotherapy'®?*, Overall, the unique physical, electrical,
magneticand optical properties of nanoparticles may be exploited to
develop stimuli-responsive metalloimmunotherapies.

Outlook

Many immune functions of metal ions have been discovered over the
past few decades. However, a more systematic approach is needed
to broaden our understanding of the immunological roles of metal
ions (Fig. 4), for example by understanding how metal or metalloid
elements interact with biological processes*. Such a metallomics
approach, and in particular its applicationin relation to the immune
system**, isin its infancy, yet may shed new light on metalloimmu-
nology and facilitate the development of metalloimmunotherapies.
High-throughput screening could also be leveraged for the systemic
examination of theimmune functions of metal ions. Furthermore, how
metalions affect commensal microbiotais yet to be examined. What’s
more, we believe that a next frontier for metalloimmunotherapy will
be the modulation of interactions between metal ions and the com-
mensal microbiome.

The development of metalloimmunotherapies has mainly focused
oncancer treatments. However, all diseases involvingimmune-related
physiology or pathology, such as infectious, inflammatory and auto-
immune diseases, could be treated by metalloimmunotherapy in the
future (Fig. 4). For example, ranitidine bismuth citrate, which is com-
monly used for the treatment of Helicobacter pyloriinfection, hasbeen
used to treat COVID-19 (ref. 235). Mg*-mediated upregulation of the
NKG2a pathway’® and Mn**-mediated activation of the cGAS-STING
pathway'”*® could also be used for treatments against infection. For
the treatment of inflammatory and autoimmune conditions, metal-
loimmunotherapy could play an anti-inflammatory role (as exempli-
fied by Zn?*, which inhibits the NF-kB response**, and disrupts the
IL-6-JAK2-STAT3 pathway to dampen T,17 responses®”’). Moreover,
the selective depletion of key active metal ions may also serve as a
treatment for inflammatory and autoimmune diseases (for example,
theintracellular chelation of Ca*" with the calcium-specific aminopo-
lycarboxylic acid BAPTA can suppress Ca®* and signalling processes
involving calcium-modulated protein®***),

Metalloimmunotherapy provides multiple pathways for the
development of metal-ion-containing drugs. We expect that further
discovery-led research on metalloimmunology, and the leveraging
of strategies of molecular engineering and nanobiotechnology, will
advance the development of metal-ion-based immunotherapies.
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