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The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signalling pathway is a
crucial modulator of innate immunity and an important target for next-generation cancer
immunotherapy. Numerous cGAS—STING agonists have been developed and evaluated for their ability to
promote anti-tumour immune responses. Cyclic dinucleotides (CDNs) are the most widely employed
natural STING agonists; however, poor membrane permeability and enzymatic instability have motivated
the development of non-CDN small-molecule agonists, including organic scaffolds and metal-based
complexes with improved stability and tunable physicochemical properties. Additionally, nanomaterials
that incorporate metal complexes with or without STING agonists have recently emerged as promising
platforms for achieving robust therapeutic effects, facilitating targeted delivery, controlled release, and
integration with other treatment modalities such as photodynamic therapy. This review offers a
comprehensive examination of advancements over the past two years in the design and development of
STING modulators, including organic scaffolds, metal-based complexes, and nanomaterials that
encapsulate or tether metal-based drugs. It emphasises their chemical structures and the molecular
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mechanisms that facilitate STING activation and discusses significant challenges while delineating future
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1. Introduction

Recent years have witnessed a significant expansion in our
understanding of the immune mechanisms that protect against
infection, malignancy, and tissue injury. The immune system
comprises an integrated network of cells, tissues, and soluble
mediators that sense perturbations to homeostasis and induce
regulated responses to pathogens and cellular stress, while
maintaining self-tolerance and limiting immunopathology.">
Historically, it was widely assumed that immunological mem-
ory, particularly classical adaptive immunity, was confined to
jawed vertebrates. This view was informed by the presence of
specialised lymphocyte lineages (T and B cells) and antibody
production, which together constitute core elements of the
adaptive immune response.® Nonetheless, developments in
cellular biology and genomics have elucidated that a type of
immunological defense mechanism is widespread across living
organisms, including jawless vertebrates and invertebrates.®
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research and therapeutic development directions.

Thus, the contemporary perspective holds that immunity is a
basic biological function that has developed in various ways in
all spheres of life, not only in complex animals.

Despite the immune system’s critical role in warding off
infections and maintaining homeostasis, diseases like cancer
can develop when the immune system malfunctions or is
misregulated.””® In cancer, the immune system is both protec-
tive and destructive. The protective immune system operates as
immune surveillance, which involves the ongoing monitoring
of tissues by immune cells, specifically natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs), and the elimination of
aberrant cells, particularly those harbouring tumourigenic
mutations that may lead to tumour development.'®'" However,
this protective function can be undermined. In order to accom-
plish this, several tumours develop new ways to evade the
immune system detection and elimination mechanisms. These
approaches entail the production of immunological checkpoint
proteins which attenuate T cell activity and foster immune
tolerance towards the tumour.'? Furthermore, tumours can
enlist regulatory T cells (Tregs), myeloid-derived suppressor
cells (MDSCs), and tumour-associated macrophages (TAMs)
to create an immunosuppressive tumour microenviron-
ment (TME). This milieu not only suppresses anti-tumour
immunity but also facilitates tumour proliferation, angiogen-
esis, and metastasis."*® Understanding these immune-cancer
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interactions has transformed therapy approaches. Cancer
immunotherapy seeks to rejuvenate the immune system and
restore its ability to combat tumours.'® Key approaches encom-
pass immune checkpoint inhibitors (ICIs), cancer vaccines,
adoptive cell treatments, and cGAS-STING agonists.”>° The
convergence of these strategies highlights the growing impact
of immunotherapy in reshaping cancer treatment, transition
from traditional cytotoxic therapies to immune-based precision
medicine, an advancement in which STING assumes a notably
compelling role.

1.1 Understanding the cGAS-STING pathway: biological basis
and operating principle

Intrinsic immune defence relies on the cGAS-STING pathway,
which detects cytosolic double-stranded DNA (dsDNA) and
triggers an immune response.”’?* In healthy cells, DNA is
contained within the nucleus and mitochondria. In the TME,
atypical accumulation of DNA fragments in the cytosol can
occur as a result of genomic instability, radiation-induced DNA
damage, chemotherapy or mitochondrial rupture.>* An enzyme
called cyclic GMP-AMP synthase (cGAS) acts as a primary sensor
to recognise dsDNA, which acts as a ‘“danger signal” when it
reaches the cytosol.>**® Direct binding of cGAS to dsDNA
triggers a conformational shift within the enzyme complex,
allowing it to carry out its function. When active, cGAS converts
adenosine triphosphate (ATP) and guanosine triphosphate
(GTP) into the production of a small signalling molecule known
as 2/,3’-cyclic GMP-AMP (2/,3’-cGAMP). This molecule functions
as a second messenger that binds to and activates STING.>*>®
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STING, an ~40 kDa multispanning transmembrane protein
which is typically localized on the endoplasmic reticulum (ER)
membrane, functions as an essential adaptor protein in this
process.” In its dormant state, STING is inactive. When 2’,3'-
c¢GAMP binds to STING, a conformational change reveals areas
to facilitate STING’s intracellular trafficking. As a result, STING
departs from the ER to the Golgi apparatus through the ER-
Golgi intermediate compartment. This translocation process
involves genes associated with autophagy, like ATG9a and
VPS34, which implies that autophagy is involved in STING
regulation.?®*' Here, STING serves as a platform to bring in
subsequent signalling molecules, the most important of which
is TANK-binding kinase 1 (TBK1).*”> Upon activation, TBK1
modifies a transcription factor known as Interferon Regulatory
Factor 3 (IRF3). This modification enables IRF3 to translocate
to the nucleus, where it functions as a switch, activating the
genes that generate signalling molecules known as IFN-I (most
notably IFN-B). Besides, STING also activates NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells) path-
ways, which lead to the production of proinflammatory cyto-
kines (Fig. 1).*33*

Both NF-kB and IFN-I operate in a synergistic manner to
enhance anti-tumour immunity by orchestrating robust
immune responses and impacting tumour cells directly.*
IFN-I augments dendritic cell (DC) maturation, boosts
antigen-presenting cells (APCs), and activates CD8+ CTLs and
NK cells, hence facilitating the immune system’s capacity to
effectively identify and eliminate tumour cells.>® Moreover,
IFN-I can directly induce apoptosis in tumour cells by activating
pro-apoptotic genes such as TRAIL, Fas, and p53 and can
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Fig. 1 Activation of the cGAS—STING pathway in cancer cells (created with Biorender and Adobe Photoshop). Cytosolic double-stranded DNA (dsDNA)
from damaged nuclei and mitochondria of tumour cells activates cGAS, leading to the production of cyclic GMP—AMP (cGAMP), which then binds to and
activates STING on the endoplasmic reticulum. Activated STING translocates to the Golgi apparatus, recruits TBK1, and causes the phosphorylation of
IRF3. Nuclear IRF3 stimulates the expression of IFN-I and pro-inflammatory cytokines, hence augmenting dendritic cell activation and the recruitment of

cytotoxic T cells and NK cells in the tumour microenvironment.
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inhibit proliferation by causing cell cycle arrest through reg-
ulators like p21 and p27.>”*° Concurrently, NF-xB facilitates
anti-tumour immunity by stimulating pro-inflammatory cyto-
kines, including TNF-o, IL-6, and IL-12, which augment
immune cell infiltration, promote T cell priming, and establish
an environment detrimental to tumour proliferation.’>*' In
addition, it enhances immune function by facilitating the
activation of DCs, the polarisation of M1 macrophages, and
Th1 (T helper type 1) responses, all of which contribute to the
elimination of tumour cells.*>** Importantly, NF-kB-mediated
cytokine signalling promotes immunogenic cell death (ICD),
converting insufficiently immunogenic ‘“cold” tumours into
“hot” tumours marked by enhanced CD8+ T cell infiltration
and phagocytic removal of dying cancer cells.** The synchro-
nised activation of IFNs and NF-«B by STING generates a robust
anti-tumour response, connecting innate detection with adap-
tive immune activation and direct tumour inhibition.

2. cGAS-STING agonist: classification
and mechanism of action

Pharmacologically activating the cGAS-STING pathway has
become a viable approach in tumour immunotherapy because
of its crucial function in bridging innate and adaptive immu-
nity. A wide variety of cGAS-STING agonists have been devel-
oped and assessed for their immunotherapeutic efficacy to
leverage these effects. These agonists are generally categorized
into various classes according to their molecular structures,
therapeutic mechanisms, pharmacological characteristics, and
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translational relevance. As CDNs constitute the initial and most
well-investigated category of STING agonists, their examination
provides a crucial foundation for understanding subsequent
advances. Consequently, we commence with CDNs prior to
progressing to our main emphasis on small-molecule, metal-
based complexes and nanomaterials.

2.1 Cyclic dinucleotides as cGAS-STING agonists

CDN s represent the most basic and thoroughly studied category
of STING agonists that entered drug development. These com-
pounds resemble 2’,3'-cGAMP that binds to and drives activa-
tion of STING.*>*® Among the naturally occurring CDNs, 2’,3'-
cGAMP is particularly significant due to its robust immunosti-
mulatory capabilities (Fig. 2). 2/,3’-cGAMP is synthesised within
human cells by cGAS upon the detection of dsDNA, activating
the STING receptor and leading to the release of IFN-I and other
pro-inflammatory cytokines. This activation puts 2/,3'-cGAMP
as a crucial component in the development of cancer immu-
notherapies aimed at harnessing or enhancing the body’s
innate immune response against tumours.*” Conversely, 3’,3'-
c¢GAMP is a structurally analogous compound synthesised by
specific bacterial species as a component of their signalling
processes. While it may also initiate the STING pathway, its
efficacy is markedly species-specific."® For example, 3’,3'-
¢cGAMP has markedly reduced activity in human STING
(hSTING) isoforms relative to its mammalian equivalent. Con-
sequently, its immunostimulatory efficacy in human cells is
constrained, diminishing its therapeutic promise in clinical
applications, but it continues to serve as a significant
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Fig. 2 Structures of natural and synthetic CDNs that induced STING-mediated anti-tumour immune response.
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compound for investigating host-pathogen interactions and
evolutionary differences in STING signalling.*® Although 2/,3'-
cGAMP and 3',3'-cGAMP effectively activate STING and elicit
strong immunological responses, their inadequate membrane
permeability, vulnerability to enzymatic degradation, and
restricted species-specific efficacy limit their practical applic-
ability. To address these issues, researchers have synthesised
STING agonists ADU-5100 (also referred to as MIW815), MK-
1454, E-7766, and TAK-676 (Fig. 2). These compounds are
structurally designed to improve stability, cellular absorption,
and efficacy across various hSTING isoforms, rendering them
more appropriate for therapeutic applications. ADU-S100, one
of the first synthetic CDNs developed by Aduro/Novartis, is a
phosphorothioate-modified CDN designed for intratumoural
injection that elicits a strong IFN response, activates APCs, and
enhances T cell infiltration within the TME. It has advanced to
phase 1 clinical trials for metastatic triple-negative breast
cancer (TNBC) and melanomas, utilised both as a monotherapy
and in conjunction with ICIs such as anti-PD-1 antibodies
(NCT02675439 and NCT03172936).>° Nonetheless, despite its
manageable toxicity and satisfactory response in the aforemen-
tioned clinical trials, the phase 2 clinical study of ADU-S100
for recurring or metastatic squamous cell carcinoma
(NCT03937141) was discontinued due to insufficient anti-
tumour activity.>!

MK-1454, recently developed by Merck, mimics natural
CDNs and is being examined in clinical trials for advanced
solid tumours.>® In clinics MK-1454 was either administered
alone or in conjunction with the anti-PD1 drug pembrolizumab
(NCT03010176). In monotherapy, MK-1454 did not elicit any
response; however, in combination therapy with pembrolizu-
mab, it exhibited partial responses of up to 24%, with a median
reduction of 83% in the size of the target tumour.>® Despite this
promising efficacy, the safety profile of MK-1454 presents
challenges. The study demonstrated that treatment-related
adverse events (TRAEs) occurred in 82-83% of patients in
both monotherapy and combination therapy arms, with
grade >3 events in 9-14%, and treatment discontinuation
due to TRAEs in approximately 7% of patients in the combi-
nation arm. Notably, cytokine storm-like responses were
observed upon dose escalation, characterized by marked
increases in circulating pro-inflammatory cytokines, including
IL-6 and IP-10, alongside robust induction of STING-responsive
gene expression.>” In a phase II clinical trial involving patients
with recurrent head and neck squamous cell carcinoma
(NCT04220866), the combination regimen attained a signifi-
cantly elevated objective response rate, with 50% of patients
demonstrating a noticeable therapeutic benefit, in contrast to
merely 10% of those administered pembrolizumab alone. The
median progression-free survival significantly increased from
1.5 months in the monotherapy group to 6.4 months with the
combined therapy. Despite these promising efficacy results, the
safety profile presented considerable challenges: 62.5% of
patients undergoing the combination therapy encountered
severe TRAEs, and 37.5% were compelled to terminate therapy
prematurely due to toxicity.>* Collectively, these clinical
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findings indicated that MK-1454 effectively activates the STING
pathway and promotes antitumor activity; however, it also
induces cytokine storms associated with vascular leak syn-
drome, potentially contributing to its discontinuation and
highlighting the limited therapeutic window of this systemi-
cally active STING agonist.

E7766, developed by Eisai, represents another unique class
of synthetic STING modulators distinguished by improved
antitumour responses in preclinical and clinical studies.’”>®
Unlike traditional CDNs, E7766 possesses a non-nucleotide
macrocyclic structure, enabling sustained STING activation
while reducing systemic toxicity.’”*® As of now, a business
decision unrelated to safety has led to the withdrawal
and termination of both clinical trials (NCT04144140 and
NCT04109092) employing E7766 for advanced solid tumours.
TAK-676 (also known as dazostinag) is another synthetic STING
agonist that demonstrated significant immunomodulatory
effects in preclinical conditions and permitted dose-
dependent activation of immune cells and the generation of
proinflammatory cytokines, thereby confirming its efficacy as a
potent stimulator of innate anti-tumour immunity.>® In clinical
trials (NCT04420884), TAK-676 administration triggered pro-
gressive activation of STING pathways, associated with
increased expression of IFN-y and IFN-y-inducible protein 10
(IP-10).°° In another clinical trial (NCT04541108), intratu-
moural microdosing of TAK-676 either as monotherapy or in
conjunction with standard chemotherapeutics induced IFN
signalling, with combination therapy yielding superior local
apoptotic responses compared to chemotherapy alone.®" These
preliminary results suggest a favourable and controllable safety
profile of TAK-676; however, further data are needed to com-
pletely realise its potential as a therapeutic option for advanced
solid tumours.

2.2 Synthetic small molecules as ¢cGAS-STING agonists

Although CDN-based cGAS-STING agonists had strong immu-
nostimulatory effects, their poor pharmacokinetics and
restricted systemic potency have constrained their clinical
application.®®> New approaches to cancer immunotherapy
revolve around the design and development of organic scaf-
folds. These agonists have enhanced pharmacokinetic profiles
and increased selectivity and potency towards STING by releas-
ing more IFN-I, which subsequently augment T cell activation
and induce tumour regression in several murine models. This
section restricts its discussion to research published in the past
two years. Readers interested in a comprehensive examination
of prior studies are advised to refer to the cited literature.>®%**

2.2.1 Canonical (direct) small-molecule STING agonists.
Canonical small-molecule STING agonists are compounds that
directly bind to the STING protein, inducing conformational
changes, dimerization, and downstream signaling. These mole-
cules mimic the natural CDN ligands, activating the cGAS-
STING pathway to trigger IFN-I and other immune responses.
The molecular structures of the pioneering organic STING
agonists are shown in Fig. 3, illustrating the key scaffolds that
enable direct STING binding and activation. Analysis of these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative organic STING agonist scaffolds. DMXAA and
SNX281 were terminated in clinical trials, HG381 (NCT04998422) is
currently in clinical evaluation, and MSA-2 and SR-717 have not entered
clinical trials.

early scaffolds highlights the importance of defined heteroaro-
matic cores, strategic polar functionalities, and conformational
rigidity in enabling effective STING binding and downstream
interferon signaling, thereby providing a structural blueprint
for subsequent scaffold optimization.

Within the first generation of compounds, 5,6-dimethylx-
anthenone-4-acetic acid (DMXAA) was identified as one of the
earliest synthetic small-molecule agonists of mSTING, exhibit-
ing pronounced immunomodulatory activity.> Structural
investigations revealed that DMXAA exclusively binds to
mSTING, but not to hSTING, which explains its lack of efficacy
in human clinical trials despite demonstrating significant anti-
tumour effects in murine models.®® Later, another research
group further substantiated his mechanism by demonstrating
that intratumoural injection of DMXAA in mice elicits strong
CD8" T cell responses and facilitates substantial tumour regres-
sion in a STING-dependent manner.®” These proof-of-concept
investigations established DMXAA as a novel structure for the
development of non-CDN small molecule STING agonists with
enhanced efficacy against hSTING. The reverse optimization of
compound OS-1, a structural counterpart of DMXAA, has
recently been conducted, resulting in the synthesis of a series
of new STING agonists.®®®® Among them, 0S-2 was identified to
be most potent and has been determined to be safe in experi-
ments involving human peripheral blood mononuclear cells,
as it does not independently trigger the production of
cytokines (IFN-B, CXCL-10, and IL-6) but specifically enhances

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cGAMP-dependent STING activation (Fig. 4). By modifying
STING oligomerization, OS-2 augments innate immune
responses while reducing systemic hyper-activation and off-
target cytokine production. Furthermore, it exhibited signifi-
cant anticancer efficacy against the B16.F10 murine melanoma
model, which was further increased when used in combination
with 2/,3'-cGAMP or the PD-L1 antibody. Although DMXAA and
0S-1 were included primarily as reference molecules, a quali-
tative structure-activity relationship can be inferred from their
comparison with the newly developed compound OS-2. DMXAA
contains a xanthone scaffold with a C4-linked carboxyl moiety.
Scaffold replacement with an acridone core in 0S-1, achieved
through oxygen-to-nitrogen substitution, removal of the car-
boxyl group, and introduction of a C2-methoxy group while
retaining the 5,6-dimethyl pattern, established the first broad-
spectrum human- and murine-STING-active scaffold. Further
optimization of the acridone core in OS-2, including the
incorporation of an N-ethyl acetate substituent and fine-
tuning of methyl and methoxy groups, generated a selective
STING synergist with tumor microenvironment-restricted activ-
ity. Collectively, these compounds illustrate a scaffold-driven
structure-function progression from a murine-specific agonist
to a broad-spectrum activator and finally to a context-
dependent synergist, highlighting the impact of scaffold choice
and targeted substitutions on STING modulation.

Recently, Sun et al. used DMXAA as the initial reference
scaffold to develop a library of 26 tricyclic derivatives in which
the overall tricyclic topology was retained while key structural
elements were systematically modified.”” These modifications
included replacement of the xanthone core with sulfur-
containing tricyclic isosteres to modulate electronic properties,
as well as introduction of methoxy substituents at selected
positions to fine-tune electron density, lipophilicity, and steric
profile. In addition, an alkyl chain linker was introduced to
extend polar functionality beyond the rigid tricyclic core and
enable additional intermolecular interactions. Screening of this
tricyclic series identified OS-3 as the most active compound,
capable of activating both mSTING and hSTING (Fig. 4). While
0S-3 was derived from DMXAA at the design stage, extensive
scaffold modification resulted in a structure that is chemically
closer to MSA-2 (a first-generation cell permeable STING ago-
nist appropriate for oral administration) than to DMXAA.”""?
This evolution reflects a shift from a xanthone-based frame-
work toward a sulfur-containing tricyclic architecture opti-
mized for STING activation. In OS-3, the presence of a
carboxyl group may reduce cellular permeability, potentially
limiting its anticancer efficacy in vivo; therefore, the authors
transformed OS-3 into a series of ester prodrugs. Among them,
the methyl ester derivative, OS-4, was recognized as the most
promising candidate (Fig. 4). OS-4 activated mSTING in THP1
cells (EC5o = 9 pM) and was significantly more potent when
compared with DMXAA (ECs, = 23 uM). Moreover, it signifi-
cantly increased IFN-B production and improved STING, IRF3,
and TBK1 phosphorylation, indicating strong STING pathway
activation. In addition, OS-4 had a 5.9-fold greater membrane
permeability compared to OS-3, indicating enhanced cellular
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absorption and tissue distribution. In an immunosuppressive
pancreatic cancer model, OS-4 in conjunction with anti-PD-1
significantly inhibited tumour development, resulting in
75% tumour growth inhibition (TGI) via subcutaneous
administration (50 mg kg™ ") and 65% via oral administration
(60 mg kg ), with negligible toxicity. Following this, the same
research group developed another class of STING agonists by
integrating an intramolecular hydrogen bond to mimic the
rigid tricyclic conformation of 0S-4, replacing sulfur with
selenium and introducing an ethyl hydrophobic group at the
o-position of the side chain.”® Of the synthesized compounds,
0S-5 proved to be the most promising contender, exhibiting
significant potency in activating the STING pathway (Fig. 4).
0S-5 facilitated significant phosphorylation of STING and its
downstream effector IRF3, hence augmenting the synthesis and
release of IFN-I, especially IFN-B. Furthermore, the oral

RSC Chem. Biol.

administration of 08-5 (60 mg kg ') exhibited substantial
anticancer efficacy in the MC38 colon carcinoma model, lead-
ing to complete tumour regression and extended survival
benefits. Interestingly, its therapeutic efficacy surpassed that
of MSA-2, underscoring OS-5 as a sophisticated next-generation
oral STING agonist with considerable translational potential.
Surya et al. posited that the N-benzyl substitution would
be more effectively aligned with the bioactive conformation
by rigidifying the urea-based core and eliminating one
benzylic carbon from their previous heterobicyclic STING
modulators.”*7® Based on these structural insights, they
synthesized a series of tricyclic compounds as potential STING
agonists.”” Following a comprehensive structure-activity rela-
tionship (SAR) investigation, 0S-6 was identified as a lead
candidate, demonstrating significant activation of key hSTING
variants while exhibiting no activity against mSTING (Fig. 4).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Moreover, 0S-6 significantly induced the release of pro-
inflammatory cytokines. Intratumoural administration of OS-
6 in hSTING knock-in mice bearing MCA205 fibrosarcoma
tumours produced marked TGI (72%). Recently, Zhao et al.
discovered 0OS-7, a small molecule with noteworthy effects on
the STING pathway, target interactions, and anti-tumour
immune activity (Fig. 4).”® Genomic transcriptomic analysis
revealed that OS-7 treatment enriched interferon response and
IL-6-JAK-STAT3 signalling pathways. By employing STING defi-
cient cell lines, the authors found that OS-7 activates TBK1-
IRF3 in a STING dependent manner. In murine models, intra-
tumoral injection of 0S-7 (300 pg per mouse) greatly reduced
tumour growth by promoting immune cell infiltration and
showed potent efficacy against refractory cold tumours
(MC38, CT26, and B16F10). Meanwhile, intraperitoneal admin-
istration at doses of 5, 10, or 20 mg kg ' every two days
inhibited tumor growth in a dose-dependent manner.

Xie et al. recently developed a STING agonist, OS-8, and
elucidated its mechanism of action (Fig. 4).”° Crystal structure
revealed that OS-8 binds and activates both hSTING and
mSTING. Its side chain penetrates deeper into the hSTING,
which results in higher activity than that of the nucleotide-
based STING agonist ADU-S100. Further mechanistic studies
demonstrated that OS-8 produces dose- and time-dependent
activation of TBK1 and IRF3, enhancing anticancer cytokines
(IFN-B, IL-2, IL-12, and IP-10), inflammatory mediators (TNF-o,
IL-1B, IL-6), immunosuppressive IL-10, as well as chemokines
and growth factors connected to immune activation and tissue
repair. Furthermore, in syngeneic tumour models, OS-8 exhib-
ited substantial efficacy against melanoma, kidney, colon, and
breast cancers, an effect abolished in STING-KO mice, exhibit-
ing STING reliance.

SR717, alongside DMXAA and MSA-2, represents one of the
early non-nucleotide STING agonists that stimulated interest in
the design of structurally related analogues. Building on this
scaffold, Zhang et al. explored a series of bipyridazine deriva-
tives and identified compound 0S-9 (Fig. 4) as a particularly
potent analogue with improved pharmacological properties
relative to SR717.%%" Using the cocrystal structure of SR717
bound to STING as a structural reference, the authors proposed
a binding model for 0S-9. Closer inspection of the binding
model further revealed a compact, unoccupied region sur-
rounding the pyridazine ring, indicating an opportunity for
structural elaboration. This observation guided subsequent
SAR optimization. In a later study, the pyridazine ring was
replaced with an imidazole core, a modification that both
preserved the essential water-mediated hydrogen-bond network
and enabled the introduction of additional substituents into
the previously unused pocket space. This rational scaffold
modification ultimately led to the discovery of 0S-10, a highly
potent STING agonist with remarkable binding affinities to
various hSTING variants and mSTING (Fig. 4).*> 08-10 exhib-
ited significant cellular activity as compared to both SR-717 and
0S-9. Western blot analysis revealed that in comparison with
SR-717, 0S-10 promoted a concentration-dependent phosphor-
ylation of STING and its downstream effectors TBK1, IRF3, and
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p65 in THP1 cells. The RT-qPCR study also demonstrated that
0§-10 significantly upregulated the mRNA expression of STING-
responsive genes IFNB1 and IL6 in a dose-dependent manner,
thereby further validating its potential to activate the STING
pathway. Moreover, 0OS-10 exhibited markedly improved phar-
macokinetic properties compared to SR-717, including an
extended half-life (7.65 h vs. 1.8 h), reduced clearance
(11.2 vs. 123 mL min ' kg '), and greatly enhanced plasma
exposure. OS-10 achieved marked TGI (74.45%) when intrave-
nously administered (10 mg kg™ ') in the B16.F10 xenograft
mouse model. In addition, OS-10 exhibited a significantly
stronger inhibitory effect on the development of lung nodules
linked to tumour metastasis. It also augments the infiltration of
immune cells within the TME, specifically elevating the num-
ber of CTLs in comparison to the control and SR-717 groups.

2.2.2 Nonclassical small-molecule STING agonists. In con-
trast to canonical STING agonists, nonclassical small-molecule
STING agonists activate STING signaling through DNA damage-
associated mechanisms rather than direct binding to the
STING protein. By inducing genomic instability, DNA strand
breaks, replication stress, or G-quadruplex stabilization, these
molecules promote the accumulation of cytosolic nuclear or
mitochondrial DNA, thereby triggering cGAS-dependent DNA
sensing. This upstream activation ultimately converges on
STING signaling and downstream interferon responses. This
subsection summarizes representative small molecules that
exemplify this indirect and mechanistically distinct mode of
STING pathway activation.

Perylenediimide derivatives have become attractive biome-
dical agents because of their electron-deficient core, which
promotes the production of endogenous reactive oxygen spe-
cies (ROS) by enabling radical anion generation in hypoxic
tumours. Furthermore, their amenable sites facilitate the sub-
stitution of sulfonic acid to enhance the stability of CDNs,%*75°
Leveraging these features, Ying, Huang and co-workers synthe-
sized a sulfonated perylene termed as OS-11 (Fig. 5).*® The
compound elicits ROS, resulting in the destruction of mito-
chondrial DNA (mtDNA) and nuclear DNA (nDNA), hence
facilitating the synthesis of 2’, 3’-cGAMP. Furthermore, OS-11
attained a half-life of 8.22 hours, providing sufficient duration
to effectively inhibit the enzymatic hydrolysis of 2’, 3’-cGAMP.
Upon administration, OS-11 activated the cGAS-STING
signalling pathway, demonstrated by a 13.7% augmentation
in helper T cells and a 2.5- to 2.6-fold elevation in CTLs,
consequently exhibiting substantial anticancer activity in
tumour-xenografted mice.

G-quadruplexes (G4s) are non-canonical nucleic acid config-
urations driven by guanine-rich DNA or RNA sequences via
stacked G-tetrads through Hoogsteen hydrogen bonds.®”*® In
addition to nDNA, they also found in mtDNA, where the lack of
protective histones facilitates their development.®® By disrupt-
ing replication machinery, mtDNA G4s undermine mitochon-
drial genome stability, a weakness that can be leveraged for
cancer therapy, as G4 stabilization impedes critical pathways in
tumour progression.’>®" In this effort, Wang et al. developed a
small library of triphenylamine-based compounds through the
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Fig. 5 Nonclassical small molecule STING agonists that activate STING through a DNA damage-associated mechanism.

Knoevenagel condensation reaction. These compounds exhib-
ited the ability to target mtDNA G-quadruplexes to combat drug
resistance and improve anti-tumour immunity in TNBC.’?
Among the synthesized compounds, 0OS-12 demonstrated the
highest potency with significant therapeutic activity (IC5, =
1.8 + 0.1 uM) against TNBC cells (Fig. 5). Subsequent studies
demonstrated that OS-12 preferentially accumulates in the
mitochondria, induces mtDNA damage, disrupts mitochon-
drial membrane potential (MMP), and generates ROS.
Damaged mtDNA triggered the cGAS-STING pathway, which
led to DC maturation and cytokine upregulation (IFN-f, ISG54,
IL-6, and TNF-0). Moreover, 0S-12 (2.5 mg kg ) inhibited
tumour growth and metastasis in 4T1 cell-bearing mice
through the modulation of the TME, including macrophage
remodelling and T cell activation. Interestingly, OS-12 has
become the first reported compound that activates the cGAS-
STING immunomodulatory pathway by specifically targeting
mtDNA G4s.

Phototherapy utilizes photosensitizers (PSs) to induce cellu-
lar death by the generation of ROS or heat.”*** Driven by these
benefits, recent research focuses on constructing organelle-
targeted aggregation-induced emission (AIE) photosensitizers
that are suitable for hypoxic conditions and capable of generat-
ing ROS to alleviate tumour hypoxia, facilitate DNA release, and
augment cGAS-STING activation.”™®” Zhao et al. developed
cationic AIE photosensitizers (0S-13, Fig. 5) that promote
mitochondria-to-nucleus translocation for targeted cancer ther-
apy by stimulating the cGAS-STING signalling pathway.’® The
PS was developed by integrating N,N-dimethyl-substituted tet-
raphenylethene (TPE) and the thiophene donor with benzothia-
zolium or the thiazolium acceptor, yielding NIR-II emission at
1080 nm and type I ROS generation. The twisted TPE unit
equilibrates radiative and non-radiative decay, enabling a
photothermal conversion efficiency of 63.6%. Upon exposure
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to 635 nm laser irradiation, 0OS-13 caused mitochondrial
damage, nuclear translocation, and the release of mitochon-
drial and nuclear DNA fragments. This leads to increased
amounts of phosphorylated STING in cells, activation of several
STING-related proteins, and the induction of ICD through the
release of DAMPs. Moreover, following the encapsulation in
DSPE-PEG nanoparticles (NPs) and upon intravenous adminis-
tration in CT26 xenograft BALB/c mice, 0OS-13 exhibited rapid
tissue penetration (<6 h) and high-contrast NIR-II FLI/PTI-
guided phototoxicity, leading to efficient solid tumour ablation.

Recently, Zeng et al. synthesised a multifunctional PS (OS-
14, Fig. 5) via a biotin targeted-group-assisted methodology.”
0S-14 was engineered to interfere with the pyroptosis and
stimulate the cGAS-STING pathways, thus augmenting both
innate and adaptive anti-tumour immunity. Cellular studies
revealed that OS-14 selectively accumulated in lysosomes
through energy-dependent endocytosis and when exposed to
light (580 nm, 40 mW c¢m 2, 5 min), exhibited significant
phototoxicity across all breast cancer cell lines. 0OS-14 damages
mitochondria, releases mtDNA, and activates the cGAS-STING
pathway by upregulating the phosphorylation of critical pro-
teins, including IRF3, TBK1, and STING. Moreover, OS-14
treatment induces substantial morphological changes in can-
cer cells, characterised by balloon-like membrane growth
instead of the conventional apoptotic cell shrinkage and
membrane blubbing, confirming a pyroptosis-like mode of cell
death. In addition, confocal microscopic images showed that
light activated OS-14 treatment caused a cytoplasmic Ca>" surge
that accumulated in mitochondria, resulting in Ca®>" overload
and subsequent mitochondrial dysfunction. In MCF-7 tumour-
bearing nude mice, the intratumoural administration of 0S-14
led to a complete reduction in tumour growth, accompanied by
negligible changes in murine body weight, indicating signifi-
cant anticancer efficacy and low systemic toxicity.
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2.3 Metal-based compounds as cGAS-STING activators

In addition to CDNs and organic scaffolds, recent focus has
turned to metal-based compounds as a novel category of cGAS-
STING pathway activator. The unique chemistry of metal cen-
tres, which includes various coordination geometries, variable
oxidation states, and the ability to establish interactions unat-
tainable by just organic molecules, offers avenues to alter
pathways innovatively.'°>'°* Moreover, metal-based com-
pounds have adjustable physicochemical characteristics, such
as stability, solubility, and cellular absorption, which can be
utilized to enhance immunostimulatory efficacy.'®*'% These
attributes render these compounds as a compelling foundation
for the systematic development of next-generation cGAS-STING
activators. This section addresses the metal-based compounds
developed within the past two years that activate the cGAS-
STING pathway and trigger the anti-tumour immune response.

Conventional platinum drugs primarily target nDNA,
adversely affecting both healthy and malignant cells, whereas

(B)
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newer platinum complexes act on organelles, proteins, signal-
ing pathways, or mtDNA to induce cytotoxicity.'’***® Guo,
Wang, and co-workers developed a monofunctional trinuclear
platinum complex, MC-1 (Fig. 6A), that forms DNA adducts and
exhibits strong cytotoxicity against lung carcinoma cells.'®
Their recent study revealed that MC-1 selectively impairs
mtDNA in A549 cells, while exerting little effect on HK-2 cells,
indicating mutation-dependent targeting."'® Upon mechanistic
investigations, they found a robust binding of MC-1 to
DNA, mediated by long-range crosslinks and DNA condensa-
tion, which is attributed to its trident structure and high
positive charge (Fig. 6B and C). Confocal microscopic images
demonstrated that mitochondrial fluorescence nearly disap-
peared while nuclear fluorescence remained intact, further
confirming that MC-1 selectively damages mtDNA (Fig. 6D).
Western blot analysis revealed the activation of the cGAS-
STING pathway, displaying increased levels of cGAS, STING,
p-TBK1, IRF3, p-IRF3, and IFN-B. In contrast, CDDP induces a
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Fig. 6 Chemical structure of MC-1 (A
distributed guanine and adenine residues and polyacrylamide gel electrophoresis patterns of circular DNA after treatment with different concentrations
of cisplatin and MC-1 (B) and (C). Confocal microscopic images illustrating the release of mtDNA upon respective treatment (D). Expression of cGAS,
STING, IFN-B, p-TBK1, IRF3, p-IRF3, BAK, and BAX proteins after treatment with CDDP and MC-1 (E). Adapted and modified with permission from ref. 110.
Copyright 2025 American Chemical Society.
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weaker pathway activation, primarily through nDNA damage,
highlighting MC-1 as a more potent cGAS-STING activator
(Fig. 6E).

Combination therapy has generated interest among oncolo-
gists and bioinorganic chemists due to the synergistic effects
produced by the individual drugs against tumours."'’ For
example, a nanosystem that simultaneously administers the
chemotherapeutic drug SN38 and the STING agonist DMXAA
has been documented to provoke a robust STING-mediated
anti-tumour immune response in various murine models."*?
But single-molecule multitargeted drugs are preferred over
combination therapy because they are easier to use, have a
lower chance of interactions, have predictable pharmacology,
and improved safety and efficacy.’"*""* With this in mind, Guo
et al. constructed two Pt" conjugates (MC-2 and MC-3, Fig. 7)
by tethering STING agonist MSA-2 at the axial positions of
oxoplatin.""® Among them, MC-2 showed potent cytotoxicity
across multiple cancer cell lines and robust anti-tumour activity
in C57BL/6 Pan02 tumours. Mechanistic studies revealed that
MC-2 enters cancer cells via energy-dependent transport, is
reduced to cisplatin for DNA binding, and uniquely upregulates
innate immunity and metabolic genes, including pyrimidine
metabolism (rare among Pt drugs).

MC-2 stimulated the STING pathway in bone-marrow DCs
and induced the release of immunogenic factors (IFN-f and IL-
6) from cancer cells. Flow cytometry and single-cell RNA-seq
revealed enhanced NK-cell infiltration and activation of T cells
and DCs, which confirmed a strong anti-tumour immune
response. The authors concluded that integrating a DNA-
damaging agent and a STING agonist within a single molecule
amplified STING activation and fully engaged both innate and
adaptive immunity, thereby supporting its promise as a future
cancer immunotherapy, potentially in combination with anti-
PD-1/PD-L1 therapy.

Yang et al. constructed a triple-action Pt" prodrug (MC-4,
Fig. 7) by conjugating the STING agonist MSA-2 and a carbonic
anhydrase IX (CAIX)-targeting moiety to the axial positions of
oxoplatin."*® HPLC analysis confirmed that MC-4 is reduced to
release cDDP together with its axial payloads (MSA-2 and CAIX).
Under hypoxic conditions, MC-4 showed 2- to 7-fold increase in
toxicity against several cancer cell lines. Mechanistic studies
confirmed that the complex caused significant DNA damage
and induced apoptosis through the activation of PARP and
caspase-3. Moreover, MC-4 was selectively internalized by
hypoxic colon cancer cells via CAIX-mediated endocytosis.
The compound obstructed extracellular acidification and the
spread of colon cancer cells by inhibiting HIF-1o-mediated
CAIX expression. Furthermore, MC-4 stimulated STING signal-
ling, enhanced IRF3 phosphorylation and cytokine production
in HT29, THP-1, and RAW264.7 cells. In CT-26 tumours, the
complex exhibited enhanced efficacy, diminished toxicity, miti-
gated hypoxia, and remodelled the TME by augmenting the
infiltration of NK cells and M1 macrophages while reducing M2
macrophages.

Acetaminophen is well-known to inhibit Sam50, a mitochon-
drial protein that connects the inner and outer membranes,
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resulting in membrane remodelling and the release of
mtDNA.""”"*® In hepatocytes, this mtDNA release triggers the
STING pathway, leading to the accumulation of inflammatory
factors and liver damage.''® Wei et al. tethered acetaminophen
to the axial locations of oxaliplatin (Oxa) to form a dual-action
Pt" complex (MC-5, Fig. 7)."*° MC-5 exhibited ten-fold higher
cytotoxicity in comparison with its parental complex and trig-
gered the innate immune response and IFN-I pathway. It
suppresses Sam50 protein production, allowing Bax proteins
to form mitochondrial membrane holes and release more
mtDNA. The complex induces mitochondrial oxidative stress
increased NLRP3 inflammasome production, triggering
caspase-1 maturation for GSDMD-mediated pyroptosis. More-
over, MC-5 promotes DCs maturation, cytotoxic T cell infiltra-
tion, and anti-tumour immune factors, consequently
promoting a “cold” to “hot” TME. In addition, MC-5 shrinks
lung nodules and improves the efficiency of ICI in tumour
metastasis models.

Copper metabolism plays multiple roles in cancer
progression.”! It stimulates cellular proliferation, enhances
oncogenic signalling, facilitates metastasis, promotes angio-
genesis, and enables immune evasion (cuproplasia). Conver-
sely, copper inhibits tumour growth by activating regulated cell
death pathways including apoptosis, pyroptosis, necroptosis,
ferroptosis, and autophagy, as well as by activating anti-tumour
immunity."**™"** As a nonapoptotic pathway, cuproptosis is
characterized as a copper-dependent cell death resulting from
copper binding to lipoylated tricarboxylic acid cycle enzymes,
which induces protein aggregation, proteotoxic stress, and
ultimately cell death.'>>'?° Recently, the dipyridophenazine
copper complex, Cu-DPPZ, has been modified with a phenyl
group (Ph) and a pyridine cation group (Py') to obtain two
structurally similar copper complexes (MC-6 and MC-7, Fig. 7)
for the purpose of examining the distinct immune signalling
mechanisms elicited by copper-mediated cuproptosis or
apoptosis.’*” Cellular investigations illustrated that MC-7
preferentially targets mitochondria relative to MC-6,
facilitates the release of cytochrome C from mitochondria,
and induces substantial aggregation of dihydrolipoamide
S-acetyltransferase for cuproptosis without triggering the apop-
totic pathway. Moreover, in comparison to CDDP, MC-7
induces a significantly more robust activation of various
immune and inflammatory pathways, including the TNF sig-
nalling pathways, the herpes simplex virus 1 infection pathway,
IL-17 signalling, and the cytosolic DNA-sensing pathway, indi-
cating a more extensive immunomodulatory effect. Because
cuproptosis causes mtDNA to become more abundant in the
cytoplasm, the author discovered that MC-7 increased the
expression of p-IRF3 and p-STING proteins, which in turn
caused the release of interferons. Furthermore, in bilateral
4T1 tumour models, MC-7 markedly enhanced the maturation
of DCs and demonstrated superior T cell activation and
infiltration relative to MC-6. This implied that the activation
of innate immunity by cuproptosis depended on mitocho-
ndrial targeting provided by carbon-nitrogen single-atom
transmutation.
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Benzo[i]dipyrido[3,2-a:2',3"-c]phenazine (dppn) is a planar, insertion between DNA base pairs, thereby stabilizing the DNA-

extended polyaromatic ligand well-known for its strong DNA- ligand complex through n-= stacking interactions.'*® Mao, Tan,
intercalating ability. Its large, rigid n-conjugated system allows and colleagues had developed a highly luminous Rh™ complex
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Fig. 7 Structures of recently developed metal-based compounds as STING agonists for anti-tumour immunotherapy.
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by integrating the mtDNA intercalating ligand dppn (MC-8,
Fig. 7). MC-8 was designed to activate the STING signalling
system, thereby augmenting anti-tumour immune responses
for cancer immunotherapy.'®® Cellular studies demonstrated
that MC-8 inserted its biological action predominantly by
targeting mitochondria, where it damaged mtDNA, signifi-
cantly disrupting nucleotide anabolism and affecting the avail-
ability of essential metabolites involved in DNA methylation
processes. RNA sequencing investigation revealed that MC-8
therapy induced extensive changes in 5-methylcytosine (5mC)
DNA modification patterns. This epigenetic remodelling served
as a powerful immunogenic signal that activated the STING
pathway, leading to significant IFN-I production. To enhance
solubility and distribution, MC-8 had been encapsulated within
human heavy-chain ferritin (HFn) nanocages. In vivo findings
indicated that the HFn-MC-10 nanoconstruct significantly sti-
mulated a robust anti-tumour immune response and inhibited
both primary and distant tumours in Balb/C mice carrying U14
cancers.

The self-assembly of therapeutic compounds into nanoscale
structures reduces toxicity, immunogenicity, and stability
issues associated with synthetic carriers, while enhancing for-
mulation and delivery efficiency.>*"** Ling and colleagues
synthesized a ruthenium complex in which two ancillary
ligands bear triphenylphosphine-modified alkyl chains, while
the core ligand is a bioactive derivative of the B-carboline
alkaloid (MC-9, Fig. 7)."*> Owing to its ability to engage in
numerous noncovalent intermolecular interactions, MC-9
autonomously self-assembles into stable NPs with a uniform
spherical morphology. Flow cytometry results revealed that
light-activated MC-9 induced 20-fold increase in cellular ROS
levels and mitochondrial activities were considerably impaired.
To directly investigate the ability of MC-9 to trigger the cGAS-
STING pathway, the authors first assessed the presence of
cytoplasmic dsDNA. Confocal microscopy results demonstrated
the appearance of large, intensely fluorescent mitochondrial
nucleoids dispersing into the cytoplasm, confirming the
presence of dsDNA. In addition, YH2AX, an indicator of DNA
damage, was significantly upregulated. Consequent analysis
revealed that MC-9 driven PDT treatment markedly boosted
the expression of cGAS and p-STING. In the 4T1 murine
xenograft model, MC-9 markedly suppresses the growth of both
primary (58%) and distant (84%) tumours relative to the control
groups, while no significant alteration in the weight of the mice
was recorded, suggesting an absence of noticeable adverse
effects.

Thiosemicarbazones represent a distinct class of anticancer
agents, defined by a structure that includes one sulfur atom
and two nitrogen atoms with lone pairs, which endows them
with substantial metal-binding potential.”**'*> Considering
this, a series of Ru" 1,10-phenanthroline-2,9-diformaldehyde
thiosemicarbazone complexes were synthesised, and their SAR
was assessed."*® Among the developed compounds, the arene
binuclear Ru" complex MC-10 exhibited superior potency,
significant cytotoxicity, and pronounced mitochondrial accu-
mulation in tumour cells (Fig. 7). In order to enhance MC-10
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in vivo targeting and administration, an apoferitin-based nano-
drug system (AFt) was developed. TEM revealed that MC-10 AFt
NPs exhibited a spherical morphology with a diameter of
11.6 nm. Following treatment with MC-10/MC-10 AFt NPs, there
was an elevation in cGAMP levels and a notable upregulation of
p-STING, p-IRF3, and p-TBK1, but non-phosphorylated proteins
remained unaltered. pSTING was also significantly upregulated
in tumour tissues, while p-IRF3 was elevated and translocated
into the nucleus, indicating that MC-10/MC-10 AFt NPs stimu-
lated the cGAS-STING pathway both in vivo and in vitro.
Furthermore, the therapeutic efficacy of MC-10 AFt NPs in
mouse models surpassed that of MC-10, demonstrating a
greater TGI (69.3% compared to 43.6%). They also exhibited
enhanced antimetastatic efficacy, resulting in a reduced num-
ber and size of lung nodules compared to MC-10.

Impaired protein folding and dysregulated protein
degradation in cancer cells lead to the accumulation of mis-
folded proteins in the ER. This disruption of ER proteostasis
induces ER stress, subsequently activating the unfolded
protein response to restore cellular homeostasis or trigger
apoptosis.”*”*® In this context, cholic acid-conjugated pro-
drugs preferentially accumulate in the ER of cancer cells,
exacerbating ER stress, disrupting MMP, and elevating ROS
levels, thereby inducing both ICD and necrosis.'****° Recently,
a cholic acid-modified Ru™ complex has been developed to
combine effective photodynamic activity with selective ER
delivery (MC-11, Fig. 7)."*" MC-11 effectively produces singlet
oxygen when exposed to light (450 nm) and demonstrates NIR-
AIE phosphorescence for imaging. MC-11 preferentially accu-
mulates in the ER of MDA-MB-231 and 4T1 breast cancer cells,
where light activation induces excessive ROS generation and
significant ER stress. This stress significantly increases the
STING signalling pathway, encompassing p-TBK1, p-STING,
and p-IRF3, which induces Golgi stress, pyroptosis, and the
secretion of anti-tumour proteins to trigger ICD. In vivo admin-
istration of MC-11 (5 mg kg ') stimulated the adaptive anti-
tumour immune response and significantly suppressed tumour
proliferation in Balb/c mice carrying 4T1 tumours.

Hydrogen sulfide (H,S) is recognised as a gaseous signalling
molecule and a regulator of intracellular redox balance."**'** 1t
enhances glutathione (GSH) levels by upregulating cystine/
cysteine transporters, promoting precursor ingestion for GSH
synthesis, and redistributing GSH to mitochondria to maintain
redox balance and protect against oxidative stress.'** Increased
H,S concentrations in tumours like colon adenocarcinoma and
melanoma indicate a correlation between H,S metabolism and
tumour advancement.'*>'® This presents a therapeutic
potential since H,S-responsive theranostics can selectively uti-
lize H,S, disturb redox equilibrium, produce ROS, and dimin-
ish GSH to trigger ferroptosis, leveraging tumour-specific H,S
for targeted cancer treatment.*” Building upon this under-
standing, an H,S-responsive Ir'" complex containing an azide-
substituted naphthalimide ligand has recently been synthe-
sized as a ferroptosis inducer (MC-12, Fig. 7)."** MC-12 demon-
strated the capability to distinguish tumours by variations in
H,S levels, preferentially illuminating H,S-rich tumours and
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enabling targeted cancer therapy through light exposure. Sub-
cellular distribution studies demonstrated that MC-12 primar-
ily localizes in mitochondria, where it generates significant
mtDNA damage, hence augmenting anticancer efficacy upon
light irradiation. Moreover, MC-12 induces significant ROS
production and reduces intracellular GSH, hence facilitating
ferroptosis via lipid peroxidation accumulation and the down-
regulation of GPX4, a crucial regulator of ferroptosis. In addi-
tion, MC-12 treatment led to significant mtDNA damage which
consequently activates the cGAS-STING pathway. RNA-seq ana-
lysis further revealed that MC-12 mediated PDT treatment
primarily modifies the expression of genes associated with
ferroptosis, autophagy, and cancer immunology, underscoring
its complex mechanism of anticancer activity.

Inducing a hybrid form of cell death that integrates pyrop-
tosis and ferroptosis constitutes a viable approach for cancer
treatment.'*® Pyroptosis induces significant inflammation and
the secretion of DAMPs and cytokines, whereas ferroptosis
promotes iron-dependent lipid peroxidation and oxidative
stress.’>*™*® Collectively, these pathways can synergistically
boost immunogenic signals, improve tumour APCs, and elicit
more robust innate and adaptive immune responses than
either system independently, providing a potential strategy to
counteract tumour immune evasion. Zheng et al. developed two
Ir'™" triphenylamine PSs with the capacity to simultaneously
induce ferroptosis and pyroptosis for synergistic tumour immu-
notherapy (MC-13 and MC-14, Fig. 7).">* Cellular studies reveal
that both complexes significantly disrupted the intracellular
redox equilibrium, hence rendering tumour cells more suscep-
tible to oxidative stress. Upon exposure to light (425 nm), MC-
13 and MC-14 induced significant DNA damage and impaired
the KEAP1 signalling pathway. Damaged DNA is expelled into
the cytoplasm to activate the cGAS-STING pathway, which was
evident with the upregulation of p-STING and p-IRF3. This also
subsequently facilitated the formation of the AIM2/ASC inflam-
masome, which ultimately resulted in GSDMD-mediated cano-
nical pyroptosis. Concurrently, MC-13 and MC-14 stimulated
the KEAP1/NRF2/HO-1 pathway, which modifies endogenous
iron metabolism and establishes a conducive environment for
lipid peroxidation. This iron dysregulation serves as a vital
molecular link between GSDME-mediated non-canonical pyr-
optosis and GPX4 depletion, thereby synergistically enhancing
ferroptosis.

A cobalt(m)-cyclam prodrug (MC-15, Fig. 7) was developed
with the STING agonist MSA-2 tethered as a releasable payload
to facilitate selective accumulation in cancer tissue and potent
activation of the STING pathway.'”> MC-15 exhibited stability
under physiological conditions, whereas in the TME, it became
locally activated, hence enhancing therapeutic selectivity and
reducing off-target effects. The complex exhibited significant
cytotoxicity against breast cancer cells, markedly inducing DNA
fragmentation and activating the cGAS-STING pathway, as
demonstrated by increased levels of STING, IRF3, and TBK1,
along with their phosphorylated forms. To enhance the phar-
macokinetic and therapeutic profile of MC-15, the complex was
encapsulated in polymeric NPs. Upon administration in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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murine models, the NPs preferentially localised in cancer
tissues, eliciting a vigorous anti-tumour immune response
and considerably inhibiting tumour growth. In the combi-
nation therapy, the intravenous administration of MC-15 NPs
(3 mg CO, kg™') alongside the o-PD-1 (10 mg kg~ ') antibody
resulted in negligible systemic toxicity and achieved nearly full
tumour eradication.

Gold (Au) complexes demonstrated superior anticancer effi-
cacy by inhibiting thioredoxin reductase (TrxR); however, their
clinical advancement has been impeded by stability issues and
adverse side effects."® Recent research efforts aim to tackle
these issues by combining robust electron-donating ligands,
such as N-heterocyclic carbenes (NHCs) and alkynyl groups, to
stabilize the gold metal core. Moreover, anchoring targeting
scaffolds enhances selectivity by guiding complexes to
specific cells or compartments, thereby minimizing off-target
effects.’>”"® Recently, a series of mitochondrial-targeting
Aul-NHC complexes have been synthesized by combining
the liver-targeting scaffold glycyrrhetinic acid (GA) with the
mitochondria-directed TPP+ moiety."*® Among them, complex
MC-16 demonstrated robust generation of ROS, which played a
central role in triggering ICD (Fig. 8). Cellular studies reveal
that MC-16 is partially localized within the mitochondria and
the ER and significantly alters the mitochondrial morphology
and generates ROS, which not only induces cellular stress but
also promotes the release of mtDNA into the cytoplasm. This
cytoplasmic DNA acted as a potent activator of the cGAS-STING
pathway, leading to the production of p-STING and p-NF-Kf.
The combined effect of ROS-induced ICD and cGAS-STING
activation orchestrated a strong anticancer immune response,
as evidenced by enhanced immune cell activation and cytotoxi-
city in both in vitro and in vivo experiments. Notably, intraper-
itoneal administration of MC-16 (5 mg kg™ ') significantly
suppressed tumour growth in a patient-derived xenograft
model of hepatocellular carcinoma, highlighting its therapeutic
potential as a dual-function agent that directly kills cancer cells
and mobilizes anti-tumour immunity.

2.4 Nanomaterials incorporating the metal-based compounds
to activate the cGAS-STING pathway

Nanotechnology offers significant benefits in augmenting drug
solubility, boosting bioavailability, and minimizing systemic
toxicity, rendering it a particularly appealing platform for
cancer immunotherapy.'®*'®> Nanomaterials, especially those
that encapsulate or tether drugs, facilitate the targeted and
sustained delivery of these agents to tumours, thereby
augmenting innate and adaptive immune responses, enhan-
cing APCs, and mitigating the immunosuppressive TME, ulti-
mately improving the efficacy and safety of immune-based
therapies.'®*'® In this section, we discussed the development
(within the past two years) of nanomaterials that involve
encapsulation or tethering of metal-based compounds to acti-
vate the cGAS-STING pathway and trigger the anti-tumour
immune response.

A GSH-responsive nanoparticle, NP2 (Fig. 9A), has recently
been developed to co-deliver a platinum(v) prodrug (Pt"-C12)
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Fig. 8 Chemical structure of MC-16 and a schematic representation of its capacity to activate STING pathways and elicit an immunological response.
Adapted and modified with permission from ref. 159. Copyright 2024 American Chemical Society.

and a WEE1 kinase inhibitor (MK1775).'®” In the reductive
TME, NP2 releases its payload, resulting in the reduction of the
encapsulated Pt" prodrug to active cDDP, which induces DNA
damage and activates the cGAS-STING pathway, while MK1775
simultaneously inhibits DNA repair, yielding a synergistic effect
that amplifies pathway activation. In comparison with free
cDDP, NP2 exhibited superior in vitro anti-tumour activity
and, as demonstrated by RNA-seq, induced DNA damage,
interfered with cell-cycle-related repair mechanisms, and acti-
vated the cGAS-STING pathway. Upon administration in a
murine bladder cancer, NP2 preferentially accumulated at
tumour sites, suppressed tumour growth, and robustly acti-
vated STING signaling, which drove cytokine secretion, DC
maturation, CD8" T-cell and NK-cell infiltration, M1-like polar-
ization of macrophages, and reduced MDSC recruitment, effec-
tively converting “cold” tumour into “hot” one. Additionally,
NP2 upregulated PD-L1 expression and, in combination with
oPD-L1 therapy, significantly augmented splenic central mem-
ory T cells, strengthened immune memory, and suppressed
metastasis and recurrence.

Recently, a polymer featuring a trisulfide bond (Poly3S) was
engineered as a nanoparticle platform to encapsulate and
deliver a Pt prodrug, aiming to overcome cDDP resistance
and reduce systemic toxicity.'®® Poly3S was synthesised using
the condensation polymerisation of bis(2-hydroxyethyl) trisul-
fide and subsequently coassembled with a lipophilic Pt"

RSC Chem. Biol.

prodrug to generate NPs (NP(3S)s, Fig. 9B). In 4T1 tumour
cells, NP(3S)s administration resulted in increased Pt-DNA
adducts compared to both ¢cDDP and the PtV prodrug, demon-
strating a 9.1-fold increase over ¢cDDP and a 2.1-fold rise over
the Pt" prodrug. Flow cytometry and confocal imaging showed
a significant increase in p-IRF3-positive cells, indicating
strong activation of the STING signalling pathway. A transcrip-
tomic study revealed that NP(3S)s treatment resulted in accu-
mulation of oxidative stress and T-cell immunity, indicating a
dual mechanism of intracellular GSH depletion and STING
pathway activation. In 4T1 tumour-bearing mice, intravenous
delivery of NP(3S)s led to selective tumour accumulation,
reduced cisplatin-induced hepatotoxicity without affecting key
organs, and achieved a 66.5% higher inhibition of subcuta-
neous breast tumour growth compared to cDDP. Immunohis-
tochemistry, flow cytometry, and postsurgical rechallenge tests
further validated an enhanced anti-tumour immune response
and decreased tumour recurrence in NP(3S)-treated groups,
underscoring the potential of Poly3S as a dual-function nano-
carrier for Pt'" based chemotherapy.

A synthetic high-density lipoprotein (sHDL) nanodisc was
engineered for dual-modal imaging-guided distribution of a
Pt" prodrug (Fig. 9C and D).'*® Administration of sHDL@Pt
nanodiscs (hydrodynamic diameter = 10 nm) resulted in a 2.2-
fold increase in dsDNA release compared to cDDP, exhibited
improved TGI, and more effectively activated the cGAS-STING

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pathway, as evidenced by significantly elevated phospho- influenced the cGAS-STING pathway by causing DNA damage,
rylation levels of STING, IRF3, and TBK1 in 4T1 cells. Tran- modifying protein phosphorylation, and modulating the
scriptomic investigations also revealed that sHDL@Pt expression of pathway-related genes, consequently augmenting
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immune-stimulatory factors and transforming the immunosup-
pressive TME. In 4T1 mouse tumour models, SsHDL@Pt
(1.0 (kg BM) ) attained a TGI of 76%, in contrast to 57% for
¢DDP, and led to the total survival of treated animals, while the
PBS- and cDDP-treated groups perished after 36 days. Combi-
nation therapy utilising sSHDL@Pt and an anti-PD-1 antibody
resulted in nearly complete tumour regression, attaining a TGI
of 88%, signifying a synergistic impact that enhanced both
cytotoxic and immune-mediated anti-tumour responses. The
authors conclude that SHDL@Pt discs can function as a next-
generation Pt" platform that integrates chemotherapy with
immune checkpoint blockade, providing a flexible approach
for precision immuno-oncology.

A pH- and redox-responsive nanomedicine, DHP/MnO,NPs,
was engineered to enhance the intratumoural accumulation
and retention of Mn>" ions, thereby promoting spatiotemporal
synergy and significantly amplifying STING pathway activation
and improving chemoimmunotherapy for lung cancer
(Fig. 10A)."7° The nanomedicine was prepared using a novel
platinum™-backboned polymer prodrug P(DHP-PEG). P(DHP-
PEG), rich in carboxyl groups, efficiently and stably chelating
Mn*", thus facilitating the formation of DHP/MnO,NPs. Mecha-
nistic studies revealed that DHP/MnO,NPs released ¢cDDP and
Mn** ions in the TME, with ¢DDP causing DNA damage in
tumour cells and then leaking into the cytoplasm, where it
collaborated with Mn®" to activate the STING pathway and
downstream IRF3 and NF-«B signalling cascades. This activa-
tion resulted in significantly increased expression of IFN-§§ and
several proinflammatory cytokines, triggering robust anti-
cancer immune responses. In addition, DHP/MnO,NPs effi-
ciently reversed the immunosuppressive TME by triggering
phenotypic remodelling of tumour-associated macrophages,
leading to a significant increase in the infiltration of
F4/80'/CD86" pro-inflammatory macrophages. DHP/MnO,NPs
exhibited improved anticancer activity in both subcutaneous
and metastatic orthotopic lung cancer murine models. Inter-
estingly, pharmacological inhibition of STING signalling
significantly diminished the anticancer effects and immunos-
timulatory activity of DHP/MnO,NPs, thereby affirming the
pivotal role of STING activation in facilitating the therapeutic
benefits of the nanomedicine.

A rationally designed lipophilic Pt" prodrug (Cis-C8) and a
structurally stable and cytotoxic manganese complex (TPA-Mn)
were developed and co-formulated with DSPE-PEG2000 and a
ROS-sensitive polymer (PCPP) to generate ROS-responsive self-
assembled NPs (NPPt, NPMn, Fig. 10B)."”" MTT assay demon-
strated that NPMn had a significantly lower ICs, value than
c¢DDP across several cancer cell lines, highlighting its substan-
tial anticancer efficacy, while NPPt revealed an even more
pronounced inhibitory effect on tumour cell proliferation com-
pared to NPMn. TPA-Mn activated cGAS independently of
manganese ions and elicited significant anti-tumour effects,
evidenced by a 1.6-fold increase in p-STING levels, which
subsequently augmented the secretion of pro-inflammatory
cytokines (TNF-a, IL-6, and IL-2), stimulated DC maturation,
enhanced CTL infiltration, and reduced the proportion of
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immunosuppressive regulatory T cells. The intracellular con-
version of Cis-C8 into the highly toxic parent compound, ¢cDDP,
induces DNA damage and facilitates the activation of the cGAS-
STING pathway. Interestingly, the combined formulation (NPPt
+ NPMn) enhanced the reservoir of cGAS-sensitive dsDNA while
damaging tumour cell DNA, resulting in the release of both the
Cis-C8 prodrug and TPA-Mn to activate the cGAS-STING path-
way and elicit a vigorous immune response. In conjunction
with o-PD-1 therapy, NPPt + NPMn facilitated DC maturation,
augmented CD8" T cell infiltration, diminished Tregs popula-
tions, and significantly amplified immune activation, thus
inhibiting immune evasion and restructuring the tumour
immune microenvironment in a model of advanced ovarian
cancer peritoneal metastasis.

The use of three-dimensional (3D)-printed bone scaffolds for
localised chemotherapeutic drug delivery has been increasingly
popular in recent years, garnering significant attention as a
component of a more comprehensive and integrated treatment
approach for osteosarcoma (0S).'”>7* By keeping in view,
Chen et al. developed a biodegradable 3D-printed bone scaffold
platform intended to incorporate localised photothermal-
chemotherapy, immune-synergistic therapy, and bone healing
for OS treatment (Fig. 10C and D).'”” The scaffold was devel-
oped by initially synthesising a Pt prodrug, which was
covalently attached to polydopamine (PDA) using an amidation
reaction to produce a composite nanomaterial (PDA@Pt). The
nanomaterial was subsequently integrated into a poly(L-lactic
acid)/bioactive glass matrix to produce a multifunctional com-
posite utilising selective laser sintering technology. Structural
investigation revealed that PDA@Pt NPs displayed a nearly
spherical morphology with slightly rough edges and an average
particle size of around 226.5 nm. Mechanical testing and
in vitro assessments revealed that PDA@Pt NPs exhibited
suitable compressive strength, elevated hydrophilicity, and
significant mineralisation capability, while effectively inhibit-
ing OS cell proliferation and viability upon light treatment
(808 nm, 1.0 W cm™?). Further mechanistic studies demon-
strated that PDA@Pt NPs activate the cGAS-STING signalling
pathway via DNA damage induction, which subsequently facil-
itates DC maturation and increased infiltration of cytotoxic
CD8" T cells into tumour tissues, highlighting its potential for
immune-synergistic therapy. In addition, the material demon-
strated exceptional biocompatibility, osteoinductivity, and the
ability to enhance osteogenic development of rat bone marrow
mesenchymal stem cells. Long-term implantation studies
demonstrated that the PDA@Pt scaffold biodegraded progres-
sively over 12 weeks with minimal systemic toxicity. It markedly
enhanced new bone formation at the defect site, underscoring
its potential as a multifunctional therapeutic platform for
concurrent cancer treatment and bone regeneration.

A nanophotosensitizer, Ru-DNA@Lipo, was developed by
encapsulating plasmid DNA intercalated with the Ru™ complex
(RuDPPN) within liposomes to induce photocleavage of the
DNA that activates the cGAS-STING pathway (Fig. 11A)."7° Ru-
DNA@Lipo demonstrated improved cellular uptake, likely due
to the incorporation of DNA, which reduces the overall positive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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produce NPMn and NPPt nanoparticles (B). Illustrative overview of 3D-printed bone scaffolds (PDA@Pt NPs) developed for OS treatment (C). Mechanistic
insights into the STING activation by PDA@Pt NPs for OS targeted tumour immunotherapy (D). Adapted and modified with permission from ref. 170 and
171 (Copyright 2025 American Chemical Society) and 175 (Copyright 2025 Springer Nature).

charge and aids in membrane permeability. Following light
exposure (450 nm, 7.5 mW cm >, 150 s), Ru-DNA@Lipo aug-
mented the expression of cGAS, p-STING, and p-IRF3 proteins,
which results in a 9.3-fold increase in extracellular IFN-f levels.
Moreover, Ru-DNA@Lipo treatment resulted in a 220-fold
elevation in extracellular ATP levels and prompted the translo-
cation of CRT and HMGB1 proteins, thereby validating
its capacity to induce ICD. The authors conclude that the

© 2026 The Author(s). Published by the Royal Society of Chemistry

combined delivery of DNA and DNA photocleavage agents to
tumour cells is a viable approach for effective photodynamic
immunotherapy.

Recently, an osmium-cyanine complex (OsNIR) had been
developed with aggregation-dependent photodynamic-photo-
thermal switching and was strategically encapsulated in ferritin
to produce tumour-targeting OsSNIR@HFn NPs (Fig. 11B)."””
TEM analysis revealed that the OSNIR@HFn NPs possessed a
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Fig. 11 Chemical structure of RUDPPN and illustrative overview of encapsulating plasmid DNA intercalated with the RUDPPN within liposomes
(Ru-DNA@Lipo) (A). Chemical structure of OsNIR and its encapsulation in ferritin to produce tumour-targeting OsNIR@HFn NPs (B). Western blot images
showing the effect of OsNIR@HFn NPs on the STING associated proteins (C). Photographs of primary and distant tumours after treatment with various
formulations (D). The quantified concentration of IL-6, IL-12, IFN-y, and TNF-o in mouse serum after treatment with various formulations (E). Adapted
and modified with permission from ref. 176 and 177 (Copyright 2025 Wiley-VCH).

uniform and well-defined nanospherical morphology with an
average diameter of approximately 10 nm. Cellular studies
revealed that in the absence of light, OsNIR displayed cytotoxi-
cities across various cancer cell lines in the range of 6.73-9.21
UM. Upon irradiation (808 nm), the ICs, values of OsNIR
decreased dramatically to 0.04-0.13 uM, with calculated photo-
cytotoxicity indices ranging from 67.77 to 168.25. In contrast,
OsNIR@HFn NPs were considered essentially nontoxic under
dark conditions, exhibiting ICs, values above 200 pg mL*,
which indicated markedly improved biocompatibility relative to
free OsNIR. When exposed to NIR light, the phototoxicities of
OsNIR@HFn NPs fell within 3.12-6.12 pg mL~ ', demonstrating
potent light-triggered therapeutic activity. Moreover, upon NIR

RSC Chem. Biol.

treatment, the released OsNIR moieties induced extensive
mtDNA damage, thereby triggering the cyclic cGAS-STING
signaling pathway and leading to pronounced increases in
the expression levels of ¢cGAS and pSTING (Fig. 11C). In vivo
experiments further confirmed that OsNIR@HFn NPs were
highly effective for real-time bioimaging and metabolic track-
ing while also demonstrating significant TGI (Fig. 11D). Cyto-
kine profiling of murine serum revealed robust upregulation of
key proinflammatory mediators following OsNIR@HFn NP-
mediated phototherapy, with notable elevations in IL-12, IL-6,
TNF-o, and IFN-y compared with baseline levels (Fig. 11E).
Collectively, these findings indicated that after treatment
of 4T1 tumour-bearing mice with OsNIR@HFn NPs, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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infiltration of immune cells within the TME was markedly
enhanced, effectively converting the immunologically “cold”
tumour phenotype into a more responsive “hot” tumour state.

3. Conclusions, challenges and future
directions

Since the discovery of STING and cGAS, the scientific under-
standing of the cGAS-STING DNA sensing pathway has been
substantially improved in bridging innate and adaptive immu-
nity, rendering it a promising target for orchestrating anti-
tumour immune responses. Given its central immunomodula-
tory function, cGAS-STING agonists serve as promising ther-
apeutic agents. They can enhance both innate and adaptive
anti-tumour immunity when used alone or in combination with
ICIs or chemotherapeutics to augment treatment efficacy
across diverse tumours. This review emphasises and examines
various STING agonists under investigation for therapeutic
development, including well-known natural and synthetic
CDN s, as well as recently developed (within the past two years)
small organic compounds, metal-based complexes, and nano-
materials tethering or encapsulating metal-based drugs. These
compounds exemplify several structural classes and molecular
approaches designed to modulate STING signalling for cancer
immunotherapy. Although present research on STING-based
immunotherapy is limited, the concept has tremendous
potential for future development. For instance, CDNs activate
the STING pathway, resulting in enhanced production of IFN-I
and proinflammatory cytokines, thereby improving DC matura-
tion, APC function, and CD8" T lymphocyte priming. While
animal models demonstrate significant efficacy, clinical results
involving CDN-based STING agonists have been disappointing.
For example, ADU-S100 (MIW815) exhibited a response rate of
merely 2.1%, comparable to that of untreated control groups.>°
Another CDN-based STING agonist, MK-1454, exhibited negli-
gible anticancer efficacy. When combined with the anti PD-1
monoclonal antibody pembrolizumab, MK-1454 exhibited an
overall response rate of 24%. However, patients experienced
severe TRAEs, and some of them had to discontinue therapy
prematurely due to toxicity. These clinical challenges can be
further explained by translational factors, including hSTING
polymorphism-dependent variability and the pharmacokinetic
behaviour of CDNs. hSTING harbours several common func-
tional variants (e.g., WT, R232H, HAQ, AQ, and R293Q) that
exhibit markedly different responsiveness to CDNs, with
reported differences in activation potency of up to an order of
magnitude, contributing to substantial inter-individual varia-
bility in immune responses.'’®'”® Certain mutations, such as
R232H and HAQ, directly reshape the ligand-binding pocket of
STING, preventing conventional CDNs from effective binding
or proper conformational activation. These variants also dis-
rupt key downstream processes including STING dimerization,
Golgi translocation, TBK1 recruitment, and IRF3 phosphoryla-
tion, leading to pronounced differences in cytokine production
(e.g., IFN-B, IL-6, and TNF-a)."8"'8" Moreover, following
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intratumoral administration, CDNs are rapidly cleared via
lymphatic drainage and display limited intratumoral diffusion
due to their small size and high hydrophilicity, potentially
leading to incomplete tumor coverage, insufficient immune
activation at margins, and marginal tumor
recurrence.*® Collectively, these genetic and pharmacokinetic
limitations underscore the challenges in achieving consistent
and effective STING activation with conventional CDNs.

In addition to CDNs, several organic scaffolds have been
developed as STING agonists. Among these, DMXAA, SR-717Z,
and MSA-2 are the pioneers, with the latter being the first orally
formulated STING agonist. These compounds cross the cellular
membrane and enter the cytosol by passive diffusion, thereby
avoiding the need for active transport or endosomal uptake.
They stimulate STING, which leads to overproduction of IFN-I
and, as a result, an anti-tumour immune response. A diverse
array of new structural analogues of DMXAA and SR-717 have
recently been identified, demonstrating substantial improve-
ments in anti-tumour efficacy (Fig. 4). These agents successfully
activate the cGAS-STING signalling pathway, leading to partial
or complete tumour eradication in murine models, and their
therapeutic efficacy surpasses that of their parent compounds,
underscoring their potential as promising candidates for
advancing STING-targeted cancer immunotherapy. Moreover,
PSs have been engineered, which, upon activation with appro-
priate light, induce elevated levels of pSTING and activate many
STING-associated proteins and trigger ICD through the produc-
tion of DAMPs. Determining the most promising compound
among them is challenging, as they are not clinically approved,
and the field is advancing rapidly with significant potential to
enhance cancer immunotherapy.

Metal-based compounds exhibit significant therapeutic
potential, especially in combination therapies that incorporate
metallodrugs with ICIs or metabolic modifiers.'®* As a result,
there has been a growing scientific focus on the rational design
and synthesis of metallodrugs capable of independently acti-
vating the cGAS-STING pathway or, when conjugated with
STING agonists, enhancing anticancer immune responses. In
this context, several metal-based compounds, including pt",
Cu, Ir, Ru, and Rh, have been developed that inherently interact
with and damage DNA through covalent binding, intercalation,
or ROS generation, which can lead to cytosolic leakage of DNA
fragments and subsequent activation of the cGAS-STING path-
ways (Fig. 7). Additionally, rationally designed Pt and Co
complexes have been developed and investigated to achieve
synergistic immunostimulation by conjugating a STING
agonist (MSA-2), thereby integrating DNA-targeting cytotoxicity
with direct STING activation. These dual-acting metal com-
plexes constitute a promising approach for cancer immu-
notherapy, utilising both DNA-mediated immunogenicity and
STING-induced immune activation to enhance anti-tumour
immunity.

The encapsulation or tethering of metal-based compounds
into or within the polymer-based delivery vehicles has emerged
as an attractive strategy to activate the STING pathway, as it
improves the stability, bioavailability, and targeted delivery of
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the metal compounds while minimizing systemic toxicity and
enhancing cellular uptake. Metal complexes play a pivotal role
in these polymer-based nanosystems, as many encapsulate Pt
complexes which, upon release and subsequent intracellular
reduction to their active parental Pt" forms, induce DNA
damage and activate the STING pathway. In addition to Pt
complexes, Ru and Os metal-based PSs have also been encap-
sulated into drug delivery vehicles. Upon release and photo-
activation under specific light irradiation, these PSs generate
ROS that not only cause ICD but also promote cytosolic DNA
leakage and oxidative stress, thereby activating the cGAS-
STING signaling cascade and enhancing anti-tumour immune
responses. Co-administration with ICIs, such as anti PD-1
monoclonal antibodies, enables some of these nanosystems
to elicit a synergistic therapeutic effect by converting immuno-
logically ’cold’ tumours into "hot’ tumours.

Despite significant scientific advancements and the increas-
ing therapeutic potential of ¢cGAS-STING agonists, no drug
from this class has yet received clinical approval. The trajectory
towards successful drug development is challenging, mainly
due to concerns over the chemical and biological compatibility
of these compounds as well as the inter-species TME hetero-
geneity. For instance, due to the structural differences between
hSTING and mSTING, outcomes from animal models some-
times fail to adequately represent human conditions. An expli-
cit example is the compound DMXAA, which robustly activates
STING in murine models but exerts no influence on hSTING. In
addition to these distinctions, numerous early STING agonists,
particularly free CDNs, exhibit poor pharmacokinetic profiles
and lack selectivity, leading to indiscriminate STING activation
in both tumour and normal tissues, potentially inducing exces-
sive inflammatory responses and causing systemic toxicity.
The pro-inflammatory effects can be intensified when used
alongside ICIs, increasing the likelihood of a cytokine
storm. Moreover, hyperactivation of the STING pathway may
lead to temporary over-stimulation of T cells, potentially dis-
rupting immunological tolerance and triggering autoimmune
reactions.'®>'®* In addition, from a translational perspective,
nanomedicine faces numerous significant challenges. A major
challenge is scaling up production from laboratory to industrial
levels while maintaining the physicochemical properties and
medicinal efficacy of nanoparticles. Moreover, maintaining the
long-term physical and chemical stability of nanoformulations
during storage and transportation is a continual challenge, as
nanoparticles may aggregate, degrade, or undergo surface
alterations over time, thereby jeopardising their safety and
efficacy. Addressing all these challenges, particularly through
strategies to reduce inflammation and prolong the therapeutic
window, is crucial for realising the full clinical potential of this
intriguing class of compounds.

As research in this fast advancing field progresses, a more
profound and comprehensive understanding of the immuno-
pharmacological processes regulating the cGAS-STING path-
way is expected. Emerging research methodologies for STING
agonist discovery increasingly combine SAR-guided optimiza-
tion with advanced computer-aided drug design (CADD)
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strategies. Modern CADD frameworks integrate quantum-
mechanical calculations, molecular dynamics simulations,
and binding free-energy analyses to capture both ligand-
specific interactions and the dynamic nature of STING activa-
tion, including ligand-induced conformational rearrangements
and cooperative binding effects.'® Leveraging cocrystal struc-
tures of well-characterized STING agonists as structural tem-
plates, these computational approaches enable in silico
prediction of binding modes, key intermolecular interactions,
and relative binding affinities prior to synthesis, thereby prior-
itizing promising candidates for experimental validation.®
Guided by these computational frameworks, potential struc-
tural modifications may be explored to improve drug-like
properties, such as enhancing cellular permeability and oral
bioavailability by reducing polar functionalities (-OH, ~-COOH,
and -NH,), introducing lipophilic substituents (-CH3z, ~-OCH3,
and halogens), or transiently masking charged groups through
ester or amide prodrug strategies.

Additionally, fine-tuning steric bulk, hydrogen-bond donor/
acceptor patterns, and electronic properties of aromatic or
heterocyclic motifs can be used to balance STING activation
potency while mitigating excessive systemic cytokine release
and associated toxicities. Such control over the pharmacologi-
cal and immunostimulatory profile of STING agonists is parti-
cularly important for their safe and effective deployment in
combination regimens, where uncontrolled innate immune
activation could exacerbate adverse effects. In this context,
the strategic integration of STING agonists with ICIs, che-
motherapeutic drugs, and DNA-damaging agents achieves
synergistic or multiplexed stimulation of anti-tumour immu-
nity. Moreover, elucidating the interplay between STING signal-
ling and other cell death pathways such as ferroptosis,
pyroptosis, and necroptosis will illuminate new regulatory net-
works that influence immune-tumour interactions. Further-
more, the development of metal-based PS is crucial for
selectively activating the STING pathway, while also mitigating
the cytokine storm that can arise from excessive STING activa-
tion. Advanced analytical technologies, such as single-cell
transcriptomics and spatial proteomics, will be crucial for
elucidating the cellular and spatial heterogeneity of the TME,
thereby facilitating a more accurate understanding of how
STING activation influences immune cell recruitment and
tumour immunogenicity. The advancement of intelligent deliv-
ery platforms can facilitate controlled, site-specific release of
STING agonists, enhancing therapeutic precision and minimis-
ing systemic toxicity. These innovative strategies will enhance
the efficiency, specificity, and safety of STING-based immu-
notherapies while bridging the translational gap between
strong preclinical results and inconsistent clinical outcomes,
facilitating the development of the next generation of immune-
modulatory cancer treatments.
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