
REVIEW
www.advancedscience.com

STING Agonists and How to Reach Their Full Potential in
Cancer Immunotherapy

Laura Gehrcken,* Christophe Deben, Evelien Smits, and Jonas R.M. Van Audenaerde

As cancer continues to rank among the leading causes of death, the demand
for novel treatments has never been higher. Immunotherapy shows promise,
yet many solid tumors such as pancreatic cancer or glioblastoma remain
resistant. In these, the “cold” tumor microenvironment with low immune cell
infiltration and inactive anti-tumoral immune cells leads to increased tumor
resistance to these drugs. This resistance has driven the development of
several drug candidates, including stimulators of interferon genes (STING)
agonists to reprogram the immune system to fight off tumors. Preclinical
studies demonstrated that STING agonists can trigger the cancer immunity
cycle and increase type I interferon secretion and T cell activation, which
subsequently induces tumor regression. Despite promising preclinical data,
biological and physical challenges persist in translating the success of STING
agonists into clinical trials. Nonetheless, novel combination strategies are
emerging, investigating the combination of these agonists with other
immunotherapies, presenting encouraging preclinical results. This review will
examine these potential combination strategies for STING agonists and
assess the benefits and challenges of employing them in cancer
immunotherapy.

1. Introduction

Despite continuous advancements in early diagnostics, drug de-
velopment, and cancer therapy, cancer remains one of the leading
causes of death. Projections suggest that by 2050 the number of
cases worldwide will have reached over 35 million, underscoring
a significant demand for innovative treatments.[1] In this re-
gard, immunotherapies have significantly revolutionized cancer
medicine over the past decade, particularly with the advance-
ment of immune checkpoint inhibitors (ICIs), targeting negative
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regulatory checkpoints.[2] However, the effi-
cacy of those inhibitors varies across cancer
types and while being successful in sev-
eral cancer types including melanoma,[3]

renal cell carcinoma[4] lung cancer,[3b,5]

and liver cancer,[6] other solid tumors like
pancreatic cancer[3b,7] often do not expe-
rience substantial benefits. Besides the
breakthrough of ICIs, chimeric antigen re-
ceptor (CAR)-T cell therapies recently also
gained significant success, especially with
their remarkable efficacy in hematological
malignancies. Unfortunately, these results
could not yet be extended to solid tumors.[8]

Reasons for the potential ineffective-
ness of immunotherapies are diverse but
an important factor is the almost al-
ways present immunosuppressive tumor
microenvironment (TME), which can be
characterized by hypoxia, the presence
of anti-inflammatory immune cells such
as regulatory T cells (Tregs), overexpres-
sion of immune checkpoints, immune ex-
haustion with impaired survival and pro-
liferation as well as a poor infiltration

of anti-tumoral immune cells due to a compromised vascula-
ture, causing immune exclusion.[9] Additionally, the lack of pre-
existing anti-cancer immunity presents an additional threshold
that must be overcome by advanced immunotherapies.
While ICIs can address the overexpression of immune check-

points, other challenges require new therapeutics. Consequently,
numerous approaches have been investigated to boost the pre-
existing anti-tumoral immunity, thereby activating the cancer im-
munity cycle. In this cycle, cancer cell antigens are released first,
then taken up by antigen-presenting cells (APCs), primarily den-
dritic cells (DCs). Subsequently the APCs present the cancer anti-
gens to T cells in tumor draining lymph nodes, priming and ac-
tivating them. Activated T cells then migrate and infiltrate the tu-
mor site, recognizing the tumor antigens, leading to the killing
of the tumor cells and the release of new antigens.[10] Increased
intratumoral T cell infiltration is associated with better overall
survival in various cancer types, driving the research interest to-
ward stimulating the cancer immunity cycle. For kickstarting the
cycle, agonists such as CD40 agonists, Toll-like-receptor (TLR) ag-
onists, or cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) agonists have entered the stage.[11] Those
agonists can enhance antigen uptake and activation of APCs,
thereby leading to an increased T cell response. Specifically, the
cGAS/STING pathway as a major regulator of innate immunity
holds great promise due to the importance of type I interferons
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Figure 1. Summary of the cGAS-STING pathway. Self-DNA from mitochondria or derived from chromosomal instability (CIN) through micronuclei or
foreign double-stranded DNA (dsDNA) from viruses, bacteria, or cancer can trigger the recognition by cyclic GMP-AMP synthase (cGAS). The second
messenger cyclic guanosinemonophosphate-adenosinemonophosphate (cGAMP) binds to the stimulator of interferon genes (STING) on the endoplas-
matic reticulum, initiating dimerization. Following TANK-binding kinase 1 (TBK1) phosphorylation after STING translocation to the Golgi apparatus,
TBK1 transphosphorylates interferon regulatory factor 3 (IRF3), which dimerizes and translocates into the nucleus and activates the transcriptional
activation of type I interferons (IFNs, orange arrows). Type I IFNs can leave the cell and then bind to the interferon-𝛼/𝛽 receptor (IFNAR) on other
immune cells, creating a positive feedback loop. The non-canonical NF-𝜅B pathway activates the secretion of inflammatory cytokines such as IL-6
(turquoise arrows). In addition, cGAMP can enter cells via transporters (P2×7, LRRC8A:C/E) or gap junctions from bystander cells. Red arrows indicate
DNA sources activating the cGAS-STING pathway, while green arrows show cGAMP sources. Ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1) degrades exogenous cGAMP. Figure created with BioRender.

(IFNs). This family of pleiotropic cytokines such as IFN𝛼 or IFN𝛽
are increasingly secreted upon activation of this pathway. In con-
trast, the cytotoxic IFN𝛾 belongs to the type II IFN family. Type
I IFNs have been linked with multiple positive effects on anti-
tumoral immune cells such as enhanced cytotoxicity of natural
killer (NK) cells, increased intratumoral accumulation, differen-
tiation, and activation of DCs and therefore elevated T cell re-
sponses and inducing higher apoptosis of tumor cells.[12] In this
way, the STING pathway can not only kickstart but also act on
later phases of the cancer immunity cycle. During this cycle, DCs
can be activated by tumor-derived DNA, resulting in the activa-
tion of STING and due to the produced type I IFNs, DC mat-
uration as well as accumulation increases.[13] The activation of
STING further mediated the differentiation of naïve T cells into
IFN𝛾-producing type 1 T helper cells and IL-9 producing TH9 T
cells. Both CD4 T cell subsets were needed for the therapeutic ef-
fect of cGAMP.[14] Moreover, STING activation in DCs enhanced
the presentation of tumor-associated antigens to CD8+ T cells on
major histocompatibility complex I (MHCI),[15] hence amplify-
ing CD8+ T cell expansion and trafficking to the tumor site.[16]

The killing of tumor cells through the CD8+ T cells increased the
release of additional tumor antigens, further activating DCs, and
promoting the initiation of the cancer-immunity cycle.[17]

This review focuses on the rationale behind, and the effects
mediated by STING agonists in cancer treatment, by exploring

how STING agonists have the potential to convert a “cold” tumor
site into a pro-inflammatory “hot” TME, which makes it an in-
teresting partner in immunotherapy. We also discuss limitations
that need to be addressed to achieve optimal clinical efficacy.

2. STING Agonists: Mode of Action

What was initially observed as an evolutionary conserved mecha-
nism against intracellular foreign or self-DNA, originating from
viruses or bacteria, has now also been identified as a critical
pathway for anti-tumoral immunity. STING, broadly expressed
in various tissues and cell types, serves as a connection between
innate and adaptive immunity. A more detailed overview of the
pathway was reviewed elsewhere.[18] Shortly in the canonical
STING pathway, cGAS functions as an innate immune sensor
for double-stranded DNA (dsDNA), both exogenous and en-
dogenous in an amino acid length-dependent way[19] (Figure 1).
Studies have shown, that inactive cGAS remains in the nucleus,
tethered to the nucleosome.[20] While the exact mechanism is
still being investigated, this regulatory system is needed to main-
tain cGAS inactive, as a continuously active cGAS could promote
autoimmunity. Upon detection, cGAS catalyzes both adenosine
triphosphate (ATP) and guanosine triphosphate (GTP) into 2′3’
cyclic GMP-AMP (cGAMP), acting as a secondmessenger.[21] Ac-
tivation of STING by cGAMP binding to the cyclic dinucleotide
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(CDN) binding pocket, initiates a cascade leading to the translo-
cation of STING from the endoplasmatic reticulum (ER) to the
Golgi apparatus.[22] This translocation of STING results in the
dimerization and oligomerization as well as the recruitment of
downstream effectors, including TANK-binding kinase 1 (TBK1).
TBK1-mediated autophosphorylation and phosphorylation of
STING induces the recruitment of the transcription factor inter-
feron regulatory factor three (IRF3), which then dimerizes, and
relocates into the nucleus, binding to IFN-stimulated response
elements (ISRE), mediating the transcriptional activation of
interferon-stimulated genes (ISGs)[23] (Figure 1). This activates
an autocrine and paracrine production of type I IFNs, mainly
IFN𝛼 or IFN𝛽. These can in turn amplify the immune response
through positive feedback loops by binding to the interferon-𝛼/𝛽
receptor (IFNAR), expressed on nucleated cells such as B cells,
T cells, or cancer associated fibroblasts (CAFs).[24] Importantly,
the absence of STING or IRF3 leads to a diminished anti-
tumoral immune response and reduced responses to checkpoint
blockade.[25]

In addition to the canonical cGAS-STINGpathway, STING can
also activate the non-canonical (NC) nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-𝜅B) pathway, another key
player of the immune system. The activation of the NC NF-𝜅B
pathway is linked to the release of inflammatory cytokines as
well as immunosuppressive effects[26] or the induction of IL-6 in
various context-dependent TME scenarios.[27] Furthermore, the
activation of the NC NF-𝜅B pathway occurs partly independent
of TBK1.[28] Yum et al. developed a STING mouse strain with a
S365Amutation (S365A), disrupting the IRF3 signaling, demon-
strating that STING can function independently of type I IFNs,
while requiring TBK1 recruitment for mediating anti-tumor
immunity.[29] However, whether NF-𝜅B interacts directly or in-
directly with the STING signalosome remains an open question.
Next to NC NF-𝜅B pathway activation, exogenous CDNs such

as cGAMP produced by bystander cells or cancer cells,[30] can ei-
ther enter the cell via gap-junctions[31] or transporter molecules
such as P2×7 or LRRC8A:C/E[32] (Figure 1). Exogenous CDNs
are highly unstable, and it remains an open research question if
a certain threshold of cGAMP needs to be exceeded to activate
STING. Furthermore it would be of interest to see which cells in
the TME are prone to the uptake and activation of cGAMP.[18]

In addition to exogenous CDNs, rupture-prone micronuclei
(MN), which are produced especially in tumors with high chro-
mosomal instability (CIN), can be a source of DNA to activate
the cGAS-STING pathway. CINhigh tumors are associated with
metastasis[33] and immune evasion.[34] The rupture of the mi-
cronuclear envelope in the cytoplasm exposes the genomic ds-
DNA within, triggering recognition via cGAS and further initi-
ation of the whole cascade[35] (Figure 1). Here it is important to
note that in CINhigh tumors often the NC NF-kB pathway rather
than the STING-IRF3 pathway is activated, thereby mediat-
ing treatment resistance and promoting epithelial-mesenchymal
transition (EMT).[33a]

The cGAS-STING pathway can be activated independently
of any ligand solely through STING translocation to the Golgi,
which can result from STING trafficking gene mutations, sup-
porting the development of autoimmune diseases such as
STING-associated vasculopathy with onset infancy (SAVI) or
COPA syndrome.[36]

3. STING Activation and Suppression in the TME

The cGAS/STING pathway is not only important for the defense
against pathogens, but also in anti-cancer immunity, primarily
through the secretion of type I IFNs. Cancer cells themselves can
activate STING via various mechanisms including the accumu-
lation of DNA induced by chemoradiation, senescence or CIN
thereby leading to the production of IFN𝛽.[11c,13] Deficiency in
STING, demonstrated through knockout studies of Tmem173 or
Irf3, correlated with lower T cell infiltration and resistance to ICIs
in murine models.[25]

STING-driven immunity is also mediated by NK cells, where
tumor derived cGAMP enhanced NK cell activity upon STING
pathway stimulation[37] (Figure 2). STING agonist treatment in-
creased NK cell migration in malignant pleural mesothelioma,
correlating with increased tumor cell death.[38] Furthermore, a
depletion of STING reduced NK cell recruitment and activation
in NK cell-sensitive tumors, such as B16D8 melanoma.[39] Addi-
tionally, STING activation promoted the secretion of the C-X-C
motif chemokine receptor 3 (CXCR3)-binding chemokine C-X-C
motif chemokine ligand 9 (CXCL9) and CXCL10 as well as C-C
motif ligand 5 (CCL5) by tumor cells and CAFs, promoting NK
and T cell recruitment (Figure 2).[16,38] Interestingly, Wolf et al.
showed that a combination of intratumoral CDN together with
the IL-2 superkine H9-MSA induced strong systemic activation
of NK cells.[40] They demonstrated that CD8+ T cells, but not NK
cells, were required for MHC-I+ tumor elimination. Conversely,
in MHC-I-deficient tumors, NK cells, more than CD8+ T cells
were required for effective tumor elimination.[40] Additionally,
intratumoral cGAMP treatment of B16-F10 tumors with high
STING protein expression was associated with NK cell-mediated
tumor growth inhibition, whereas in 4T1 breast cancers with
low STING expression, cGAMPmonotherapy was insufficient to
stop tumor growth.[41] These data highlight the indirect effect of
STING agonists on NK cell activation in the presence of STING-
expressing tumor cells.
Besides mediating the anti-tumoral immune response, cGAS-

STING pathway activation demonstrated modulatory effects on
the TME. It has been shown to repolarize immunosuppressive
M2 into anti-tumoral M1 macrophages[42] as well as reducing
the number of Tregs.

[16b] In addition, STING deficiency correlated
with increased numbers of CD11b+Gr-1+ immature myeloid-
derived suppressor cells (MDSCs) and CD25+FoxP3+ Tregs

[16b]

(Figure 2).
Another crucial factor to increase the anti-tumoral immune

response is to enhance immune cell extravasation into immune-
deserted tumor sites by upregulating factors like E-selectin, inter-
cellular adhesion molecul 1 (ICAM-1), or vascular cell adhesion
molecule 1 (VCAM-1) due to the STING pathway activation.[43]

Additionally, a combination of cGAMP and anti-vascular agents
could improve the response of tumors with low STING-protein
expression to therapy mediated via NK cells.[41,44] Consequently,
the ability to activate the immune system and trigger an anti-
tumoral immune response thereby converting an immune-
deserted environment into a “hotter”, more immunogenic TME,
highlights the STING pathway activation as a promising target
in cancer therapy. Therefore, efforts have been focused on eval-
uating the potential of STING agonists as an immunotherapy in
cancer as reviewed later.
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Figure 2. STING activation and suppression within the cancer immunity cycle. Antigens are released in the tumor microenvironment (TME), triggering
dendritic cell (DCs) activation in tumor-draining lymph nodes. These DCs then present tumor antigens to T cells, activating them. STING activation
results in ICAM-1 and E-selectin upregulation and secretion of chemokines like CXCL9 and CXCL10, enhancing the trafficking of immune cells like T cells
or natural killer (NK) cells into the TME. Inside the tumor, STING activation boosts NK cells, and increases CD4+ and CD8+ T cells while decreasing
regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs). The rise in cytotoxic CD8+ T cells promotes tumor cell death, which in turn
increases the release of tumor antigens, perpetuating the cancer immunity cycle. However, STING activation in the TME can lead to PD-1 upregulation
on T cells, while ENPP1 can degrade cGAMP into adenosine, inhibiting T cell function. Tumor cells often modify STING via methylations through KDM5
or inhibit STING activation via SMARCAL or mutated p53, blocking the STING-TBK1-IRF3 complex. Figure created with BioRender.

However, since activating the cGAS-STING pathway through
damaged DNA is unfavorable for cancer cells, many tumors
have developed diverse strategies to evade detection and sup-
press the immune response with the primary objective of sta-
bilizing the genome and prevent MN formation[33a] (Figure 2).
To limit MN generation, SMARCAL1[45] suppresses the cGAS-
STING pathway by reducing endogenous DNA damage while
for example, MUS81 helps maintain genomic integrity.[46] Mu-
tant p53 degraded TREX1, a cytosolic nuclease responsible for
clearing DNA and preventing cGAS activation. Therefore, DNA
accumulated and activated STING.[47] However, mutant p53 in-
teracted with TBK1 and destabilized the STING-TBK1-IRF3 com-
plex, promoting immune evasion.[48] Moreover, different his-
tone modifications such as epigenetic suppression of STING via
the histone H3K4 lysine demethylase KDM5 in breast cancer
cells[49] or a STING promoter hypermethylation silencing STING
expression[50] are utilized by the cancer cells to repress STING.
This has been comprehensively reviewed elsewhere.[18] Never-
theless, not all tumors downregulate STING, as seen in unsta-
ble esophageal cancer. Despite displaying high CIN, the cGAS-
STING pathway is largely maintained. Instead of the type I IFN
response, chronic and transient STING activation promotes the
expression of pro-inflammatory cytokines, indicating a more in-
flammatory TME.[51]

Since exogenous cGAMP serves as an activator for the pathway,
it is important to note that it can be rapidly degraded by ecto-

nucleotide pyrophosphatase/ phosphodiesterase 1 (ENPP1)[52]

(Figure 1). A recent study showed that ENPP1 drives breast can-
cer growth by reducing extracellular cGAMP.[52a] The breakdown
of extracellular cGAMP enhanced the concentration of adeno-
sine in the TME, reduced immune cell infiltration, and increased
metastasis in CIN tumors[53] (Figure 2).
The mechanisms of cGAS-STING pathway suppression by tu-

mor cells are diverse and might be either direct or indirect. Nev-
ertheless, those modifications do not lead to a complete absence
of STING as mutations in the CGAS or TMEM173, the STING
encoding gene, are rare (0.5–0.6%) in CIN tumors.[54] Therefore,
inhibitors of DNA methylations or ENPP1 might be beneficial
co-stars to improve the STING-related anti-tumor response.

4. STING Agonists and Their Positive Effects on
the TME

As seen above, STING activation in the TME results in the ben-
eficial activation of immune cells, which fueled the interest in
STING agonists over the last decade (Figure 3). Consequently, it
is not surprising that multiple STING agonists have been devel-
oped and investigated in preclinical research and clinical trials.
Currently available STING agonists can be categorized into

two groups: CDNs and synthetic STING agonists. Both CDNs
and synthetic STING agonists mimic the natural interaction be-
tween the STING ligand cGAMP and STING.
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Figure 3. Number of publications in Pubmed when searching for "STING
agonist" and "cancer" over the last nine years. Checked in February 2025.
Both review and research articles are included.

Natural CDNs such as 3′,5′-diguanylic acid (c-di-GMP) or
monophosphate (2′3-cGAMP or 3′3’-cGAMP), showed anti-
tumor efficacy,[11c,55] however their intrinsic physiochemical char-
acteristics like electronegativity and hydrophilicity as well as their
susceptibility to enzymatic degradation by the phosphodiesterase
ENPP1 limited their bioavailability within tumor tissues and nar-
rowed the therapeutic window.[56] Hence, synthetic STING ago-
nists, such as ADU-S100 or BMS-986301 are engineered for bet-
ter stability and efficacy, thereby circumventing the disadvantages
of natural CDNs.
5,6-dimethylxanthenone-4-acetic acid (DMXAA) was one of

the first synthetic STING agonists, initially identified as a po-
tent tumor vascular disruptor,[57] which entered clinical trials due
to encouraging in vivo data.[58] In preclinical models, DMXAA
demonstrated the capability to reduce tumor burden and increase
the intratumoral secretion of inflammatory cytokines in an in
vivo pancreatic cancer model.[58] However, despite these promis-
ing preclinical results, clinical trials failed, as DMXAA could
not engage with human STING, ultimately reducing its clinical
efficacy.[59] Notably, a recent publication shed light on this issue,
demonstrating that DMXAA is a partial STING agonist, interfer-
ing with agonistic STING activation by suppressing the STING-
induced anti-tumor effect.[60]

Currently, many of the newly developed synthetic STING ag-
onists are able to bind all or most common isoforms of human
STING resulting in increased production of type I IFNs leading
to enhanced T cell activation,[61] followed by tumor regression[62]

in various mouse models such as colorectal cancer[62b,63] or acute
myeloid leukemia (AML)[62a] (as summarized in Table 1). A more
detailed overview of different STING agonists in preclinical stud-
ies was reviewed elsewhere.[11c]

A notable limitation of multiple STING agonists is their re-
quirement for intratumoral (IT) administration. While this ap-
proach works for tumors that are easily accessible, it proves to be
inadequate for most solid tumors. Therefore, investigations have
focused on systemic STING agonists, which carry a risk of caus-
ing cytokine release syndrome and acute inflammation if their ac-
tivity is not restricted to the tumor site as well as the potential for
overactivation of immune cells, which might induce adverse ef-
fects as discussed later. Nevertheless, Compound 3 (diABZI), for

instance, induced potent T cell responses and improved overall
survival in a subcutaneous CT26 colorectal cancer mouse model
after intravenous (IV) injection.[61b] Additionally, diABZI showed
increased tumor cell apoptosis in vitro and in vivo together with
an enhanced expression of tumor antigens.[64] Similarly, MSA-
2, another systemic STING agonist, holds promise for inducing
tumor regression through oral administration. Functioning as a
prodrug, MSA-2 remains inactive in a physiologic pH of 7.4 but
becomes active in the TME, which is characterized by a lower
acidic pH (ranging from 6.0–6.9). While this drug has not yet
entered clinical trials this strategy might be an appealing way
to minimize the associated risks of a systemic STING agonist
treatment.[63] Furthermore, SR-717 demonstrated anti-tumor ac-
tivity in a melanoma mouse model after intraperitoneal (IP) de-
livery leading to increased CD8+ T cell and NK cell numbers in
tumor-draining lymph nodes as well as the spleen.[65] The ex-
pression of CD107a as a marker for CD8+ T cell degranulation
and NK cell activity was upregulated in both cell types within
the tumor and spleen. However, the cytotoxic granzyme B was
only upregulated in T cells in both tissues, with no increase ob-
served in NK cells. These preclinical results highlight the poten-
tial of systemic STING agonists with careful consideration of side
effects.
Next to augmenting the anti-tumoral immune response,

STING agonist treatment also blocked abnormal vessel forma-
tion, upregulated endothelial-leucocyte adhesion molecules, and
restored peritoneal anti-tumor activity in colon cancer,[42c,66] an
effect that was not observed in STING knockout mice or mice
where IFNAR was blocked, indicating that vasculature normal-
ization is mediated by the STING pathway. In highly vascular-
ized tumors such as 4T1 (colorectal cancer) combining a STING
agonist with a vascular disrupting agent (CA4P) strengthened
the anti-tumor response via cGAS-STING activation.[41] Further-
more, in amurinemodel ofmelanoma and colon cancer, cGAMP
treatment identified endothelial cells rather than DCs as the pri-
mary source of type I IFNs,[16a,67] highlighting a role for the tu-
mor vasculature in the initiation of the CD8+ T cell response.
Additionally, low-dose IT ADU-S100 treatment increased the pro-
duction of anti-angiogenic (e.g., CXCL10 or vascular endothe-
lial growth inhibitor) and tertiary lymphoid structure-inducing
factors (e.g., CCL19 and CCL21) in a B16-F10 melanoma
mouse model.[67] Treatment efficacy could be even more en-
hanced upon the combination of a STING agonist with an anti-
vascular endothelial growth factor receptor 2 (VEGFR2) antibody
and either an anti-PD-1 or anti-CTLA-4 antibody compared to
mono- or dual combination therapy in a colon cancer mouse
model.[66]

These preclinical studies highlight the advantageous poten-
tial of STING agonists in cancer therapy. However, variations
in mouse models, the types of STING agonists used and their
route of administration, and/or which specific immune cells are
investigated if any, pose challenges in comparing results across
studies. With the growing number of agonists being developed,
a standardized way to analyze efficacy and overall impact on the
immune system is needed. This would allow researchers to better
understand the underlying mechanisms of action and potential
toxicities associated with these compounds.
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Table 1. Overview of different STING agonists and their characteristics from preclinical and if applicable from clinical studies. IT – intratumoral; IM –
intramuscular; IV – intravenous; SC – subcutaneous; IP – intraperitoneal; PO – oral; AML – acute myeloid leukaemia.

Agonist Route of
administration

Findings Reactivity Reference

DMXAA IT Potent anti-tumor response in mice, ineffective in humans, increased number
of CD8+ T cells

Mouse [58,68]

ADU-S100
(MIW815)

IT Increased clonal T cell expansion, increased IFN𝛾 and CXCL10 in advanced
and metastatic tumors, limited clinical activity but well tolerated

Human/
mouse

[11c,61a]

SHR1032 IT Higher activity than ADU-S100 on human AML cells, strong anti-tumor
effects, increased production of TNF𝛼, IFN𝛽 and IL-6 in mouse MC38
cancer

Human [62a]

SB11285 IT Induced potent and durable anti-tumor responses in A20 lymphoma and
colorectal cancer mouse model

Human/
mouse

[62b]

BMS-986301 IM/ IT Induction of type I IFNs, low T cell toxicity and in combination with an
anti-PD1 antibody up to 80% remission in CT26 and MC38 mouse model,
IM potentially superior to IT administration

Human/
mouse

[69]

E7766 IT Enhanced potency, increased survival, and long-lasting immune response in
a SC CT26 mouse model, potential for pan-genotypic activity

Human/
mouse

[62c]

TAK-676 IV Enhanced DC recruitment and maturation, dose-dependent DC, T & NK cell
increase, no tumor regrowth in B16-F10 tumor-bearing mice

Human/
mouse

[62d]

GSK3745417 Not reported Cell growth inhibitory effect on human AML cell lines and patient samples
with type I IFN production in all cell lines

Not
reported

[70]

MK-1454 IT Potent in cell-based assays, similar binding characteristics as 2′3’-cGAMP,
reduced tumor volume in MC38 and B16-F10 mouse tumor model

Human/
mouse

[71]

SNX281 IV Induced tumor regression in CT26 mouse model, well tolerated, expected
higher cellular potency in an acidified environment

Human/
mouse

[72]

diABZI IV Increased survival and decreased tumor volume in CT26 mouse model,
increase of CD8+ T cells, increased tumor antigen presentation and levels
of IL-6 and TNF

Human/
mouse

[61b,64]

MSA-2 PO Effective in low pH regions, tested in MC38 and CT26 mouse models, in
combination with anti-PD-1 in a mouse model with poor anti-PD-1
response increased survival and CD8+ T cells

Human/
mouse

[63]

SR-717 IP Decreased tumor burden, increased amount of CD8+ T cells and NK cells,
upregulation of PD-L1 and IDO in B16-F10 mouse model

Human/
mouse

[65]

5. STING Agonists in Clinical Trials

5.1. STING Agonists in Clinical Trials as a Monotherapy

The journey of STING agonists into clinical trials started with
DMXAA, representing a milestone. Despite being the first
STING agonist ever investigated in a clinical trial for cancer
treatment, DMXAA failed to induce a clinical response due to
its inability to bind human STING.[68] Ever since a couple of
clinical trials with STING agonists in a monotherapy setting
have been started (Table 2). In a phase I dose-escalation trial
involving 47 patients with advanced/metastatic solid tumors or
lymphomas, IT administration of ADU-S100 was well tolerated
and demonstrated limited single-agent activity. Nevertheless, sys-
temic immune activation was detectable due to a dose-dependent
production of IFN𝛾 and CXCL10 as well as increased clonal T
cell expansion.[61a] Due to promising preclinical in vivo data,[62c]

E7766 entered a clinical phase I trial (NCT04109092) but the trial
was withdrawn without the enrolment of any patients due to the
company’s decision, as was their other trial with the same com-
pound (NCT04144140). Currently, two active clinical trials are un-
derway to investigate the effect of SB11285 in advanced solid tu-

mors (NCT04096638) and GSK3745417 for relapsed or refractory
myeloid malignancies (NCT05424380). However, despite the po-
tential of STING agonists, their application asmonotherapy faces
limitations, reflected in the relatively lownumber of ongoing clin-
ical trials.

5.2. Combination of STING Agonists with Other
Immunotherapies

5.2.1. In Combination with Immune Checkpoint Inhibitors

Numerous ongoing clinical combination strategies involving
STING agonists include ICIs (Table 3). The main targeted im-
mune checkpoint pathways include B7.1 (CD80)/CTLA-4 or B7.2
(CD86)/CTLA-4 and PD-L1/PD-1. These checkpoint axes play a
pivotal role in preventing over- or chronic activation of T cells.
While CTLA-4 expressed on APCs competes with CD28 for bind-
ing with B7.1 or B7.2 on T cells, PD-L1 is predominately up-
regulated on tumor cells, inhibiting the activation of T cells as
such by interacting with PD-1 expressed on the latter.[75] ICIs tar-
geting PD-1 include pembrolizumab, nivolumab, spartalizumab,
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Table 2. Completed and ongoing clinical trials of STING agonists as amonotherapy for cancer treatment sorted regarding their completion or termination
date. Source: Clinicaltrial.gov, October 2024, DLT – delayed immune-related; AE – adverse events; IVES – intravesical (into the bladder); IT intratumoral;
IM – intramuscular; NR – not reported.

STING agonist Indication Phase Route of administration NCT number Status Safety Results

MK-1454
(Ulevostinag)

Advanced/ metastatic
solid tumors or
lymphomas

I IT NCT03010176 Completed well tolerated, AE in
83%, 9% ≥ 3 AEs

No complete or
partial

responses[73]

E7766 (INSTAL-101) Solid tumors or
lymphomas

I IT NCT04144140 Terminated NR No clinical
activity

ADU-S100 (MIW815) Advanced/ metastatic
solid tumors or
lymphomas

I IT NCT02675439 Completed well tolerated,
grade 3/4 AEs in
40%, no MTD

No anti-tumor
activity[61a]

E7766 (INSTAL-102) Non-muscle invasive
bladder cancer

I/Ib IVES NCT04109092 Withdrawn NR NR

CDK-002 (exo-STING) Advanced/metastatic
recurrent injectable
solid tumors

I/II IT NCT04592484 Completed NR NR

MK-2118 Advanced/ metastatic
solid tumors or
lymphomas

I IT NCT03249792 Completed NR NR

IMSA101 Refractory malignancies I/II IT NCT04020185 Completed TEAE in 63,3%,
DLT of

arthropathy in 1
patient

Notable efficacy
signals[74]

BMS-986301 Advanced solid cancers I IM NCT04020185 Completed NR NR

SB11285 Advanced solid tumors I IV NCT04096638 Recruiting

GSK3745417 Relapsed or refractory
myeloid malignancies

I IV NCT05424380 Active, not
recruiting

ezabenlimab, or dostarlimab, while atezolizumab, avelumab, or
durvalumab target PD-L1, whereas ipilimumab targets CTLA-4.
They disrupt the negative feedback loop and prevent T cell sup-
pression. Since pre-existing cytotoxic T cell activation and infil-
tration into the TME is important for ICIs to work properly, the
potential synergism between STING agonists and ICIs lies firstly
in their capacity to increase type I IFNs and thereby T cell infil-
tration, and secondly, in blocking checkpoints on immune cells
potentially upregulated by the tumor and STING agonists. Pre-
clinical investigations demonstrated promising results using dif-
ferent STING agonists and ICIs in various mouse models. For
instance, the oral STING agonist MSA-2 combined with an anti-
PD-1 antibody (muDX400) exhibited synergistic inhibition of tu-
mor growth and prolonged survival in different mouse mod-
els (colorectal MC38 and CT26, melanoma B16-F10 and lung
LL-2 cancer).[63] Similarly, a study investigating the combina-
tion of an anti-TGF-𝛽/PD-L1 bispecific antibody (YM101) with
MSA-2 demonstrated a synergistically enhanced anti-tumoral
response in multiple murine tumor models (colorectal CT26,
liver H22, melanoma B16, and breast EMT-6 cancer) alongside
promoting DC maturation, macrophage reprogramming (M2 to
M1) and cytokine/ chemokine stimulation.[76] Furthermore, the
combination of an ADU-S100 analogue and an anti-PD-1 an-
tibody enhanced the response to carboplatin chemotherapy in
a serous high-grade ovarian cancer mouse model.[77] Addition-
ally, IT administration of ADU-S100 in combination with spar-
talizumab demonstrated partial responses in patients with PD-1-
naïve triple-negative breast cancer and PD-1-relapsedmelanoma,

while the treatment was well tolerated (NCT03172936). Nonethe-
less, due to a sponsor’s decision, the clinical trial was prema-
turely terminated. These preclinical results indicate potential for
the treatment combination; however, clinical trial outcomes have
been unsatisfying so far.[78] The lack of results in clinical trials
for this combination treatment may be from variations in PD-
1 expression induced through the STING agonist. These factors
should be taken into account before applying treatment to ensure
the best possible outcomes.[41]

5.2.2. In Combination with Toll-like Receptor Agonists

Apart from ICIs, STING agonists have also been investigated in
combination with TLR agonists. TLRs are key molecules of the
innate immune system, detecting pathogen-associated patterns
or danger-associated patterns secreted by infected or dying cells.
Recognition of these patterns by TLRs triggers downstream path-
ways, ultimately leading to the production of pro-inflammatory
cytokines, the maturation, and the activation of APCs.[11b] Pre-
clinical data demonstrated the anti-tumor activity of TLR agonists
in multiple cancer types[11b] while two TLR agonists, Imiquimod
(TLR7 agonist) and Bacillus Calmette-Guérin (BCG) (TLR2/4 ag-
onist) have been approved by the Food and Drug Administra-
tion (FDA). The administration of these agonists resulted in in-
creased expression of MHC class II complexes on macrophages
and DCs, thereby promoting the secretion of pro-inflammatory
cytokines such as tumor necrosis factor alpha (TNF𝛼) or IFN𝛾 .[81]
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Table 3. Completed clinical trials at the top and ongoing clinical trials below using STING agonists in combination with ICIs for different tumor types.
Route of administration refers to the STING agonists. Source: clinicaltrial.gov, October 2024; NSCLC – non-small cell lung cancer; TNBC – triple-
negative breast cancer; SCCHN – squamous cell carcinoma of the head and neck; RCC – renal cell carcinoma; IT – intratumoral; IV – intravenous; IM –
intramuscular, SD – stable disease.

STING agonist Indication Phase Route of administration NCT number Status Results

ADU-S100 (MIW815) +
Ipilimumab

Advanced/ metastatic solid
tumors, lymphomas

I IT NCT02675439 Terminated No substantial tumor
activity

ADU-S100 (MIW815) +
Spartalizumab

Advanced/ metastatic solid
tumors, lymphomas

Ib IT NCT03172936 Terminated Partial responses[79]

ADU-S100 (MIW815) +
Pembrolizumab

Head and Neck cancer (PDL1+

or metastatic)
II IT NCT03937141 Completed No substantial tumor

activity

SYNB1891 +
Atezolizumab

Advanced/ metastatic solid
tumors, lymphomas

I IT NCT04167137 Terminated SD in 4/24 patients[80]

MK-1454 (Ulveostinag) +
Pembrolizumab

Advanced/ metastatic solid
tumors, lymphomas

I IT NCT03010176 Completed Combination good
efficacy, safe

MK-1454 (Ulveostinag) +
Pembrolizumab

Head and neck cancer II IT NCT04220866 Completed Not reported

MK-2118 +
Pembrolizumab

Advanced/ metastatic solid
tumors, lymphomas

I IT NCT03249792 Completed Not reported

IMSA101 + ICI Refractory malignancies I/II IT NCT04020185 Completed Notable efficacy
signals[74]

SNX281 ±
Pembrolizumab

Advanced solid tumors and
lymphoma

I IV NCT04609579 Terminated Safety concerns

BI 1 387 446 +
Ezabenlimab

Advanced/ metastatic solid
tumors

I IT NCT04147234 Completed Not reported

BMS-986301 +
Nivolumab +
Ipilimumab

Advanced solid tumors I IV, IM, IT NCT03956680 Completed Not reported

TAK-676 +
Pembrolizumab

NSCLC, TNBC, SCCHN I IV NCT04879849 Completed Not reported

GSK3745417 ±
Dostarlimab

Advanced solid tumors I NR NCT03843359 Active, not
recruiting

SB11285 ± Atezolizumab Advanced solid tumors Ia/Ib IV NCT04096638 Recruiting

Dazostinag (TAK-676) +
Pembrolizumab

Advanced/ metastatic solid
tumors

I/II IV NCT04420884 Recruiting

TAK500 +
Pembrolizumab

Locally advanced or metastatic
solid tumors

I IV NCT05070247 Recruiting

IMSA101 ± PULSAR ICI NSCLC and RCC II IT NCT05846646 Recruiting

Oligoprogressive solid tumors II IT NCT05846659 Recruiting

Therefore, combining TLR and STING agonists simultaneously
heightened both type I IFNs as well as other pro-inflammatory cy-
tokines and additionally increased the maturation and activation
of APCs, turning a “cold” TME into a “hot” one.[11b]

In preclinical investigations, the TLR9 agonist K3 CpG and
the STING agonist 3′3’cGAMP demonstrated a synergistic ef-
fect in inducing IFN𝛾 and enhanced CD4+, CD8+ T cell as well
as NK cell responses, ultimately suppressing tumor growth in
lymphoma and melanoma in vivo.[82] Similarly, the combination
of ADU-S100 with CpG ODN1826 (TLR9 agonist) showed de-
creased tumor volume and an improved survival rate in a SC
CT26 model compared to the PBS control group. Furthermore, a
combination of the STING and the TLR agonist induced a down-
regulation of alpha smooth muscle actin (𝛼SMA) and vimentin
(VIM) which are important markers for CAFs, suggesting that
the combination strategy has the potential to suppress tumor-
promoting effects of CAFs in a mouse model of colon cancer.[83]

Of note, the underlying mechanisms for this effect will require
further investigation. Additionally, two cycles of IV administra-
tion of a STING agonist in a lipid nanoparticle together with
CpG ODN increased the number of CD11bhighCD27low mem-
ory NK cells in a murine melanoma model, thereby highlighting
the potential effect of STING agonists on memory NK cells and
the possible importance of administering multiple doses.[84] Fur-
thermore, combining a TLR7/8 agonist (‘522′) and DMXAA de-
creased tumor volume andM2macrophages while NK cells were
increased.[85] Notably, pre-activation of the STING pathway sup-
pressed the TLR9-mediated IFN production from plasmacytoid
DCs. This finding underscores the importance of administering
both agonists at the same time to prevent antagonisms. Over-
all, the synergistic mechanism underlying the combination of
STING and TLR agonists holds promise to enhance immune ac-
tivation and overcome tumor-mediated resistances, thereby im-
proving anti-tumor responses. Despite the promising preclinical
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data, no combination of STING and TLR agonists has entered
clinical trials yet.

5.2.3. In Combination with Adoptive Cell Therapies

Next to ICIs and TLR agonists, another potential combination
involves leveraging the benefits of adoptive cell therapies. These
therapies include CAR-transduced cell therapy, T cell receptor
(TCR)-T cell therapy, or tumor-infiltrating lymphocyte (TIL) ther-
apy. To date, the majority of research has focused on combining
STING agonists with CAR-transduced cells. Combining the spe-
cific targeting of antigens via CAR-T cells or CAR-NK cells along
with a STING agonist creates an effective therapeutic strategy, as
this approach could amplify the trafficking of CAR-transduced
cells to the tumor site and further increase their anti-tumoral
activity. Since target antigen loss is a significant challenge as-
sociated with CAR cell therapy, the use of STING agonists in
combination could prevent this tumor escape mechanism.[86] A
preclinical study using different CAR-T cells (anti-CD19-, anti-
gp75, and anti-PSMA CAR-T cells) alongside IT administration
of 2′3’ cGAMP demonstrated increased CAR-T cell killing, re-
sulting in improved overall survival and reduced tumor volume
in a melanoma mouse model. Furthermore, the combination
treatment counteracted the loss of antigen expression by epitope
spreading.[86] Combining DMXAA or 2′3’ cGAMP with LH28z-
CAR-Th/Tc17 cells led to an increase of CAR-T cells at the tu-
mor site, even when the agonist was injected distally rather than
intratumorally in an orthotopic breast cancer model. Although
the STING agonist alone was not able to prevent exhaustion of
the T cells, a combination with an ICI proved effective, therefore
highlighting the potential need for a combination with immune
checkpoint inhibitors. Additionally, the TME was altered to be
more immunogenic with fewerM2macrophages andMDSCs.[87]

IMSA101 in combination with CAR-T cells showed tumor clear-
ance in an immunogenicmodel ofmelanoma and increased over-
all survival in a less immunogenic model of pancreatic cancer.
Notably, an enhanced IL-18 signature was detected upon combi-
nation treatment, which is important for the induction of IFN𝛾
secretion. This suggests that CAR-T cell efficacy is increased
in combination with STING activation.[88] IT cGAMP admin-
istration together with mesothelin-targeting CAR-NK cell treat-
ment improved the survival of Aspc-1 cell line-bearing mice.[89]

Similarly, combining mesothelin-targeting CAR-NK cells with
the STING agonist ADU-S100 promoted growth suppression of
mesothelin+ malignant pleural mesothelioma spheroids and en-
hanced killing, while the STING agonist had no toxic effect on
the NK cells.[38] These preclinical findings highlight the poten-
tial of STING agonists to turn a “cold” TME into a “hot” one,
while also increasing the infiltration of CAR-T and CAR-NK
cells.
Next to CAR-transduced cells, TCR-T cell therapies were ex-

plored in combination with a STING agonist as well. A combina-
tion of diABZI and TCR-T cells, which recognize one of the most
targeted antigen types, NY-ESO-1, enhanced tumor cell apoptosis
in vitro and in vivo. This treatment also increased the expression
of the cancer cell antigen NY-ESO and HLA-A2 presentation
as well as TCR activation. Additionally, an elevated expression
of IFN𝛾 in TCR engineered T cells was measured,[64] high-

lighting the potential of STING agonists to improve TCR-T cell
therapy
However, clinical trials will be needed to evaluate the safety of

these treatment combinations. Furthermore, investigations into
whether administering STING agonist treatment in an adjuvant
or neo-adjuvant setting would potentially optimize the efficacy of
CAR-transduced cells or TCR-T cells. Additionally, to overcome
possible antagonistic effectsmediated by the STING agonist such
as the upregulation of immune checkpoints, it might be worth in-
vestigating combinations using CAR cells or TCR-T cells, STING
agonists, and ICIs together with careful consideration of poten-
tial side effects.

6. Challenges and Limitations of STING Agonists

From the above-mentioned clinical trials, it is evident that STING
agonists have not translated the efficacy observed in preclinical
studies into successful outcomes when used as monotherapy.
The lack of clinical efficacy of STING-targeting agents can
be attributed to several factors including poor recognition of
human STING, limited bioavailability, the need for intratumoral
administration, T cell overactivation, NK cell suppression,
and immunosuppressive factors. These challenges highlight
the complexities of translating STING-targeted therapies into
effective treatments, as discussed further below.

6.1. Missing Recognition of Human STING

DMXAA initially showed promising results both in in vitro and
in vivo.[58] However, DMXAA failed in a clinical phase III study in
non-small-cell lung cancer patients. As mentioned in section 4,
DMXAA could only recognize murine STING.[90] Recently, it
was demonstrated that DMXAA functions as a partial STING
agonist, performing a more suppressive effect on the STING-
IRF3 axis than on the NF-𝜅B axis.[60] Since NC NF-𝜅B activa-
tion through STING has been linked to immunosuppressive ef-
fects and mediating tumor growth, this could potentially explain
the lack of effectiveness observed in clinical trials. However, re-
search has focused on developing STING agonists capable of
recognizing both human and mouse STING to overcome this
limitation.

6.2. Limited Bioavailability

CDNs are known to have short half-life (<60 min) such as ADU-
S100. Clinical trial data showed that ADU-S100 was cleared from
the bloodstream in two phases, with the final phase already com-
pleted after two hours.[61a] Natural CDNs also have poor mem-
brane permeability due to their relatively large size as well as
hydrophilicity and high charge, which prevents them from dif-
fusing easily through the membrane. Furthermore, there are no
specific transporters for CDNs.[56] Additionally, they have a high
susceptibility to enzymatic degradation by ENPP1 in the extracel-
lular space,[52b] limiting their administration to IT delivery and
reducing their effectiveness. As a result, investigations are focus-
ing on the development of more stable compounds to improve
their effectiveness and allow systemic administration.
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Figure 4. Potential combination strategies for STING agonists to combat potentially immunosuppressive effects. To counteract T cell overactivation,
checkpoint inhibitors can be used, while PI3K𝛾 inhibitors may alleviate NK cell suppression induced by the STING agonist. The combination of DNA
methylase (DNMT) inhibitors and STING agonists can help to reverse tumor-mediated STING silencing. Inhibiting the non-canonical (NC) nuclear factor
kappa B (NF-𝜅B) pathway together with a STING agonist may enhance the anti-tumoral type I interferon response. The use of transforming growth factor
beta (TGF-𝛽) inhibitors can reverse immune suppression on immune cells induced by STING activation in the tumor microenvironment. To target T cell
inhibition in the TME, cyclooxygenase 2 (COX2) and indoleamine 2,3-dioxygenase (IDO) inhibitors can be useful in combination with STING agonists.
Nanocarriers and antibody-dependent conjugates (ADCs) can deliver STING agonists in a systemic setting directly to the tumor, overcoming the need
for intratumoral injection. Figure created with BioRender.

6.3. Intratumoral Versus Systemic Administration

Due to the limitation of IT injection for many STING agonists,
although this approach provides a direct way to investigate the
safety and pharmacodynamics of CDNs, it cannot easily be
adapted to all tumor types. This makes many patients ineligi-
ble for this treatment. However, IT administration has been
shown to be generally safe, alone and in combination with
other agents, with potential side effects including pyrexia, chills,
pain at the injection site, and increased liver enzymes.[61a] To
overcome the limitations of IT administration, several systemic
STING agonists are under preclinical investigation.[61b,63,65]

However, systemic delivery of such a potent agonist raises
other concerns regarding both the efficacy and safety of the
applied drug regarding cytokine release syndrome, tissue
toxicity, or autoimmunity due to nonspecific delivery. This
underscores the importance of safety assessments in clin-
ical trials and the ongoing development of novel delivery
platforms.

6.4. Overactivation of T cells

Activation of the cGAS-STING pathway by STING agonists, re-
sulted in overactivation of T cells causing stress and T cell death
due to continuous cytokine stimulation.[91] While STING treat-
ment with DMXAA enhanced the type I IFN response, it also
showed a dose-dependent effect on T cells in the upregulation of
pro-apoptotic genes, which was not observed with doses below
5 μg ml−1.[92] This effect appeared to be specific to T cells since
it was not detected in other immune cells such as macrophages
or DCs when DMXAA was administered at higher doses (10 μg
ml−1).[93] Moreover, this pro-apoptotic effect on the T cells was not
detected when alternate STING agonists were used,[38,86] thereby
suggesting that the STING-mediated T cell death is dose- and
STING agonist dependent. Additionally, STING agonist treat-
ment may induce T cell death by stimulating different extents of
calcium leakage from the ER as an innate immune checkpoint.[91]

These results highlight a limitation in the use of STING agonists
together with CAR-T or TCR-T cell therapies.
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Figure 5. The benefits and limitations of STING agonists for cancer immunotherapy. STING agonists can transform a pro-tumoral “cold” tumormicroen-
vironment (TME) into a “hot” immunogenic TME through the activation of antigen-presenting cells (APCs) via type I interferons (IFNs) resulting from
STING activation. This facilitates the activation of CD4+ and CD8+ T cells, which subsequently infiltrate the TME, leading to increased cancer cell death.
Moreover, STING agonists have been shown to promote the infiltration of natural killer (NK) cells and the turnover of M2 pro-tumoral macrophages
into M1 anti-tumoral macrophages, the reduction of regulatory T cells and normalize the vasculature. However, STING agonists can also elevate im-
munosuppressive factors, augmenting PD-L1 expression, driving T cell exhaustion, promoting the differentiation of myeloid-derived suppressor cells,
and raising levels of regulatory B cells (Bregs), which may lead to clinical side effects such as cytokine release syndrome or liver toxicity. Green arrows
indicate positive effects and red arrows indicate negative effects. Figure created with BioRender.

6.5. Suppression of NK Cells

Moreover, several studies have raised concerns about a poten-
tial NK cell-suppressing role through STING agonist treatment.
Systemic administration of cGAMP, MSA-2 or diABZI led to
increased numbers of regulatory B cells (Bregs) in the TME of
PDAC-bearing mice, demonstrating enhanced secretion of IL-

35, consequently inhibiting NK cell activity.[94] Additionally, the
systemic treatment with cGAMP alone did not affect tumor
growth in comparison to the control group. These results impli-
cate an immunosuppressive function, contradicting the results
from Knelson et al. and Da et al., which demonstrated increased
NK cell activation after ADU-S100 treatment[38] and augmented
CAR-NK cell treatment efficacy in PDAC when combined

Adv. Sci. 2025, 12, 2500296 2500296 (11 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

with cGAMP.[89] While some studies illustrate a positive effect
of STING agonists on NK cells and enhanced tumor cell killing
upon combined treatment, others reveal a negative influenceme-
diated by Bregs. Discrepancies in results may be attributed to the
use of different mouse models, variations in the route of admin-
istration or dosage as well as the use of different STING agonists.

6.6. Immunosuppressive Factors

Additionally, within the TME, other immunosuppressive factors
play a role such as indoleamine 2,3-dioxygenase 1 (IDO), cy-
clooxygenase 2 (COX2), or transforming growth factor beta (TGF-
𝛽), which function as negative regulators of the anti-tumoral im-
mune response. Specifically, IDO inhibits the T cell metabolism,
while COX2 mediates apoptotic resistance and proliferation of
cancer cells.[95] Notably, STING activation has been shown to
increase IDO.[96] TGF-𝛽 enables cancer cell invasion, therapeu-
tic resistance, and suppression of other immune cells such as
T and NK cells.[97] Tregs in multiple myeloma (MM) demon-
strated TGF-𝛽1 secretion, thereby transcriptionally suppressing
the mRNA levels of cGAS and STING.[98] In spontaneous mam-
mary specific polyomavirus middle T antigen overexpression
mouse model (MMTV-PyMT), TGF-𝛽 limited the IFN-induced
tumor regression.[99] Furthermore, STINGactivation induced the
upregulation of PD-L1 on various immune cells[100] like bone
marrow-derived DCs[76] and tumor cells.[101] Notably, Ghaffari
et al. detected elevated levels of PD-L1 on macrophages and MD-
SCs, alongside an increased PD-1 expression on CD8+ T cells
following STING agonist treatment in ovarian cancer. Conse-
quently, they combined the agonist with an anti-PD-1 antibody,
highlighting the importance of immune priming to increase
treatment response.[77] The NC NF-𝜅B pathway can result in the
secretion of tumor-growth supporting cytokines such as IL-6. In
radiotherapy, the activation of the NC NF-𝜅B pathway in DCs
negatively regulated irradiation-induced anti-tumor immunity by
controlling the type I IFN expression.[26] This underscores a lim-
itation in the immune response during radiotherapy, particularly
mediated through the NC NF-𝜅B pathway. Altogether, these re-
sults emphasize the importance of the TME and secreted factors,
which can influence the effectiveness of the treatment by modu-
lating the immune response.

6.7. Promoting Tumor Growth

All the above-mentioned results indicate a rather immunosup-
pressive effect of STING agonists on the tumor. However, it
is crucial to consider the different development stages of tu-
mors and the heterogeneity between tumor types. Understand-
ing these factors will be essential for determining potential ther-
apeutic outcomes.
Across the different stages of tumor progression from primary

tumor tometastasis, the administration of STING agonists could
be either beneficial or further stimulate tumor growth.[11d,33b] In
the early stages of tumor development, DNA damage can lead
to MN formation, activating the cGAS-STING pathway. This, in
turn, promotes cytokine and chemokine production, enhancing
the recruitment of immune cells into the TME.[13,15b] Neverthe-
less, DNA fromMN canmaintain CIN and lead tometastasis.[33a]

In primary tumors STING activation is mostly associated with
the switch ofM2 intoM1macrophages,[42b] the activation of DCs,
and subsequently T cell activation, supporting an anti-tumoral
immune response.[14,15b] However, it is important to note that in
more advanced stages, particularly in themetastatic setting, it be-
comes increasingly challenging. Here the application of STING
agonists could be detrimental, promoting tumorigenesis.[102]

Additionally, primary tumors often display a CINlow phenotype,
while metastasis present a CINhigh phenotype. However, primary
tumors can also exhibit a CINhigh phenotype, relying on a pro-
tective role of the inflammatory response, with a CIN-driven in-
flammation important for tumor survival and growth.[27] Breast
cancer cells with a CINhigh phenotype demonstrated a higher ex-
pression of NC NF-𝜅B genes, indicating higher treatment resis-
tance. Additionally, breast and lung cancer patients with CINhigh

tumors were associated with shorter disease-free survival.[33a]

Furthermore, in vivo studies using triple-negative breast can-
cer cell lines demonstrated that CINhigh tumors contained
anti-inflammatory macrophages, granulating MDSCs, and dys-
functional T cells. In contrast, CINlow tumors displayed a more
pro-inflammatory environment with activated DCs and CD4+ T
helper cells,[34] emphasizing the role of the CIN phenotype. Be-
sides, CINhigh tumors with chronic STING activation have shown
decreased levels of STING in cancer cells.[34] Consequently, ad-
ministering STING agonists may not be ideal for tumors with a
CINhigh phenotype, further promoting tumor growth.
Apart from the CIN phenotype, there might be an inverse

relationship between tumors with high cGAS+ MN and low
STING protein expression, which correlated with reduced TILs
(cGAShighSTINGlow). In contrast, tumors with low cGAS+ MN
were associated with higher STING expression and a more favor-
able diagnosis (cGASlowSTINGhigh).[34] Tumors with high STING
protein expression demonstrated an upregulation of PD-1 on
CD8+ T cells, emphasizing that these tumors might benefit from
STING agonists together with checkpoint inhibitors.[41] The clas-
sification into two groups could help improve treatment strate-
gies, as the last group (cGASlowSTINGhigh) may benefit from
STING agonists while the first (cGAShighSTINGlow) could re-
spond more effectively to STING inhibitors.[34,103] In addition, a
high cGAS micronuclear burden was associated with increased
myeloid cell presence and poorer prognosis in esophageal can-
cer, indicating that myeloid-driven inflammation contributes to
tumor progression.[51] STING protein expression in both tumor
and endothelial cells was crucial for inducing an effective anti-
tumor response when treated with cGAMPmonotherapy in B16-
F10 tumors. However, in 4T1 breast cancer tumors, the response
to cGAMP was weaker, indicating a tumor-type-specific differ-
ence in STING pathway activation.[51,56] In the B16-F10 model,
it was demonstrated that STING expression in non-tumor cells
was needed to mediate the anti-tumor effect.[104] This empha-
sizes the role of the TME in responding to STING agonist treat-
ment. High STING expression has been observed in several can-
cers, including breast cancer, clear renal cell carcinoma, colorec-
tal adenocarcinoma, hepatocellular carcinoma, and papillary car-
cinoma of the thyroid. This expression was linked to a more ag-
gressive cancer phenotype and increased PD-L1 levels 0.1 cancer
cells.[105]

Moreover, repetitive stimulations with STING agonists in-
duced IFN tachyphylaxis, a phenomenon, where repetitive IFN
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stimulation reduces the response, suggesting that prolonged ex-
posure to STING agonists leads to reduced efficacy due to im-
mune system desensitization.[34]

These data highlight the importance of considering cGAS and
STING expression within the TME, as well as the CIN pheno-
type when modifying treatments for patients. It also highlights a
context-dependent pro-tumorigenic effect of STING activation.
Further research is required to determine the effectiveness of
STING agonist monotherapy in tumors with low immunogenic-
ity or low immune cell count.

7. Overcoming the Challenges and Limitations of
STING Agonists

7.1. Potential Strategies to Improve Administration

To overcome this limitation of using free agonists and their
intratumoral administration, research interest has shifted to-
wards the encapsulation of agonists in nanocarriers or the
use of antibody-drug conjugates (ADC). Nanocarriers include
liposomes, polymersomes, peptide nanodrugs, or even metal-
based nanoparticles and they allow specific systemic delivery
of compounds into the tumor bed without the need for IT
administration.[106] Namely, the use of a biopolymer containing
a STING agonist (cdGMP) and NKG2D-CAR-T cells was placed
directly on a mouse pancreatic tumor, effectively delivering
CAR-T cells into the tumor bed to eradicate tumor cells. Further-
more, the STING agonist was released over time at the tumor
site, transforming the tumor bed into a “self-vaccine site”.[107]

Nevertheless, the device needs to be implanted in combination
with cytoreductive surgery and additional research is required
to investigate the impact on metastasis. However, this approach
provides a solution to deliver the product to its intended desti-
nation. Similarly, demonstrated encapsulated cGAMP and CpG
ODN plus the model antigen OVA an induction of a boosted
Th1 immune response in vitro, decreased M2 macrophages, and
reduced tumor volume of up to 70% in melanoma in vivo.[108]

The use of a bridging-lipid nanoparticle targeting CD47/PD-1 on
tumor-associated myeloid cells in glioblastoma, combined with
diABZI, reprogrammed these cells from an immunosuppressive
into an anti-tumoral state.[109] Furthermore, Nakamura et al.
demonstrated that a STING LNP enhanced NK cell activity in a
B16-F10 melanoma model and showed that the enhanced tumor
control was mediated by NK cells rather than CD8+ T cells.[110]

Using nanocarriers to deliver STING agonists can improve the
half-life as well as bioavailability, especially if natural CDNs are
used. Nevertheless, these strategies cannot avoid the death of
immune cells in the TME due to overactivation by the STING
agonist, even though this effect is less pronounced compared to
using free agonists.[106a]

ADCs present another novel approach to overcome the side
effects associated with systemic STING agonist administration.
Multiple STING agonist ADCs with different targets induced
IFNs 100-fold more potently and enhanced tumor cell killing
relative to free agonists in vitro. In vivo results showed in two
different tumor models durable responses at lower doses com-
pared to diABZI with increased tumor-localized inflammatory
cytokines.[111] The cGAMP analogue IMSA172 conjugated to an

anti-EGFR binding antibody led to suppression of B16-F10 tu-
mor growth dependent on the expression of EGFR. Furthermore,
the study demonstrated increased DC, T cell, and NK cell acti-
vation and repolarization of M2 macrophages.[112] After promis-
ing in vivo data, the ADC XMT-2056 binding HER2 entered a
clinical phase I trial (NCT05514717).[113] A CD11b-STINGa-ADC
demonstrated STING activation in tumor cells and complete tu-
mor regression in an ovarian and breast cancer xenograft mouse
model. Importantly, this STINGa-ADC outperformed the free,
systemic STING agonist diABZI at a 50-fold lower dose and in-
duced much lower serum cytokine elevations over time. Addi-
tionally, the primary driver of the anti-tumor effect of STINGa-
ADC is the innate immune response, triggered downstream
of STING activation, as observed in tumor xenograft SCID
mice.[114]

In conclusion, both IT and systemic delivery have their ben-
efits and limitations, and more studies regarding toxicities and
side effects of nanocarriers, ADCs, and systemic STING agonists
are needed.

7.2. How to Overcome T cell Overactivation and NK Cell
Inhibition

To prevent T cell toxicity, Knelson et al. propose to use a burst-
dose agonism, e.g. using a high dose of the STING agonist first
to strongly activate the immune system. This approach could de-
lay T cells from attacking too soon due to overactivation. This
method allows NK cells and DCs to be activated first, which then
cross-prime the T cells, thereby potentially enhancing the over-
all immune response.[38] Another strategy to prevent T cell toxi-
city involves pre-activation of T cells prior to administration. Be-
sides, the nature and the potency of the STINGagonist dose influ-
ence the induction of T cell death; lower doses have been demon-
strated to not induce this effect, therefore highlighting the im-
portance of careful dose selection. The timing of administration
may potentially influence the results aswell. One perspective sug-
gests that the therapeutic impact occurs in two distinct phases. In
the initial phase (within the first 24 h), damage to the tumor vas-
culature is thought to occur through STING-mediated apoptosis
and activation of innate immune cells which primarily produce
type I IFNs. Subsequently, a second phase then leads to T cell
activation due to activated APCs.[11d] Considering this scheme,
administering the STING agonist first and the ICI treatment af-
terward could circumvent the immunosuppressive effects asso-
ciated with STING agonists. Since STING agonists have been
shown to increase the expression of immune checkpoints on T
cells such as PD-1, a combination with CPIs could be benefi-
cial (as discussed in section 5.2.1)[77,79] (Figure 4). However, it
is important to mention that PD-1 expression on CD8+ T cells
induced by STING agonists depends on the tumor model and
TME.[41]

To overcome NK cell suppression, in a systemic delivery set-
ting, a combination of a STING agonist with a PI3K𝛾 inhibitor
reduced the number of Bregs in PDAC while increasing the num-
ber of myeloid cells, thereby mediating tumor control.[115] This
highlights the potential of Breg inhibitors together with CAR-NK
cell therapy (Figure 4).
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7.3. How to Counteract Immunosuppressive Factors

Asmentioned earlier, IDO is a great immune cell inhibitor in the
TME. In colorectal cancer-bearing mice, the STING agonist diA-
BZI decreased tumor volume and increased survival when com-
bined with the IDO inhibitor 1-MT. This combination further in-
creased DC and CD8+ T cell numbers while reducing MDSCs
compared to STING agonist monotherapy.[116] These findings in-
dicate that the IDO inhibitor might rescue the induction of MD-
SCs by STING agonist treatment. However, the use of an IDO-
blocking antibody together with a STING agonist (ADU-S100)
did not show a significant difference in mouse survival in MC38
tumors. Conversely, combining the STING agonist with a COX-
2 inhibitor led to a significant reduction in tumor volume and
improved survival in a mouse model of colon cancer.[42c] The sur-
vival of the mice was further extended when an anti-PD-1 anti-
body was added to the combination. To counteract the immune
suppressionmediated by TGF-𝛽, a neutralizing antibody together
with a STING agonist reduced the immune suppressive effect
and suppressedTregs in anmultiplemyelomamousemodel.[98] In
spontaneous MMTV-PyMT mammary tumors blocking of TGF-
𝛽 restored the activity of DMXAA and therefore the IFN-induced
tumor regression[99] (Figure 4).
To counteract the expression of immune checkpoints within

the TME, the use of a STING agonist (IMSA172) conjugated to an
anti-epidermal growth factor receptor (EGFR) antibody increased
PD-L1 on DCs within the tumor and tumor-draining lymph
nodes, while the most pronounced anti-tumor effect was seen
in combination with an anti-PD-L1 antibody in B16-F10 bearing
mice.[112] Importantly, PD-L1 expression is not exclusively up-
regulated on immune cells but tumor cells as well, such as for
liver cancer[117] or non-small cell lung cancer.[118] Additionally, the
combination of MSA-2 with an anti-TGF-𝛽R2/PD-L1 bispecific
antibody promoted DC maturation, naïve T cell activation, and
enhancedNK cells in different cancermousemodels (melanoma,
breast, or colon cancer). By targeting both TGF-𝛽 and PD-L1 si-
multaneously with the STING agonist, even immune-excluded
or immune-deserted tumors could benefit therapeutically.[76] To
further improve the anti-tumor response, NC NF-kB inhibition,
but not canonical NF-kB inhibition promoted tumor regres-
sion in combination with irradiation[26] (Figure 4). To enhance
STING expression within the TME, the use of DNAmethyltrans-
ferase (DNMT) inhibitors can improve the response. The use
of KDM5 inhibitors in human papilloma virus positive (HPV+)
head and neck or cervical tumors restored STING expression
and induced an anti-tumor response[49] (Figure 4). A combina-
tion of the DNMT inhibitor 5AZADC and ADU-S100 restored
the tumor-cell intrinsic STING signaling defect due to epigenetic
programming and enhanced the anti-tumor response against
melanoma in vivo.[50] For CINhigh tumors, the STING inhibitor
C-176 led to the downregulation of pathways related to inflam-
mation, EMT, and ER stress and prolonged the survival of CINhigh

tumor-bearing mice.[34] Using tocilizumab, blocking the IL-6 re-
ceptor, the IL-6 mediated immune suppression was prevented.
In addition, the growth of triple-negative breast cancer cells was
impaired, and the outgrowth of CIN+ cells was delayed.[27]

Therefore, to counteract undesirable side effects mediated
by STING agonists, combination strategies with IDO, TGF-𝛽,
DNMT, NC NF-kB, Breg or COX2 inhibitors may be necessary to

improve clinical outcomes. To summarize, the use of STING ag-
onists faces significant challenges from immune-related adverse
events to the complexity of determining TME, CIN phenotype,
timing, dosing, and the choice of STING agonist (Figure 5). To
address these disadvantages and optimize the clinical utilization
of STING agonists, further research is necessary.

8. Future Perspectives and Concluding Remarks

In the past years, immunotherapy has gained significant atten-
tion, aiming to utilize the patient’s own immune system in the
fight against cancer and to amplify the anti-tumoral immune re-
sponse. The cGAS/STING pathway works as a potent regulator
of the anti-tumoral immune response. Since the discovery of the
first STING agonist, DMXAA, various agonists have been devel-
oped with the goal of improving bioavailability, mitigate toxicity,
and refining routes of administration. While multiple preclini-
cal studies have shown increased anti-tumor efficacy of CD8+ T
cells and NK cells as well as increased tumor control after ago-
nist treatment, negative side effects such as T cell toxicity, inhi-
bition of NK cells by IL-35-producing Bregs as well as challenges
with the route of administration even promoting tumor growth,
have been observed. Future research directions should include
a deeper analysis of the impact of STING agonists on cells with
low or no STING as well as improving our understanding of the
mechanisms underlying STING activation in the TME. While
single-agent therapy might suffice, investigating potential com-
bination strategies such as anti-PD-1 or anti-PD-L1 antibodies,
IDO, DNMT, or TGF-𝛽 inhibitors as well as Breg inhibitors, holds
promise to enhance the effect of STING agonist treatment in the
clinic and to address immunomodulatory mechanisms. In such
regard, it is evident that the most efficient way forward will con-
sist of a combination strategy with other immune therapies.
In summary, treatment efficacy depends on the choice of ag-

onist tailored to the cancer type. While certain STING agonists
exhibit promising responses at specific doses and certain can-
cer types, othersmay yield less favorable outcomes. Furthermore,
more clinical data is needed, particularly for a comprehensive un-
derstanding of immunosuppressive effects in humans.
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