N
N

N

HAL

open science

Metal-Based Photosensitizers as Inducers of Regulated
Cell Death Mechanisms
Yiyi Zhang, Bich-Thuy Doan, Gilles Gasser

» To cite this version:

Yiyi Zhang, Bich-Thuy Doan, Gilles Gasser. Metal-Based Photosensitizers as Inducers of Regulated
Cell Death Mechanisms. Chemical Reviews, In press, 10.1021/acs.chemrev.3c00161 . hal-04183194

HAL Id: hal-04183194
https://hal.science/hal-04183194
Submitted on 18 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04183194
https://hal.archives-ouvertes.fr

Metal-based Photosensitizers as Inducers of Regulated Cell Death Mechanisms

Yiyi Zhang,? Bich-thuy Doan,’* and Gilles Gasser®*

# Chimie ParisTech, PSL University, CNRS, Institute of Chemistry for Life and Health

Sciences, Laboratory for Inorganic Chemical Biology, 75005 Paris, France.

® Chimie ParisTech, PSL University, CNRS, Institute of Chemistry for Life and
Health Sciences, Laboratory of Synthesis, Electrochemistry, Imaging and Analytical

Systems for Diagnosis, 75005 Paris, France.



Abstract

Over the last decades, various forms of regulated cell death (RCD) have been
discovered and were found to improve cancer treatment. Although there are several
reviews on RCD induced by photodynamic therapy (PDT), a comprehensive summary
covering metal-based photosensitizers (PSs) as RCD inducers has not yet been
presented. In this review, we systematically summarize the works on metal-based PSs
that induce different types of RCD, including ferroptosis, immunogenic cell death
(ICD) and pyroptosis. The characteristics and mechanisms of each RCD are explained.
At the end of each section, a summary of the reported commonalities between
different metal-based PSs inducing the same RCD is emphasized, and future
perspectives on metal-based PSs inducing novel forms of RCD are discussed at the
end of the review. Considering the essential roles of metal-based PSs and RCD in
cancer therapy, we hope that this review will provide the stage for future advances in
metal-based PSs as RCD inducers.

KEYWORDS: Anticancer; Metals in Medicine; Photodynamic therapy (PDT);

Photosensitizer (PS); Regulated cell death (RCD).
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1. Introduction

Photodynamic therapy (PDT) is an approved anticancer strategy with high temporal
and spatial selectivity. It has several advantages over conventional radiotherapy and
chemotherapy, including low side effects, non-invasiveness, and precision.!* PDT
mainly includes two processes, first local or systemic administration of a
photosensitizer (PS) and then application of light to the tumour site to generate
cytotoxic reactive oxygen species (ROS). After being photoexcited, the PSs will first
reach a singlet excited state and then a triplet state through intersystem crossing (ISC),
generating singlet oxygen ('O2) through energy transfer (type II) or electron transfer
(type 1) to generate other types of ROS, including superoxide radical (O,>™), hydrogen

peroxide (H,02) and hydroxyl radical (*OH) (Fig. 1).3”
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Fig. 1. Jablonski diagram describing the generation of ROS.

To date, to the best of our knowleddge, nine PSs have been clinically approved
(Table 1). Sodium porfimer (Photofrin®) was the first approved PS. 5-aminolevulinic
acid (Ameluz® and Levulan®) and methyl 5-aminolevulinate (Metvix® and Metvixia®)
are also approved in several countries. Besides, there are also PSs that are approved in

some countries, for example, temoporfin (Foscan®) and LUZ111 (Redaporfin®) in the



European Union (EU), talaporfin (Laserphyrin®) in Japan and a chlorin mixture
(Radachlorin®, Bremachlorin®) in Russia. In addition, an aluminium-containing
phthalocyanine (Photosens®) is approved in Russia and a palladium-containing
compound (TOOKAD® Soluble, WST11) in Mexico, Israel, as well as in 31 countries
of the EU and in the European Economic Area. However, most of these PSs are based
on a tetrapyrrole structural core and have some drawbacks like a poor photostability
and water solubility, a complicated synthesis or a slow in vivo clearance.*’ The
incorporation of a metal ion may enhance the performance of PSs, therefore, in recent
years, many studies have focused on metal-based PSs.®!? Metal-based PSs have high
photostability, are less susceptible to photobleaching, have high biocompatibility,
large two-photon absorption cross sections and can be easily structurally modified.
For example, ruthenium complexes, with their rich photophysical and photochemical
characteristics (e.g., long excited state lifetimes and two-photon excitation) and high
dark-to-light ratios for tumour cell death, have long been at the forefront of metal-
based PSs.!"!? Iridium complexes offer the advantages of good water solubility, long
phosphorescence lifetime and efficient ROS generation through energy or electron
transfer under hypoxic conditions.'*!* As mentioned above, two metal-based PSs are
already clinically approved (Table 1). Five other metal-based PSs are in clinical trials,
TLD-1433 in Canada and the United States of America (USA), CGP55847® in
Switzerland, Photocyanine® in China, motexafin lutetium (Lutrin®, Antrin®) and

rostaporfin (Purlytin®) in USA (Table 2).



Table 1. Overview of the PSs that have been clinically approved.

Generic name  Chemical name Metal Country Cancer type
esophageal, endobronchial
sodium worldwide and lung cancer
Photofrin® orfimer / (EU withdraw) (gastric and cervical cancer
p in Japan and Canada;
bladder cancer in Canada)
Ameluz®; >- . .. . basal cell carcinoma;
© Aminolevulinic / worldwide .
Levulan acid squamous cell carcinoma
 ®. }
Metvix ‘® methyl 5 / worldwide basal cell carcinoma
Metvixia aminolevulinate
Foscan® temoporfin / EU head and neck neoplasms
Laserphyrin®  talaporfin / Japan lung cancer; glioblastoma
Redaporfin® LUZI111 / EU head and neck cancer
@
gf:ﬁg;ﬁﬁn?@ chlorin mixture / Russia basal cell carcinoma
sulfonated . .
Photosens® aluminum Al Russia lung, !1ver, .breast, skin and
phthalocyanine gastrointestinal cancers
Mexico; Israel; 31
® ) ’
TOOKAD . countries of the EU
Soluble; Padeliporfin Pd prostate cancer
WSTI1 and European

Economic Area

Table 2. Overview of metal-based PSs that are in clinical trials.

. Chemical  Metal Clinical status Cancer type
Generic name
name
TLD-1433 TLD-1433 Ru Phase II in Cgr}ada and non-muscle invasive bladder
USA. (Recruiting) cancer
locally recurrent prostate
Lutrin®; motexafin Lu Phase I in USA. cancer;
Antrin® lutetium (Terminated) cervical intraepithelial
neoplasia
. Phase II in USA. AlIDS-related Kaposi's
®
Purlytin rostaporfin  Sn (Completed) sarcoma
CGP55847% c%aftalan 7n Phase I/Il in Switzerland.  squamous cell carcinomas of
zinc (Unknown) the upper aerodigestive tract
Photocyanine® / 7n Phase I in China. skin cancer; esophageal
(Unknown) cancer
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Cell death can be classified based on morphology, triggering stimulus, signalling
pathway, energy metabolism and level, enzymological features, cell type, and other
factors. In 2018, the Nomenclature Committee on Cell Death (NCCD) proposed to
divide cell death into accidental cell death (ACD) and regulated cell death (RCD),
also known as programmed cell death (PCD).!> ACD is a biologically uncontrolled
process that occurs when cells are stimulated by an accidental injury that exceeds the
cells' adjustable ability to regulate. On the other hand, RCD refers to the autonomous
and orderly death of cells controlled by genes with tightly structured signalling
cascades. Currently, common known RCD types include intrinsic apoptosis, extrinsic
apoptosis, pyroptosis, ferroptosis, immunogenic cell death (ICD), necroptosis,
lysosome-dependent cell death (LDCD), parthanatos, MPT-driven necrosis, entotic
cell death, NETotic cell death and autophagy-dependent cell death.'® It is important to
note that there are several methods for classifying RCDs, and for reasons of
consistency and authority, this review will be based on the NCCD classification
method. In recent years, RCD has been found to be associated with a variety of
human pathologies and has the potential to provide additional targets for cancer
therapy.'®!’

The surge in RCD research began when the word apoptosis was first used in a 1972
paper by John Kerr, Andrew Wyllie, and Alastair Currie.!® The main features of
apoptosis are cell shrinkage, membrane blebbing, apoptotic body formation, DNA
fragmentation, and chromatin condensation.!”! Cysteine-aspartic proteases (caspases)

play a critical role in the initiation of apoptosis. When a cell detects damage, initiator



caspases (i.e., caspases 8, 9 and 10) are activated. These caspases then activate
executioner caspases (i.e., caspases 3, 6 and 7), causing events such as cytoskeleton
destruction, nucleoprotein disruption, protein cross-linking, and formation of
apoptosis bodies.?*! It is worth noting that apoptosis includes two subtypes, intrinsic
apoptosis and extrinsic apoptosis. Membrane receptors mediate extrinsic apoptosis,
while mitochondrial outer membrane permeabilization (MOMP) delineates intrinsic
apoptosis.'>!7?223 Some classifications consider apoptosis to be a type of RCD, while
others divide intrinsic and extrinsic apoptosis into two separate RCDs.!3-17-24

Table 3. Overview of metal-based PSs that induce apoptosis (one representative

reference for each metal)

Metal Wavelength (nm) ICso (LM) Cell line Ref
Cobalt visible light 3.9 HLaa 25
Copper 430 0.07 BCC 26
Gadolinium yellow light 780 HeLa 27
Iridium 425 0.36 Hep G2 28
Iron visible light 3.9 HeLa 2
Lutetium 732 5 SMCs 30
Manganese 625 19.0 Hep G2 3
Nickel visible light 2.8 A549 32
Osmium 740 13.1 CT-26 33
Platinum 425 0.63 HeLa 34
Rhenium 425 1.3 HLla 33
Ruthenium 480 0.7 CT-26 36
Vanadium visible light 2.4 HeLa 37
Zinc 625 16.0 A549 38




Since the first report of PDT-induced apoptosis in tumour cells, apoptosis is the

primary type of RCD in a wide range of cell lines induced by PDT.***® This could be

because mitochondria play an essential role in apoptosis, and PSs are often localizing

Table 4. Comparison of four types of RCDs that are induced by metal-based PSs.

RCD type  Morphological features Major regulators Key biochemical events
apoptosis  cell shrinkage; membrane caspases 3; cytoskeleton destruction;
blebbing; apoptotic body mitochondrial outer  nucleoprotein
formation; DNA membrane disruption; protein cross-
fragmentation; chromatin permeabilization linking; formation of
condensation; cell membrane (intrinsic apoptosis);  apoptosis bodies
complete membrane receptors
(extrinsic apoptosis)
ferroptosis mitochondria shrinkage; membrane exchange iron accumulation; toxic
mitochondrial cristae are transporter; GSH- lipid peroxide accrual,
decreased or absent; increased  glutathione plasma membrane
rupture of mitochondrial peroxidase 4; iron damage
membrane transporters
serotransferrin;
lactotransferrin
ICD rarefaction of cells; appearance calreticulin; calreticulin
of pyknotic nuclei adenosine translocation; adenosine
triphosphate; high triphosphate release;
mobility group box  high mobility group box
1; Annexin Al; type 1 release; ER stress
I interferon
pyroptosis  cellular swelling with bubbles;  gasdermin D; formation of plasma

DNA fragmentation; chromatin
condensation; formation of
holes in the cell membrane;
leakage of cell contents

gasdermin E;
caspases 3; caspases
1; interleukin-1;
interleukin-18

membrane pores;
inflammatory caspase
activation (not always)

in mitochondria, especially various cationic or lipophilic compounds.***? Kessel et al.

investigated a variety of PSs for their preferential intracellular binding sites and

ability to induce apoptosis, and found that those bound to mitochondria induced

apoptosis. In contrast, those bound to plasma membranes or lysosomes killed cells in

a non-apoptotic form.****> To date, many metal-based PSs have been discovered to

induce apoptosis (Table 3 for some representative examples). Nevertheless, the

intrinsic or acquired resistance of cancer cells to apoptosis can sometimes limit the
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efficacy of apoptosis.***’ Therefore, additional RCD modes are urgently needed to
explore effective cancer treatment.

In this review, we comprehensively summarize the works on the induction of
RCD by metal-based PSs (Table 4). Due to the generality and limitations of apoptosis
mentioned above, this work will not go into much detail on the reports that can only
induce apoptosis. We decided to exclude metal-based nanoparticles from the scope of

this review in order to focus purely on molecular complexes.

2. Metal-based PSs induce different RCDs

2.1. Ferroptosis

In 2012, Brent R. Stockwell's lab introduced ferroptosis, an iron-dependent cell death
modality with lipid peroxide accumulation and differs from other cell death pathways
both  morphologically and mechanically.*® Ferroptosis is characterized
morphologically by shrunken mitochondria and decreased or absent mitochondrial
cristae. Mechanistically, when the cellular activities that promote ferroptosis exceed
the antioxidant buffering capacity provided by the ferroptosis defence system, there is
a lethal accumulation of lipid peroxides in the cell membrane, followed by membrane

rupture, resulting in ferroptosis.*->°

Ferroptosis can be induced through two main pathways: extrinsic (transporters-
dependent) pathway and intrinsic (enzyme-regulated) pathway.’'? One of the
extrinsic pathways is through membrane exchange transporter such as

cystine/glutamate.>>>* For example, the cystine/glutamate transporter (also known as

10



system xc’) exchanges glutamate for cystine, cystine can be oxidized to cysteine and
then converted into glutathione (GSH) by glutamate-cysteine ligase (GCL) and
glutathione synthase (GSS). GSH is a reducing cofactor, and the GSH- glutathione
peroxidase 4 (GPX4) antioxidation system is essential for protecting cells from
ferroptosis. Inhibiting System xc- prevents cystine uptake and affects GSH synthesis,
leading to a decrease in the activity of GPX4 and a reduction in cell antioxidant
capacity, inducing ferroptosis. The extrinsic pathway can also be initiated by
activating the iron transporters serotransferrin and lactotransferrin. Transferrin
mediates iron uptake through the transferrin receptor (TFRC), and FTHI/FTL (ferritin
component) increases iron levels through autophagic degradation, both of which can
promote ferroptosis.>>® The intrinsic pathway is stimulated by blocking intracellular
antioxidant enzymes. The most prevalent of these enzymes is GPX4, which reduces
lipid hydroperoxides to lipid alcohols in membrane environments, so the inhibition of
GPX4 activity leads to the accumulation of lipid peroxides in the cell membrane.’!-’
Direct and indirect methods can both be used to inhibit GPX4. The direct way, such as
using the ferroptosis inducer RSL3, can directly inhibit the catalytic activity of GPX4,
thus reducing the cell's antioxidant capacity and accumulating ROS, ultimately
leading to ferroptosis.’®> Indirect ways include GSH inhibition because GPX4 needs
GSH as a substrate to convert lipid peroxides into non-toxic alcohols, and therefore
inhibition of GSH inhibits GPX4 activity, resulting in ferroptosis.>!

The generation of ROS and the *OH-mediated lipid peroxidation, ultimately
leading to plasma membrane damage, are the major events leading to ferroptosis.
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Therefore, combining PDT and ferroptosis is an excellent strategy due to the ability of
PDT to produce multiple reactive oxygen species. PDT induces ferroptosis mainly in
six ways (Scheme 1). First, the H>O> produced by the PSs generates *OH via the
Fenton reaction, triggering a chain reaction of free radicals that leads to oxidative
modification of cell membrane phospholipids, resulting in plasma membrane rupture
and subsequent ferroptosis.®®®! Second, O, can react to produce hydroperoxyl
radical (HOOe¢), which could trigger the chain oxidation of polyunsaturated
phospholipids, leading to impairment of membrane function.®>%> HOO« and *OH are
the two most prevalent ROS that can profoundly affect lipids.5? Third, O™ can also be
further converted to H2O2 and O.. The H,0: can continue to participate in the Fenton
reaction, inducing ferroptosis in the first way described above. Fourth, 'O, reacts with
unsaturated lipids, causing the accumulation of lipid hydroperoxides (LOOHs) and
inducing ferroptosis.®*¢ Fifth, 'Os-induced intracellular photodamage can deplete
GSH, inhibiting GPX4 expression through the indirect pathway.’”-¢® It is worth noting
that the three modalities described above encompass almost all common types of ROS;
thus, both type I or type II photodynamic mechanism on PDT can eventually induce
ferroptosis. The last way is also popular in recent years, combining the PSs with the
GSH-depleting compound or material. In this way, ferroptosis is caused by the
depletion of GSH, inhibiting the GPX4 through the indirect pathway. Furthermore,
because GSH has a scavenging effect on ROS, so the inhibition of GSH helps to
increase the effect of PDT.®’ It is important to note that membrane lipid
peroxidation is also one of the significant cellular damages caused by PDT.”! PDT-

12



generated LOOHs, including cholesterol- and phospholipid-derived species, are
reactive intermediates that may appear in cancer cell membranes during
photosensitized peroxidation.” Therefore, detecting lipid peroxidation (like LOOHs)
is insufficient for validating PDT-induced ferroptosis. For this reason, the validation

of any type of RCD requires multiple marker analyses.

@2 + Fe2* —Fe3*+ @ + OH-
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Scheme 1. Schematic overview of PDT induced ferroptosis pathways. (I) Hydrogen
peroxide (H20») generates hydroxyl radicals (*OH) via the Fenton reaction, leading to
oxidative modification of cell membrane phospholipids. (II) Superoxide anion-radical
(O2"™) produces hydroperoxyl radical (HOOe¢) to impair membrane function. (IIT) O™
can convert to H,O» and induce ferroptosis through (I). (IV) Singlet oxygen (‘02)
reacts with unsaturated lipids, causing the accumulation of lipid hydroperoxides
(LOOHSs). (V) '0s-induced intracellular photodamage and depletes glutathione (GSH),
inhibiting GPX4 expression through the indirect pathway. (VI) PSs combine with the

GSH-depleting compound or material to deplete GSH and inhibit the GPX4.
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Interestingly, ferroptosis and tumor immunology are inextricably related.
Ferroptosis is able to release lipid mediators that act as signals to recruit immune cells.
For example, He et al. demonstrated that during ferroptosis, 1-steaoryl-2-15-HpETE-
sn-glycero-3-phosphatidylethanolamine (SAPE-OOH) on tumour cell surface
functions as an “eat-me” signal and targets toll-like receptor 2 (TLR2) on
macrophages to navigate phagocytosis.”® Also, immune cells can release cytokines
that promote ferroptosis in tumour cells. Zou et al.”* reported that activated CD8" T
cells regulate ferroptosis in tumour cells. The two subunits of the glutamate-cystine
antiporter system x., SLC3A2 and SLC7AIll, are downregulated by interferon-y
(IFN-y) secreted by activated CD8+ T cells. This impairs the uptake of cystine by
tumor cells, and thus promotes lipid peroxidation and ferroptosis. Therefore, the
regulation of immune system during metal-based PSs-induced ferroptosis is also

expected to be a hot topic for future research.

2.1.1 Iridium complexes

In 2021, to the best of our knowledge, He et al.”” reported the first two Iridium (III)-
based PSs, IrLL1 and MitolrL2, that could induce ferroptosis. The authors synthesized
a novel cyclometalated Iridium (III) complex 1IrL1, deriving from
benzothiophenylisoquinoline (btiq) with imidazophenanthroline (ipt) as ancillary
ligand. To improve the photodynamic effect, the authors introduced the mitochondria-
targeting triphenylphosphonium (TPP) group into IrL1 to create MitolrL2 (Figure 3).

Under hypoxic conditions, IrLL1 and MitolrL2 were able to generate O>and *OH,

14



inhibit the expression of the lipid peroxidase scavenger antioxidant GPX4, causing
lipid peroxide accumulation, thus inducing ferroptosis. Furthermore, MitolrL2
selectively localized in mitochondria, activated p53 to promote Bax expression and
inhibited Bcl-xl expression under hypoxia. This led to the loss of mitochondrial
membrane potential (MMP) and inhibition of adenosine triphosphate (ATP)

production, thereby inducing apoptosis (Figure 2).

@ & Q

1, 3

Fig. 2. Schematic showing how the IrL1 and MitolrL2 induce ferroptosis or
apoptosis in cells. Reproduced with permission from Ref. 75. Copyright 2021 Wiley-

VCH GmbH

In 2022, Chao et al. used their previously reported thiol-functionalized bipyridine
ligand’® to synthesise the iridium complex Ir-SH, which polymerized with iodine
under oxidative conditions to produce the coordination polymer Ir NPs (Fig. 3A).”
Since high concentrations of GSH in the tumour microenvironment (TME) scavenge

the therapeutically effective ROS produced by PDT, disulfide bonds can deplete
15



GSH.”®” The authors hypothesized that Ir NPs would have a superior PDT effect
through consuming GSH to cleave disulfide bonds. The authors selected A549 cells
with high GSH levels®® for their cellular experiments. Subcellular localization
experiments demonstrated that Ir NPs escaped from lysosomes after endocytosis
uptake and accumulated in mitochondria. Analysis of metabolites by gas
chromatography and time-of-flight chromatography showed that the citrate cycle,
pantothenate/CoA biosynthesis, and cysteine/methionine metabolism pathways were
dysregulated and glycine was downregulated, indicating that Ir NPs significantly
deplete GSH and cause disruption of GSH metabolism (Fig. 3B).

The intracellular ROS assay showed that Ir NPs produced a 2.4 times higher
amount of ROS than Ir-SH (Fig. 3C). Since both ROS production and GSH depletion
resulted in the inhibition of GPX4 biosynthesis,>® potentially inducing ferroptosis, the
authors further assessed the level of GPX4 and lipid peroxide (LPO) using Western
Blot and LPO probe C11-BODIPY, respectively. The results revealed that GPX4 was
significantly inhibited (Fig. 3D) and LPO production was dramatically increased in
the IrS NPs-treated with the irradiation group (Fig. 3E), and the end-metabolite of
LPO malondialdehyde was 4.3 times higher in the IrS NPs group than in Ir-SH. All
the above results indicated that IrS NPs induced strong ferroptosis. To increase
tumour targeting, the scientists modified IrS NPs with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[(polyethylene  glycol)-2000]-Biotin ~ (DSPE-PEG2000-
Biotin) to obtain IrS NPs@ Biotin nanoparticles and injected them into A549
tumour-bearing mice via intravenous injection (10 mg/kg). Under the 720 nm laser
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application at 40 mW for 300 s, IrS NPs@ Biotin showed excellent therapeutic

effects.
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Fig. 3. (A) Structure and synthesis of Ir-SH and IrS NPs. (B) Kyoto encyclopedia of
genes and genomes (KEGG) mapping analysis of IrS NPs. (C) Luminescence
intensity of ROS scavenger 2,7-dichlorofluorescein diacetate (DCF) obtained from the
microscopy images. (D) Western-blot assay of GPX4 in A549 cells upon irradiation,
Irradiation: 405 nm, 50 mW/cm?, 96 s. (E) Luminescence intensity of LPO probe
C11-BODIPY obtained from the microscopy images. Reproduced with permission

from Ref. 76. Copyright 2022 Wiley-VCH GmbH

In the same year, the Chao's group synthesized a nano-photosensitizer Ir-g-
C3N4%!' via coordination using the metal compound precursor Ir(tpy)Cls** and

graphitic carbon nitride precursor g-C3N4** (Fig. 4A). Under both normoxic and
17



hypoxic conditions, Ir-g-C3Ns could convert H>O> or HO to O, improving the
oxygen-depleted microenvironment of the tumour and generating therapeutic species
such as '02, *OH and '0,. Cellular experiments showed that Ir-g-C3N4 could target
mitochondria and cause mitochondria fragmentation and mitochondria shrinkage,
prompting the authors to speculate that the likely pathway of death was ferroptosis.
By incubating inhibitors of various death pathways, they ultimately found that
ferrostatin-1 (Fer-1, ferroptosis inhibitor) and deferoxamine (DFO, iron chelator)
exhibited the most apparent rescue of cell viability, indicating that ferroptosis was the
predominant mechanism (Fig. 4B). Furthermore, the authors found that Ir-g-C3N4
showed a significant GSH depletion after light irradiation but only a minor GSH
depletion after co-incubation with Fer-1 or DFO, and Ir-g-C3N4 upon light exposure
resulted in lipid peroxide accumulation and GPX4 down-regulation, all of which
further suggest that Ir-g-C3N4 caused ferroptosis. In vivo experiments showed that the
blood-circulation half-time of Ir-g-C3N4 was 2.8 h, the maximum accumulation was
reached in the tumour site at 12 h (12%) of injection, and the tumours were eradicated
within a single treatment with Ir-g-C3N4 (150 pL, 2 mg/ml) + 750 nm laser (50 mW, 5

min) in the A375 tumor-bearing Nu/Nu female mice model.
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Fig. 4. (A) Schematic diagram of the preparation of Ir-g-C3Ns, which can induce
ferroptosis in human melanoma cancer cells. (B) Ir-g-C3N4 incubation with different

inhibitors proves that ferroptosis is the predominant mechanism. Reproduced with
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permission from Ref. 81. Copyright 2022 Elsevier Ltd

2.1.2 Ruthenium complexes

In 2022, Guo et al.®* synthesised three Ru (II) polypyridine compounds, RuNMe,
RuH and RuCN (Fig. 5), with high singlet oxygen production quantum yields for
RuH and RuNMe. Cellular experiments in MCF-7 cells revealed that RuNMe
exhibited the highest phototoxicity under both normoxic and hypoxic conditions, and
its higher lipophilicity allowed for the greatest cellular uptake of the three complexes.
The authors then investigated the mechanism of cell death induced by RuNMe, using
inhibitors with different modes of death, and found that cell viability was significantly
increased by using Fer-1. They further co-incubated RuNMe with DFO or holo-
transferrin (an iron transporter) and again observed a reduction in cell death,
suggesting that ferroptosis was inhibited when the concentration of iron in MCF-7
cells was reduced. Next, the authors used electron microscopy (TEM) to observe the
morphological changes in the mitochondria of RuNMe-PDT-treated cells, which
showed that the multilamellar globules and the inner membrane cristae exhibited
onion-like circles, indicating that the cristae had been disrupted, membrane integrity
had been compromised, corresponding to the typical characteristics of ferroptosis.
Combining the above experimental results, they concluded that RuNMe-PDT induces
ferroptosis. Finally, they investigated the pathway of ferroptosis and found that both
GSH and GPX4 were downregulated and LPO accumulated in the cells after RuNMe-
PDT treatment, thus concluding that RuNMe-PDT induces cellular ferroptosis via the

GPX4 pathway.
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Fig. 5. Chemical structures of Ru(Il)-based PSs as ferroptosis inducers.

2.1.3. Osmium complexes

In 2022, Zhang et al.% reported an osmium-peroxo complex, Os2, which achieved
excellent tumour inhibition through an Os-independent photoactivation pathway.
Under irradiation (465 nm, 13 mW/cm?) this compound was capable of releasing O>"
and converting into Os1, which had chemotherapeutic and photodynamic effects (Fig.
6). The authors employed various ROS probes in solution and at the cellular level to
further validate the precise mechanism of ROS generation by Os2. The results
showed that O™ produced by the photoactivation of Os2 was able to transform into
H,0: and then to *OH with increased toxicity, while Os1 could produce '02. Os2 has
also been demonstrated to induce ferroptosis. The authors first found that glutathione
(GSH) levels were significantly lower in the irradiated group than in the non-
irradiated group and confirmed by Western Blot assays that GPX4 expression in the
irradiated group was also inhibited. Finally, it was demonstrated that excessive lipid
peroxidation occured dramatically in the Os2-treated and irradiated groups and this
could be successfully prevented by the ferroptosis inhibitor Fer-1. More interestingly,
Os2 indirectly aided glutathione reductase in reducing oxidized glutathione (GSSG)

to GSH by oxidizing 1,4-dihy-dronicotinamide adenine dinucleotide (NADH) to
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NAD" via the photocatalytic oxidation pathway, leading to the accumulation of lipid
peroxides and synergistically inducing ferroptosis. The authors conducted in vivo
experiments in which mice were injected 500 pM Os2 intratumorally and irradiated
by light (465 nm, 13 W/cm?) for 60 min, finding that the Os2-light group had a

pronounced inhibitory effect on Hela tumor-bearing Balb/c mice.

PPhs BPhZ PPh, -
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Fig. 6. Schematic diagram of ferroptosis inducer Os2 and photoactivation to produce

Osl.

In summary, all the mechanism of metal-based PSs inducing ferroptosis is
through the downregulation of GPX4, which causes lipid peroxide accumulation and
ultimately induces ferroptosis. It is worth noting that the only three reported cases of
Ir PSs that induced ferroptosis all showed localization in mitochondria, which seems
to suggest a significant connection between mitochondria and metal-based
ferroptosis-induced PSs. However, while many reports mention the close relationship
between mitochondria and ferroptosis,®® it has also been documented that
mitochondria play a crucial role in the cysteine deprivation-induced pathway but not
in the inhibition of the GPX4 pathway.?”®® This contradicts the fact that all the PSs
mentioned above induce ferroptosis by inhibiting GPX4. Therefore, it is worthwhile
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to investigate whether the mitochondrial localization of metal-based ferroptosis-

induced PSs is common, how it affects GPX4 and how it induces ferroptosis.

2.2 Immunogenic cell death

Immunogenic cell death (ICD) was discovered in 2005 when Kroemer et al. found
that tumour cells treated with anthracyclines could induce an effective immune

response without any adjuvant.®

ICD was also called immunogenic apoptosis (IA)
because most types of ICD are occurring through apoptosis.’’! The NCCD has
defined ICD as "a form of RCD that is sufficient to activate an adaptive immune
response in immunocompetent syngeneic hosts".!>? ICD has attracted much attention
in recent years because of their excellent capacity to trigger adaptive immunity. Dying
tumour cells release various damage-associated molecular patterns (DAMPs) that can
induce a cascade of processes, including recruiting and activating antigen presenting
cells (APCs), antigen processing, dendritic cells (DCs) maturation, and antigen
presentation to cytotoxic T cells, eliciting an efficient and long-lasting anti-tumour

immune response.”>?

Calreticulin (CALR, also called CRT) translocation, adenosine triphosphate
(ATP) and high mobility group box 1 (HMGB-1) protein release are the three most
characteristic biochemical hallmarks of ICD.”* CALR is a Ca*"-binding chaperone
protein usually located in the endoplasmic reticulum (ER) under non-stress conditions.
After ICD stimulation, CALR is transferred to the plasma membrane via the Golgi

apparatus, where it binds to CD91, the primary transmembrane receptor of APC cells,
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and is phagocytosed by APC cells, triggering the subsequent immune response.’*”

HMGB-1 is a non-histone chromosomal binding protein that plays an essential role in
DNA replication, transcription, and translation in eukaryotic cells.”” During ICD
induction, the integrity of the plasma membrane is lost, and nucleocytoplasmic
HMGB-1 is released. HMGB-1 substance binds to TLR4 and activates myeloid
differentiation primary response gene 88 (MyD88), which is necessary for the optimal
dead cell antigens release by DCs.”®* ATP is a small molecule that is important in the
energy supply and signalling of cells.!'”” The stimulation of ATP release by ICD is a
highly complex process, including the relocalisation of vesicular ATP, the activation
of PANXI1 (pannexin 1) mediated by caspase 3 or caspase 8 and so on, but the exact

mechanism by which ICD inducers cause ATP release is still unclear.”*!01-102

ROS and ER stress (signs depend on the inducers) are regarded to be key events
in the induction of ICD.**® ICD inducers are classified as Type I and Type II inducers
depending on whether they directly act on ER.*!'% Type I inducers, such as
doxorubicin and oxaliplatin,®-!* target various cellular compartments and trigger ER
stress and the release of DAMPs in a mechanism that is not directly related to the ER.

105,106 exploit the

In contrast, type Il inducers, such as hypericin and oncolytic viruses,
ER as the primary target organelle, causing ER stress and inducing ICD by directly
affecting endoplasmic reticulum homeostasis. It is hypothesized that Type II inducers

can induce stronger ICD immunity due to their ability to generate higher levels of

DMAPs 24107
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ROS play an important role in innate immunity. For example, ROS-mediated
nuclear factor kappa B (NF-kB) is involved in numerous immune modulations. %1%
The direct ROS insulting strategy is also related to the mechanism of ICD.!'° PDT, a
ROS-mediated anti-tumour method, has been demonstrated to activate innate and
adaptive immune responses. PDT induces oxidative stress, activates inflammatory
responses and infiltration of immune cells at the tumour site to achieve tumour
suppression and stimulates systemic immunity to inhibit tumour metastasis.!!!"!!* ICD
is a form of cell death that can stimulate immunity. Recently, more and more work has

reported the ability of PDT to induce ICD.!'"*!16 (Scheme 2) Here, we summarize the

works on metal-based PSs-induced ICD.
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Scheme 2. Schematic representation of the PDT-induced ICD mechanism.
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2.2.1 Ruthenium complexes

In 2020, McFarland et al.!'” designed nine different PSs based on a Ru(ll) tris-
heteroleptic scaffold [Ru(NNN)(NN)(L)|Cln (Fig. 7A). NNN as chromophoric
ligands, the crucial feature for extending the absorption window into the NIR is their
n-expansion orthogonal to the direction of the M-N bond. NN ligand allows access to
certain ligand-localized triplet states that are highly effective at sensitizing 'O,, which
is regarded as the primary mediator of PDT. The monodentate L ligand not only
provides fine-tuning of the singlet oxygen generation efficiency and the absorption
window, but also tunes the complexes' overall chemical and photochemical stabilities,
as well as their biological toxicity profiles. Based on photophysical characterization
and photobiological studies, compound 2 was chosen for immune studies in vitro and
in vivo. B16F10 cells were used for the study since melanoma cells are challenging in
PDT because melanin purges ROS, absorbs and attenuates visible light. Pigmented
melanomas are also more resistant to PDT.!812% First, they tested several type I
interferon pathway molecules, pro-inflammatory cytokines and antigen-presentation
machinery. They found that PDT treatment with 2 could induce a strong pro-
inflammatory immune response, which could potentially initiate innate and adaptive
immunity. Second, they discovered that PDT treatment with 2-PDT induced both
mitochondrial and cellular ROS. QRT-PCR detection of the ER chaperones HSP90
and HSPAIB revealed a considerable increase in the photo-irradiated group,
indicating the induction of cellular stress. Third, as shown in Fig. 7B, representative

ICD DAMPs were tested, including the translocation of the ER chaperone CALR to
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the plasma membrane, the secretion of ATP, and the extracellular release of high
mobility group box 1 protein (HMGB1). The results showed a significant increase in
the secretion or migration of ICD hallmarks in cells treated with 2 and photoirradiated,
indicating that PDT treatment with 2 induced an effective ICD in vitro. Finally, they
established the B16F10-C57BL/6NCrl mice model using the ICD animal gold
standard method. That is, BI6F10 melanoma cells treated with 2 and photo-irradiated
were vaccinated into the left flanks of the mice, while untreated B16F10 melanoma
cells were injected into the right flanks 7 days later. Compared with the unvaccinated
group, effective tumour suppression and noticeably prolonged longevity were
observed in the vaccinated group, suggesting that compound 2 can induce systemic

anti-tumour immune response via ICD.
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A)

Fig. 7. (A) Discovery of Ru-based PSs that can induce ICD. (B) ICD-mediated

biomarkers expression or release by 2-PDT. Reproduced with permission from Ref.

Structure codes and abbreviations
for library members:

1 [Ru(tpbn)(dppn)(CH)CI

2 [Ru(tpbn)(dppn)(4-pic)|Cl,
3 [Ru(tpbbn)(dppn)(ChH]CI

4 [Ru(tpbbn)(dppn)(4-pic)]Cls
5 [Ru(dnp)(dppn)(CI)CI

6 [Ru(dnp)(dppn)(4-pic)ICl,
7 [Ru(tpbn)(phen)(CN]CI

8 [Ru(tpbn)(phen)(4-pic)ICl;
9 [Ru(tpbn)(dppn)(4-mp)ICl,

2V \| ¥ N '
’ 0 i (IR DINC AL N s N A !
S 8 g AT T N
R : LN N7 o o

N N | L\] s J/ &yj I R2=Me (4-pic) |

R'=t-Bu (tpbn) U oo -\[ \] : » dppn R?=OMe (4-mp)
R'=H (dnp) P N phen | |
Chromophoric ligand NNN PDT ligand NN ol Coligand L
Extracellular ATP
100+ - ivacostsa Extracellular HMGB1
80 80
2L 80 - 1 PBS
@ - 60 k= s0{ HE cmpd 2
S 60- 5 £
% = 40 2
I 40 [ = 40
o < 8
= 20- 20 s 20
ala
0- 0 0
-+ - +PS o (Dark) 25 100
= = + + hv Fluence (J cm™?

117. Copyright 2020 Royal Society of Chemistry

Ru(Il)-based PSs, ML19B01 and ML19B02 (Fig. 8), that can induce ICD in
melanoma cells.!?! The UV-Vis-NIR absorption spectra show that the two new PSs
have better absorption properties than ML18HO01, especially in the NIR and like
ML18HO01, the new PSs also have excellent PDT effects. It is noteworthy that
although the two PSs demonstrated similar phototoxicity effects on B16F10 cells,

they differed significantly in immunomodulation. PDT treatment with ML19B01

In 2022, based on 2 (ML18HO01), the same group reported two tris heteroleptic
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greatly increased the expression of heat shock proteins (HSPs), including HSP70 and
HSP90. In contrast, PDT treatment with MLL19B02 induced higher expression of pro-
inflammatory factors, including C-X-C motif chemokine ligand 10 (CXCL10),
interleukin 6 (IL6), tumour necrosis factor-o (TNF-a) and type-I IFN (T1 IFN). The
results of cellular and mitochondrial ROS tests showed a significant increase in ROS
for PDT treatment with MLL19B01 but only a little increase in the case of ML19B02.
Given the critical role of DC cells in activating anti-tumour immune responses during
ICD, the phagocytic capacity of phagocytes against dying cancer cells was also tested.
The results showed that both PDT treatment with ML19B01 and ML19B02 was
effective in enhancing phagocytosis, with the one with ML19B01 significantly more
effective. Interestingly, this work also demonstrated by qRT-PCR that DMAPs
released after treatment with both treatment with ML19B01 and ML19B02 greatly
enhanced the immunogenicity of DCs, which has not been reported in other work on
metal-based PS-induced ICD. Finally, confirmation of ICD with a gold-standard in
vivo vaccination experiment was performed. /n vivo trials showed a strong tumour

inhibition effect of both PDT treatment with ML19B01 and ML19B02.
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Fig. 8. Structures of NIR-absorbing Ru (II) complexes, which can trigger ICD in

melanoma.

In 2022, Kodanko et al.'?> demonstrated that the ruthenium complex 22 could
polarize macrophages and induce cell surface exposure to calreticulin. As mentioned
above, tumour-associated macrophages (TAMs) are classified as tumoricidal M1-like
TAMs and immune-suppressive M2-like TAMs.'?>!2* A panel of 22 mono- and di-
nuclear rhodium and ruthenium complexes were first screened at the concentration of
10 pM in the dark or irradiated with blue light (460-470 nm, 20 min, 56 J/cm?), using
phototoxicity and photoselective as judging criteria. A group of 11 compounds were
tested for ECso values, and 4 complexes were continuedly screened for 3D cell
experiments. They used MDA-MB-231 cells and bone marrow-derived macrophages
(BMM) to establish tumour spheroids that mimicked the TME and used the alamar
blue fluorescence assay to measure the cell viability of the tumour spheroids. Based

on the inhibitory effect of 3D spheroids, they screened two compounds, used flow
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cytometry to detect M1 and M2 macrophages, and selected compound 22 (Fig. 9A)
with the better polarized macrophage function. As shown in Fig. 9B, by using
confocal imaging, they further demonstrated that 22 could increase the green
fluorescent signal, which indicated that 22 could promote CALR expression and

enhance the effect of ICD.
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Fig. 9. (A) Ru complex 22 that can act as an ICD inducer. (B) 3D reconstruction of
Calreticulin staining (green) in 3D MDA MB 231/Macrophage spheroids treated with
22. red: Cell Tracker Orange-labeled macrophages. Reproduced with permission from

Ref. 122. Copyright 2022 Wiley-VCH GmbH

2.2.2. Iridium complexes

In 2021, Brabec et al.!® reported octahedral Ir(IIl) complexes based on a
benzimidazole backbone containing NH groups that could target malignant cancer
stem cells (CSCs) and induce ICD in melanoma cells. Based on a common 1H-
benzo[d]imidazole backbone containing one or two NH groups, they used four

different N*N ligands to synthesize PSs 1-4 (Fig. 10). Cell studies on human skin
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melanoma cells revealed that 4 had the most effective cellular uptake, photoinduced
ROS generation and has superior phototoxicity under normoxic and hypoxic
conditions of the series of complexes. Interestingly, although most of the metal-based
PSs that induce ICD are localized in the ER, compound 4 is more localized in the
mitochondria but still effectively provokes ATP and HMGB-1 secretion, CALR
exposure and phagocytosis of tumour cells. Finally, the authors demonstrated that 4
could selectively target CSCs using CD20" (CSC-like) A375 melanoma cells.
Although this work did not directly use CSCs to detect ICD-related biomarkers, it

provides an important reference for future works based on the induction of ICD by

CSCs.
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Fig. 10. Chemical structures of Ir(IlT) complexes 1-4. Photoactivated Ir(IIl) complex 4
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targets cancer stem cells and induces ICD in melanoma cells.
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In 2023, Chao et al.'?® synthesized a novel two-photon Ir(IlI) ICD inducer Ir-
pbt-Bpa by replacing the auxiliary ligand 2-phenylpyridine of the reported compound
Ir-Bpa'?’ with 2-phenylbenzo[d]-thiazole to enhance the two-photon absorption of
the PS (Fig. 11). Ir-pbt-Bpa has two-photon absorption at 740-800 nm, with the
strongest absorption at 750 nm. CALR, HMGB-1, and ATP, the three main hallmarks
of ICD, were tested in cells and multicellular tumour spheroids (MCTS), respectively.
The results showed that Ir-pbt-Bpa was effective in triggering ICD upon light
irradiation. Finally, the authors tested the efficacy of ICD in B16F10-bearing C57/6J
mice. The results demonstrated that Ir-pbt-Bpa with two-photo irradiation (750 nm,
50 mW, 5 min) group effectively inhibited both primary and distant tumours because
of the combination of photodynamic therapy and immunotherapy. The immune
microenvironment has been improved and achieved effective and long-lasting
immunity. Notably, they conducted a relatively comprehensive examination of ER
stress, contrary to most of the articles discussed in this section. They analyzed ER
stress induced by Ir-pbt-Bpa in three ways: C/EBP homologous protein (CHOP)
expression, phosphorylation of eukaryotic initiation factor 2a (pelF2a) expression,
and release of Ca*" ions from the ER. An increased expression of CHOP and p-elF2a,
and the highest level of Ca*" ions release was observed upon treatment with Ir-pbt-

Bpa, suggesting that effectively ER stress was triggered during the treatment.
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Fig. 11. Structures of the Ir (III) complex Ir-pbt-Bpa for two-photon PDT, as ICD

inducer.

2.2.3 Platinum complexes

In 2021, Brabec et al.!?® demonstrated that trans, trans, trans-[Pt(N3)2(OH)2(py)2] (1),
a photoactivated platinum(IV) prodrug, could induce type II ICD in vitro (Fig. 12).
They synthesized 1 according to a previous method,'”® using anthracycline
antimetabolite doxorubicin, and oxaliplatin as positive controls and cisplatin as the
negative control, and tested the three typical biochemical hallmarks ecto-CALR,
HMGB-1 and ATP. After treatment of 1 with 420 nm blue light (77 W/cm?) for 30
minutes, A2780 cells showed significant ecto-CALR exposure, HMGB-1 and ATP
release. Notably, the authors pointed out that cell membrane translocation of CALR is
necessary but not sufficient to induce phagocytosis. Therefore, phagocytosis of dying
cancer cells was also examined using flow cytometry in this work as a crucial step of
ICD. The results showed that oxaliplatin, as a positive control, induced ecto-CALR
exposure but did not promote phagocytosis, whereas 1 was able to promote

phagocytosis. The above results revealed that 1 could produce active Pt(Il) that
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attacks DNA under light conditions, which has toxicity to tumour cells while
producing ROS that causes ER stress and thus induces ICD. Although this work has
only been done in vitro, it provides an important reference for the induction of ICD by

platinum PSs.

Fig. 12. Chemical structure of Pt complex 1 that can act as an ICD inducer.

2.2.4 Zinc complexes

Zinc is often incorporated in macrocycles such as porphyrins and phthalocyanines
(PCs). There has been much work on zinc porphyrins as PSs.!*!32 However, due to
the strong absorption of porphyrins at 400-600 nm, there is a risk of skin damage in
clinical applications. In contrast, phthalonitrile has a weak absorption in this range
and has gained much attention in recent years. The metallic element can chelate with
the phthalocyanine through to form metal phthalocyanines (MPCs).!3* MPCs have
high triplet quantum yields and long triplet lifetimes,!** thus have the potential to
induce effective PDT. There have been many reports of MPCs as PSs. However, non-
substituted MPCs typically aggregate and have low solubility due to strong
intermolecular stacking interactions, significantly reducing PDT efficacy.!3>!%¢ These

drawbacks can be improved by adding a charged moiety or loading MPCs with a drug
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delivery system.!37-13

Some works showed that zinc phthalocyanines (ZnPCs) or zinc porphyrin could
induce ICD through PDT, but all used nano-drug delivery systems (NDDS) to load
ZnPCs. In 2021, Shuai et al.'*® developed a pH/enzyme dual-sensitive polymeric
micelle co-delivering ZnPC and anti-PD-L1 antibody for immuno-photodynamic
synergistic therapy. The TME is capable of precisely releasing ZnPC. Under NIR laser
irradiation, ZnPc-loaded polymeric micelles can generate massive 'Oz and induce ICD
in B16F10 tumor sections. In the same year, Lin et al.'*! loaded ZnPC in the pores of
nanoscale metal-organic frameworks (nMOFs), which significantly avoids quenching
of the ZnPC excited states caused by aggregation and thus enhances the ROS yield of
ZnPC. The ZnPC-loaded nMOFs mediated PDT achieved enhanced ICD in CT-26
cells, over 99% tumor growth inhibition and 80% cure rates on two murine colon
cancer models thanks to the enhanced cellular uptake, increased ROS generation, and
improved biocompatibility. Also, in 2021, the same group reported that the use of a
nanoscale metal-organic layer (nMOL) to load ZnPC (ZnOPPc) was also able to
enhance the ROS yield of ZnOPPe by largely reducing the aggregation.'*? The results
showed that under irradiation, ZnOPPc alone hardly induced ICD, and only
ZnOPPc-loaded nMOL (ZnOPPc@nMOL) could induce effective ICD. In 2022, Li
et al'** used mesoporous silica shell and zinc porphyrin core to construct mesoporous
hexagonal core-shell zinc porphyrin-silica nanoparticles (MPSNs). Under 808 nm
laser illumination, MPSNs were able to induce ICD in 4T1 cells. After further loading

with R837 (a toll-like receptor-7 agonist) and combined with an anti-PD-L1 antibody,
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the treatment platform could effectively inhibit both major and distal tumors.

In summary, the work presented above demonstrates the ability of various zinc
porphyrin/ZnPCs-loaded NDDS to induce ICD. Regrettably, most of the work did not
investigate whether zinc porphyrins or ZnPCs could induce ICD via PDT without the
use of carriers, the only one reportshowed that ZnPC was unable to induce effective
ICD, which serves as an attention for future research. In addition, porphyrinic metal-
organic framework (pMOF) has also been reported to induce ICD as PDT PSs. We
note that we decided to exclude these from this review in order to focus purely on

molecular complexes. We send the readers to recent articles.!#4146

2.3 Pyroptosis

Pyroptosis was mistaken for apoptosis until 2001 when Brennan and Cookson
formally introduced the concept of pyroptosis.!*’ Pyroptosis is a unique pro-
inflammatory form of programmed cell death characterized by cellular swelling with
bubbles, DNA fragmentation, chromatin condensation and the formation of holes in
the cell membrane leading to leakage of cell contents.!*®!* One of the primary
differences between apoptosis and pyroptosis is that the cell membrane remains
complete throughout the apoptotic process. In contrast, pyroptosis results in damage
to the cell membrane. Another primary difference is the caspases. Caspases play an
essential role in both apoptosis and pyroptosis, but distinct groups of caspases
regulate the two types of cell death. Caspase-2, -8, -9 and -10 are the initiators of

apoptosis and caspase-3, -6 and -7 are thought to coordinate the execution phase of
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apoptosis.'®*13* In contrast, caspase-1, -4 and -5 are primarily responsible for

pyroptosis. 3415

Gasdermin D (GSDMD) is a key molecule in the pyroptosis signalling pathway.
GSDMD can be cleaved by caspases-1, -4, -5 and -11 to form an N-terminal fragment
(GSDMD-NT, 31kDa) and a C-terminal fragment (GSDMD-CT, 22kDa), then
GSDMD-NT can target to cell membranes to create pores that release pro-
inflammatory cytokines and cause pyroptosis.!*13 Pyroptosis is usually classified as
a caspase-1-dependent or caspase-1-independent pathway. In the caspase-1-dependent
pathway, after pathogen invasion, pathogen-associated molecular patterns (PAMPs) or
DAMPs are recognized by pattern-recognition receptors (PRRs), followed by caspase-
1 activation, cleavage of GSDMD and the precursor cytokines pro-interleukin-1
(pro-IL-1B) and pro-IL-18, triggering focal death and promoting maturation and
release of IL-1pB and IL-18. In the caspase-1-independent pathway, caspase-11 in mice
and caspase-4 and -5 in humans directly cleave GSDMD and induce pyroptosis in
response to stimulation by signals such as bacterial lipopolysaccharide (LPS).
However, caspase-1 is still required to activate pro-inflammatory cytokines in the
caspase-1-independent pathway.!’*!5%160 In addition to GSDMD, gasdermin E
161,162

(GSDME) was recently identified as an important protein in pyroptosis.

(Scheme 3)
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Scheme 3. Schematic representation of the PDT-induced pyroptosis mechanism.

Of note, pyroptosis can also trigger robust anti-tumor immune responses. In 2020,
Lieberman et al.'®? discovered that tumor GSDME functions as a suppressor by
triggering pyroptosis and boosting anti-tumor immunity. Pyroptosis may improve
killer-cell immunity by providing adjuvant-like danger signals. GSDME expression
increases the number and capabilities of tumor-infiltrating natural killer and CD8" T
lymphocytes and tumor-associated macrophage phagocytosis. On the same day, Liu et
al.'®* published a work that used a bioorthogonal system to reveal the anti-tumor
immune effect of pyroptosis. They showed that the entire 4T1 mammary tumor graft
ablated by pyroptosis of less than 15% of tumor cells. At the same time, this work

demonstrates the potential for synergistic pyroptosis-induced anti-tumor immunity
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and checkpoint blockade therapies. Therefore, targeting pyroptosis and GSDME may

become a new strategy for immunotherapy against cancer.

In recent years, it has been gradually reported that PDT can induce pyroptosis in
tumour cells. Kim et.al '** developed a photocatalytic O>" generator NI-TA, that can
induce pyroptosis through a caspase-3/ gasdermin E (GSDME) pathway. Sun et.al 6
designed a microenvironment-responsive nanopaticle MCPP that loaded the PS
purpurin 18 (P18) and found this P18-induced PDT could induce GSDME-related
pyroptosis. Peng et al.!® combined PSs with an indoleamine 2,3-dioxygenase (IDO)
inhibitor to synthesize an organic photo-immune activator NBS-1MT, which induces
pyroptosis via the GSDMD pathway, and demonstrated that IDO inhibitors could
synergize PDT-induced pyroptosis and enhance the intratumoral infiltration of
cytotoxic T lymphocytes (CTLs), thereby improving the immune response. Liu et
al.'®” developed three membrane anchoring aggregation-induced emission (AIE) PSs,
TBD-R PSs, which could produce cytotoxic ROS in situ under light irradiation,
leading to direct membrane damage and cancer cell death. More importantly, they
discovered that as membrane anchoring ability increased, pyroptosis gradually
became the dominant mode of death pathway. They then selected TBD-3C, which has
the strongest membrane anchoring capacity, and investigated the immune effects
induced by photodynamic pyroptosis.'®® The results show that a single effective light-
induced pyroptosis could reverse the TME and stimulate a robust anti-tumour immune
response. Wang et al.'® established a small acid-activatable nanophotosensitizer

(ANPS) library that can target different stages of endosomal maturation and found
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that GSDME-mediated pyroptosis was triggered by specific activation of
phospholipase C signalling transduction in early endosomes, which is significantly
reduced when ANPS are transported into late endosomes/lysosomes. This study
provides an essential reference for the rational design of nanomedicine with
pyroptosis. Starting in 2021, work on metal-based PSs induced pyroptosis began to be

discovered.

2.3.1 Rhenium complexes

Mao et al.!”® designed a pyridine-based ligand containing a benzene sulfonamide tail
and reacted it with the dechlorinated Re(CO)3(NN)CI precursor in THF to synthesize
a novel carbonic anhydrase IX (CAIX) anchored rhenium(I) PS, CA -Re (Fig. 13A).
Transmembrane protein CAIX, whose transcription is regulated by the hypoxia

7l The benzene

inducible factor (HIF-la), is overexpressed in tumour cells.
sulfonamide moiety of CA-Re could enter the pocket of CAIX and form hydrogen
bonds with the THR199, THR200, and HIS94 residues. (Fig. 13B) This enables CA-
Re to anchor CAIX effectively and to remain fixed on the membrane even after
membrane disruption. Since pyroptosis has distinctive morphological features,
including swollen cells with intact nuclei, the authors demonstrated by scanning
electron microscopy (SEM) that pyroptosis induced by PDT treatment with CA-Re,
differs from DMSO-induced apoptosis (Fig. 13C). They then further explored the
signal pathway of pyroptosis induced by PDT treatment with CA-Re and found that

the expression of GSDMD-N and cleaved caspase-1 with increasing irradiation time,

indicating that the pyroptosis is through the caspase-1/GSDMD pathway (Fig. 13D).
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As inflammation and immunity are thought to accompany pyroptosis, a bilateral 4T1
tumour-bearing mouse model was established to investigate tumour suppressive effect
and immune response of CA-Re. The results showed that pyroptosis induced by PDT
treatment with CA-Re promoted the secretion of inflammatory cytokines and DAMPs,
stimulated DC maturation and T cells infiltration, and effectively inhibited both

primary tumor and distant tumor. This work is the first report of metal complex-

induced pyroptosis.
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Fig. 13. (A) CAIX-anchored rhenium(I) photosensitizer CA -Re that can induce
pyroptosis. (B) Molecular docking of CA-Re with CAIX. (C) SEM images of dying
MDA-MB-231 cells. DMSO and CA-Re + light treatment result in apoptosis and
pyroptosis, respectively. (D) Western blot of GSDMD-N fragment, cleaved caspase-1
and GPX4 expression in MDA-MB-231 cells under hypoxia (1% O2). Cells were
treated with CA-Re (100 nM, 24 h) + light (425 nm, 20 m/cm?, 0—10 min) and then
incubated for another 2 h before analysis. Reproduced with permission from Ref. 170.
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2.3.2. Platinum complexes

Mao et al.!”?

synthesized the platinum(II) triphenylamine complexes Ptl and Pt2 by
heating up the ligand L to reflux with doubly activated cisplatin or transplatin (Fig.
14). The authors found that Pt1 and Pt2 could bind with both DNA and phospholipids,
where NH3 ligands bind to DNA bases to form hydrogen bonds and triphenylamine
ligands bind to DNA via hydrophobic and electrostatic interactions, with Pt1 binding
in the major groove of DNA and Pt2 in the minor groove. They further discovered
that Ptl and Pt2 could cause impaired mitochondrial function, change the
microenvironment of the nuclear membranes, cause chromosomal abnormalities, and
finally induce cell death after light irradiation. The authors continued their
investigation into the pathway of cell death. They first analyzed Hela cells treated by
PDT with Pt1/Pt2 by TEM and observed some features of pyroptosis, including cell
membrane rupture, massive vesicle formation and secretion of intracellular contents.
They next used different inhibitors, and the results showed that the inhibitors

necrostatin-1 (Nec-1, an inhibitor of necroptosis)!’

and necrosulfonamide (NSA, an
inhibitor of necroptosis and pyroptosis)'’* were able to increase cell survival, but NSA
was more effective, demonstrating that PDT treatment with Pt1/Pt2 was able to
induce pyroptosis. Finally, they tested the expression levels of GSDMD-N and

showed that PDT treatment with Pt1/Pt2 could significantly increase the expression

of this protein. Combining the three results above, they conclude that PDT treatment
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with Pt1/Pt2 induces pyroptosis.
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Fig. 14. Chemical structures of platinum(II) complexes that can induce pyroptosis.

2.3.3. Ruthenium complexes

In 2022, Wu et al.'”® constructed a photodynamic nanoparticle TiO:@Ru@siRNA by
coupling a derivative of TLD1433 (Ru) to titanium dioxide (TiO2) through amidation
and further loading the siRNA of HIF-1a gene (Scheme 4). Under 525 nm irradiation,
Ru, TiO2@Ru, and TiO:@Ru@siRNA all showed good phototoxicity. Moreover,
TiO2@Ru@siRNA-mediated PDT promotes siRNA escape through lysosomal
damage, silencing the HIF-1a gene, relieving tumour hypoxia and enhancing PDT
effects. Regarding the discovery of TiO:@Ru@siRNA-induced pyroptosis, the
authors were first tested from cell morphology studies. Confocal images showed that
TiO2@Ru@siRNA-mediated PDT results in swollen cells with significant bubble
protrusions from the plasma membrane. TEM showed that the TiO:@Ru@siRNA
light-treated cells appeared many holes in the plasma membrane, while the control

group had an intact plasma membrane. SEM reveals that TiO:@Ru@siRNA-treated
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cells under irradiation showed cell swelling, membrane rupture, and reduction of
numerous surface villi, while control cells have clear outlines, long protuberances,
and tight cell connections. All of these are consistent with the morphological
characteristics of pyroptosis. Further research into GSDMD and caspase-1 revealed
that both proteins' expression was upregulated, leading them to conclude that

TiO2@Ru@siRNA induced pyroptosis through the GSDMD/caspase-1 pathway.
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Scheme 4. Construction of the nanocomposite TiO2@Ru@siRNA that induces

pyroptosis. Reproduced with permission from Ref. 175. Copyright 2022 Elsevier Ltd

In summary, reports of metal-based PSs-induced pyroptosis are still very new
and scarce. As mentioned above, the main pathways for pyroptosis are GSDMD and
GSDME, but all reported metal-based PSs-induced pyroptosis is through the GSDMD
pathway. Whether they can be through the GSDME pathway is not known and needs
to be further explored. Furthermore, the validation of pyroptosis in the preceding three
articles was limited to morphology, studying cell viability changes with inhibitors,
and analyzing GSDMD expression. Future works with more in-depth molecular

biology need to be investigated.
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3. Conclusions and future remarks

RCD has received much attention in the field of cancer treatment in recent years
because of the advantages of being controlled by specific signalling pathways that can
be regulated by specific interventions and the close relationship between some modes
of RCD and the immune system. Metal-based PSs have great potential as
photodynamic therapy agents, and there has been a lot of research performed in the
last few years demonstrating their ability to modulate the immune microenvironment
of tumours, induce inflammatory responses, provoke immune responses, etc. However,
most metal-based PSs-induced cell deaths are still by apoptosis and necrosis.
Although apoptosis is a type of RCD, apoptosis tends to induce drug resistance in
tumour cells and reduce the effectiveness of treatment, so the discovery of novel kinds

of RCD is expected to overcome these limitations.

Although there are currently 12 recognized RCDs, only four involve metal-based
PSs-induced RCD (e.g., apoptosis, ferroptosis, pyroptosis and ICD). This proves that
there are still many gaps to be filled. It is noteworthy that Ru-based PSs have been
reported in all four of the RCD presented in this review (Table 5). This may indicate a
greater potential for Ru to induce novel RCD. However, perhaps due to the limited
amount of work that has been reported, it is not yet possible to summarize and predict
which type of metal compounds or which structure of metal compounds will induce

RCD.

For the potential novel RCD induced by metal-based PSs, necroptosis and

cuproptosis are of interest as far as we are concerned. It should be noted that as the
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Table 5. Ruthenium PSs introduced in this review. (PI: the ratio between the

ICs0/ECso in the dark and under irradiation)

RCD type Wavelength ICs0/ECso Cell line PI Ref
(nm) (uM)

ferroptosis white light 0.4 MCEF-7 244 84

ICD 460/70 4.6 MDA MB 231 7.4 122

ICD 630 1.40 B16F10 37 17

ICD 630 1.14 B16F10 >8.77 121

pyroptosis 525 0.18 HN6 > 2778 158

latest summary of the RCD by NCCD stops at 2018, while cuproptosis was first
reported in 2022,'76 it is not officially listed but has characteristics that are consistent
with the RCD and is expected to be one of the next novel RCDs. Cuproptosis
processes are inextricably linked to mitochondrial metabolism. Excess copper causes
proteotoxic stress through direct binding to lipoylated components of the tricarboxylic
acid (TCA) cycle, leading to aggregation of lipoylated proteins and loss of iron-sulfur
cluster proteins, ultimately leading to cell death.!’®!”7 Whereas many metal-based PSs
can target mitochondria, new discoveries may be made if they influence cuproptosis.
Necroptosis and pyproptosis both form plasma membrane pores through
phosphorylated MLKL or truncated gasdermins, respectively.!”1% Various metal-
based PSs have been reported to induce pyroptosis, and work has also been reported
on Ir complex for chemotherapy inducing necroptosis by modulating membrane

181

activity, ©' still, no metal-based PSs has been reported to induce necroptosis. As a

result, necroptosis is also expected to be another new metal-based PSs-induced RCD.
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Additionally, organic-based PSs have been found to induce a wider variety of RCDs

182-184 65,186,187

than metal-based PSs. Besides apoptosis, pyroptosis, 03167185 ferroptosis
and ICD,"'*!15188 there are also necroptosis,lgg'192 LDCD,!? parthanatos193 and
autophagy-dependent cell death.!”*!°® These also have the potential to be new
directions for the induction of novel RCDs by metal-based PSs.

In recent years, in addition to anticancer, an increasing number of PDT PSs have

197-199 200-202

been discovered to have applications as antibacterials, antifungals and
antivirals.?-2% It is worth noting that, although bacteria can also undergo PCD, it is
very different from the PCD or the RCD of tumour cells we mentioned above. The
three representative PCD pathways in bacteria are apoptosis-like death (ALD),
thymineless death (TLD), and toxin-antitoxin (TA) systems.2?>2%7 Although there are
few reports on the use of metal-based PSs in antibacterial therapy, there are some
similarities between bacterial infection sites and tumour tissue, such as hypoxic and
weakly acidic microenvironment,?®2% so more reports on the use of metal-based PSs
in antibacterial therapy are likely to come in the future.

Although PDT has been approved for clinical use, it has not yet been a
mainstream clinical treatment. Compared to traditional organic-based PSs, metal-
based PSs have usually a high photostability and high molar absorption coefficient
and are easily structurally modifiable. However, they may also have a high dark
toxicity and low biocompatibility and the costs for their production may be high.

Nonetheless, both types of PSs face several major challenges. First, the tumor's

hypoxic environment limits the efficiency of ROS production. Although many works
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have reported methods of delivering oxygen to the tumor site, there are issues with the
amount of oxygen delivered and the accuracy of the delivery sites. The discovery of
more efficient means of improving the efficacy of PSs in the hypoxic tumor
environment would be highly beneficial to advance further PDT. Secondly, PSs have
usually a limited tissue penetration that avoids the treatment of deep-seated or large
tumours. Although some research is being conducted on two-photon PDT, there are
still some technical issues with this technique, such as high laser requirements and a
limited irradiation area. Co-delivery of PS and chemiluminescent material to the
tumor site may be useful. Thirdly, low malignant tumour models remain the main
focus of the photodynamic clinical application. Therefore, the question of how to
apply PDT to high malignant, recalcitrant or metastatic tumors is also an important

issue for researchers to consider.

In conclusion, metal-based PSs-induced RCD is still a very new and rapidly
developing field of study, with much yet to be discovered. We look forward to more
reports in the future that will facilitate scientists to find and summarize possible
regular patterns, thus advancing the development of metal-based PSs for cancer

treatment.
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Abbreviations

ATP Adenosine triphosphate
caspases Cysteine-aspartic proteases
CALR Calreticulin

DAMPs Damage-associated molecular patterns
DFO Deferoxamine

DCs Dendritic cells

ER Endoplasmic reticulum
Fer-1 Ferrostatin-1

GSH Glutathione

GPX4 Glutathione peroxidase 4
GSDMD Gasdermin D

HMGBI1 High mobility group box 1
HIF Hypoxia inducible factor
H>0O: Hydrogen peroxide

*OH Hydroxyl radical

HOO- Hydroperoxyl radical

ICD Immunogenic cell death
IFN Interferon

IL Interleukin

LDCD Lysosome-dependent cell death
LOOHs Lipid hydroperoxides

LPO Lipid peroxide

MPCs Metal phthalocyanine
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NDDS Nano-drug delivery systems

PCD Programmed cell death

PDT Photodynamic therapy

PS Photosensitizer

ROS Reactive oxygen species
RCD Regulated cell death

10, Singlet oxygen

0" Superoxide radical

SEM Scanning electron microscopy
TEM Transmission electron microscopy
TLR Toll-like receptor

TME Tumor microenvironment
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