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IMMUNE ACTIVATION IN METASTATIC CANCERS: THE STING 
PATHWAY AND NANOPARTICLE-BASED THERAPEUTIC 
APPROACHES

 Necla Duru Altınel

Hacettepe University School of Medicine, Ankara, TÜRKİYE

ABSTRACT

Cancer immunotherapy represents a significant treatment approach aimed at enhancing patient survival by targeting the tumor microenvironment 
and immune system. In recent years, considerable interest has been shown in novel therapeutic strategies that activate the immune system, 
particularly in patients with metastatic cancer. The stimulator of interferon genes pathway has been identified as a critical target due to its ability to 
enhance immune responses against malignancies. The stimulator of interferon genes adaptor protein plays a central role in cellular immune signaling 
and is an essential component of the deoxyribonucleic acid sensing machinery. Upon activation, the stimulator of interferon genes pathway induces 
the production of various cytokines, mainly type I interferons, to trigger an immune response in the tumor microenvironment. However, direct 
administration of stimulator of interferon genes agonists poses significant challenges due to systemic toxicity and off-target effects. To overcome 
these limitations, nanoparticle-based drug delivery systems have been developed to enhance therapeutic efficacy and minimize side effects. These 
systems enhance stimulator of interferon genes activation, ensure targeted distribution, and amplify immune stimulation. This review discusses the 
role of the stimulator of interferon genes pathway in metastatic tumors, the mechanisms underlying nanoparticle-based stimulator of interferon 
genes agonists, and recent findings from preclinical studies and clinical trials. Additionally, it discusses the advantages, challenges, and potential 
directions for future research on this approach.
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INTRODUCTION

Cancer remains one of the leading causes of death worldwide (1). 
Metastatic cancers pose additional challenges as they frequently 
develop resistance to therapeutic agents (2). While the immune 
system can recognize and eliminate cancer cells, the tumor 
microenvironment (TME) typically employs immunosuppressive 
mechanisms that inhibit immune responses and allow tumors to 
evade immune surveillance (3). Consequently, there is a growing 
need for immunotherapeutic approaches that specifically 
target the innate immune system, a concept that has gained 
significant interest in recent years (4). Among these approaches, 
the stimulator of the interferon genes (STING) pathway has 
emerged as a valuable therapeutic target due to its ability to 
increase antitumor immune reactions (5). STING, an adaptor 

protein, is activated by cytosolic deoxyribonucleic acid (DNA), 
leading to the production of various cytokines, predominantly 
type I interferons (IFN-I) (6). This response initiates a strong 
immune response in the TME, thereby enhancing antitumor 
activity (7). STING activation not only triggers innate immunity 
but also enhances adaptive immune responses by priming 
cluster of differentiation 8⁺ (CD8⁺) T-cells for activation, which 
facilitates tumor-specific immunity (8). However, several tumor 
types suppress the STING signaling pathway, thereby limiting 
the effectiveness of immune activation (9). The development of 
pharmacological STING agonists has emerged as a strategy to 
overcome this limitation and enhance immune system function 
in cancer treatment (10). However, the direct application of 
STING agonists is limited by systemic toxicity and unexpected 
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side effects (11). The use of nanoparticle-based drug delivery 
systems has emerged as a potential solution to overcome these 
limitations and improve treatment outcomes while minimizing 
unwanted effects (12). These nanoparticles are designed to 
increase STING activation, promote targeted delivery, and 
increase immune stimulation (13). Recent preclinical and clinical 
research has demonstrated promising findings regarding the 
use of nanoparticle-based STING agonists to treat metastatic 
cancers (14). This review will explore the involvement of the 
STING pathway in metastatic cancers, the development of 
nanoparticle-based STING agonists, their mechanisms of 
action, and their effects on immune responses, along with an 
examination of their advantages and disadvantages and future 
opportunities for nanoparticle-based STING activation.

1. STING Pathway and Immune Evasion Mechanisms in 
Metastatic Cancers

a) Escape mechanisms of metastatic cancers from the immune 
system 

In metastatic cancers, immune evasion mechanisms are 
primarily triggered by acquired immune responses (15). 
The most significant mutations and genetic changes that 
contribute to this process occur during the early stages of 
tumor development (16). These include loss of heterozygosity, 
somatic mutations, and epigenetic changes that impair the 
presentation of neoantigens, programmed cell death ligand 1 
(PD-L1) expression, and other immunosuppressive mechanisms 
(17, 18) (Figure 1).

b) The potential of STING to modulate the immune response

Stimulator of interferon genes activation has been shown 
to enhance the immune system’s ability to recognize and 
eliminate metastatic tumor cells (19). This process involves 
a sequential five-stage cascade. Initially, the enzyme cyclic 
guanosine monophosphate (GMP)-adenosine monophosphate 
(AMP) synthase (cGAS) detects the accumulation of abnormal 
cytoplasmic DNA. cGAS then catalyzes the production of 
cyclic GMP-AMP (cGAMP), which acts as a second messenger 
activating STING. Once STING is activated, it triggers the 
release of damage-associated molecular patterns and tumor-
specific antigens. These molecular signals are then recognized 
by dendritic cells, which are activated and subsequently prime 
T-cells. Finally, T-cells are activated to launch an immune 
response against cancer cells, thereby increasing the immune 
system’s capacity to detect and destroy metastatic tumors 
(Figure 2) (20).

Within this immune-activating cascade, a sound rationale for 
combining STING agonists and immune checkpoint inhibitors 
(ICIs), particularly anti-programmed cell death protein 1 (anti-
PD-1)/PD-L1 such as pembrolizumab or nivolumab, has been 
developed. While STING activation promotes dendritic cell 
maturation, enhances cross-presentation of tumor-derived 
antigens, and promotes T-cell priming and infiltration into the 
TME, ICIs operate at a later stage by maintaining T-cell effector 
function and preventing T-cell exhaustion (21). The STING agonists 
activate and amplify antitumor immune responses, whereas the 
ICIs act to sustain and maintain the immune response.

Figure 1: Mechanisms of immune evasion by metastatic cancers (created with BioRender.com).
Metastatic cancer cells employ various strategies to escape recognition and elimination by the immune system, often driven by acquired genetic and 
epigenetic changes during tumor development. A) Interaction between PD-1 on CD8⁺ T-cells and PD-L1 on tumor cells inhibits T-cell activation and cytotoxic 
function, leading to immune evasion. B) Downregulation or loss of MHC class I molecules on tumor cells prevents antigen presentation, reducing CD8⁺ T-cell 
recognition. C) Tumor cells may lose expression of immunogenic neoantigens due to selective pressure or mutations, hindering T-cell targeting. D) Genetic 
or epigenetic alterations in tumor cells can further impair antigen processing and presentation pathways. E) An immunosuppressive TME (e.g., presence of 
regulatory cells, cytokines, and metabolic factors) suppresses effective anti-tumor immune responses.
CD8⁺: Cluster of differentiation 8⁺, MHC: Major histocompatibility complex, PD-1: Programmed cell death protein 1, PD-L1: Programmed cell death ligand 1, TME: Tumor 
microenvironment, TCR: T-cell receptor
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Preclinical models have demonstrated that this dual approach 
can successfully “reprogram” immune “cold” tumors with poor 
T-cell infiltration that are resistant to checkpoint blockade into 
immune “hot” tumors in which immune cell trafficking, IFN 
signaling, and major histocompatibility complex-I expression 
are enhanced. These STING agonist-ICI combinations promote 
both the generation and persistence of effector T-cells, which 
lead to synergistic tumor regression with durable survival 
benefit (21).

Yet, this synergy may incur risks. The potentiated immune 
stimulation may result in a higher risk of immune-related 
adverse events (irAEs; e.g., colitis, hepatitis, pneumonitis, and 
systemic inflammatory syndromes). In addition, it is feasible 
that robust or continuous STING activation may trigger immune 
tolerance or cytokine storm-like effects that would counteract 
the anti-tumor effect (22). Therefore, additional focus on dose 
optimization, scheduling, and the integration of biomarkers 
for patient selection will be critical for safe or effective clinical 
translatability of combinations.

c) General evaluation of preclinical and clinical studies

The MIV-815 (ADU-S100) study, a clinical investigation 
conducted on the use of STING agonists in cancer 
immunotherapy, demonstrated that the immune system can be 
activated by injecting STING agonists directly into the TME (23). 
The study showed that MIV-815 was safe and able to trigger a 
systemic immune response. However, its clinical effectiveness 
was limited when used alone (23). This limitation highlights 
the difficulty of using a single treatment to overcome the 

immunosuppressive environment of a tumor and emphasizes 
the need for rationally designed combination regimens (24). 
Alternative methods of activating the STING pathway have 
also been explored. A preclinical study on Cadherin-11 (CDH11) 
inhibition found that this pathway indirectly activates STING 
signaling and enhances the immune system’s response to 
tumor cells in metastatic cancers (24). The suppression of 
CDH11 has been shown to contribute to reducing tumor burden 
by increasing the activity of immune cells in the TME (25). 
However, this mechanism has only been validated in preclinical 
models, and further studies are required to assess its relevance 
in human cancers. A preclinical study also demonstrated that 
combining STING agonists with programmed cell death protein 
1 (PD-1) inhibitors elicited a more robust immune response 
in metastatic tumors (26). This synergy potentiates T-cell 
responses by promoting dendritic cell activation within the 
TME. Although promising, the safety, timing, and dosage of 
such combination strategies require comprehensive clinical 
evaluation, particularly considering the risk of immune-related 
adverse events (26). These findings suggest that STING agonists 
can be activated not only through direct administration but also 
via alternative mechanisms. Furthermore, their combination 
with other immunotherapeutic agents, such as PD-1 inhibitors, 
holds significant promise for cancer treatment by enhancing 
immune responses in metastatic cancers (27). However, further 
investigations are essential to optimize delivery systems, clarify 
mechanistic interactions, and validate these strategies in large-
scale clinical trials. An overview of selected STING agonists used 
in cancer therapy is presented in Table 1.

Figure 2: The cGAS-STING pathway and its role in anti-tumor immunity (created with BioRender.com).
This diagram illustrates the cGAS-STING pathway, a critical innate immune signaling cascade that detects cytosolic DNA and initiates anti-tumor immune 
responses.
cGAS-STING: Cyclic guanosine monophosphate-adenosine monophosphate synthase-stimulator of interferon genes, DNA: Deoxyribonucleic acid, IFN: Interferon, 
DAMPs: Damage-associated molecular patterns 
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Nanoparticle Technology and STING Activation: Structures, 
Mechanisms, and Clinical Potential

Stimulator of interferon genes agonists have emerged as powerful 
agents in cancer immunotherapy, particularly in the context of 
metastatic cancers, where conventional treatments often fall 
short. However, the clinical utility of these agonists is hindered 
by pharmacokinetic challenges such as low bioavailability, rapid 
systemic clearance, and immune-related adverse effects (31). To 
overcome these limitations, nanoparticle-based drug delivery 
systems have gained significant attention for their ability 
to deliver STING agonists effectively to the TME, including 
metastatic sites (31).

Lipid-Based Nanoparticles and STING Activation in Metastatic 
Cancer

Lipid-based nanoparticles, particularly liposomes, have 
been extensively studied for their capacity to enhance the 
delivery of both hydrophilic and hydrophobic drugs, including 
STING agonists (32). These nanoparticles are composed of 
phospholipid bilayers, which can encapsulate a wide range of 
therapeutic agents, offering protection from degradation and 
improving stability during circulation (Figure 3) (Supplementary 
Video 1). In the context of metastatic cancer, where tumor 
heterogeneity and the presence of distant secondary tumors 
complicate treatment, the ability of liposomes to deliver STING 
agonists directly to immune cells within the TME has significant 
therapeutic implications (32).

The acidic environment characteristic of metastatic tumors, 
particularly at distant metastatic sites, makes lipid nanoparticles 
(LNPs) particularly suitable for controlled release (33). These 
nanoparticles are pH-sensitive, allowing them to release their 
cargo efficiently within the TME, where the pH (~6.5-6.8) is 
lower than that of normal tissues (~7.4) (33).

This ensures the STING agonists are released where they are 
needed the most, potentially enhancing the activation of 
immune responses at metastatic sites (34).

Lipid-based nanoparticles also have the added benefit of 
modifying immune responses through their interaction with 
immune cells (35). These nanoparticles not only deliver STING 
agonists but also enhance the uptake of the agonists by immune 
cells, such as dendritic cells and macrophages (36). By triggering 
the STING pathway, they promote the activation of CD8⁺ T-cells 
and the release of pro-inflammatory cytokines, which can lead 
to a robust anti-tumor immune response (37). In metastatic 
cancers, where immune evasion is a major hurdle, the ability 
of lipid-based nanoparticles to stimulate the immune system 
offers a promising strategy for overcoming this challenge (38).

In addition, surface modifications, such as polyethylene glycol 
conjugation or antibody conjugation, can improve the specificity 
of LNPs, enabling them to target specific metastatic tumor 
cells more effectively (39). These modifications help minimize 
off-target effects and enhance the accumulation of the 
nanoparticles at metastatic sites, ensuring that the therapeutic 
agent is delivered precisely where it is most needed (40).

Studies have demonstrated that lipid-based nanoparticles can 
successfully deliver STING agonists to immune cells, leading 
to enhanced antitumor responses in metastatic cancers. For 
instance, in mouse models of metastatic melanoma and 
breast cancer, LNPs loaded with STING agonists have been 
shown to suppress tumor growth and promote the activation 
of CD8⁺ T-cells (41). These findings suggest that lipid-based 
nanoparticles not only act as carriers but also play an active role 
in modulating immune responses, making them highly suitable 
for the treatment of metastatic cancers (41).

In conclusion, lipid-based nanoparticles offer a promising 
approach to overcome the pharmacokinetic challenges 
associated with STING agonists in the treatment of metastatic 
cancers. By enhancing the targeted delivery, controlled 
release, and immune modulation of STING agonists, these 
nanoparticles hold the potential to improve the efficacy of 
cancer immunotherapy, particularly in the context of metastatic 
disease.

Table 1: Overview of selected STING agonists in cancer therapy.

STING agonist Molecular class Mechanism of action
Development 
phase

Types of 
metastatic cancer

Side effects

Cyclic dinucleotides (CDNs) 
(28)

Nucleotide derivatives 
(cGAMP, c-di-GMP, 
c-di-AMP)

Activate STING 
pathways, stimulating 
interferon production.

Preclinical and some 
clinical

Colorectal, breast, 
and lung cancer

Inflammation, 
fatigue, headache

Microsphere-based STING 
agonist (MBOP) (29)

Polymer structures
Activates STING 
pathways, activating the 
immune system.

Preclinical Liver cancer
Immune side 
effects, injection site 
reactions

Elumusertib (BAY1895344) 
(30)

Chemical synthesis
Effectively activates 
STING pathways.

Phase 1 Prostate cancer
Inflammation, 
muscle pain

ADU-S100 (22)
Synthesized small 
molecules

Activates STING, 
stimulating IFN-I 
response.

Phase 1/2
Melanoma, lung 
cancer

High-dose fever, 
fatigue

This table summarizes key characteristics of various STING agonists currently under investigation for their potential in cancer treatment. It includes information on their 
molecular class, mechanism of action, current development phase, types of metastatic cancers they are being explored for, and reported side effects. 
cGAMP: Cyclic guanosine monophosphate-adenosine monophosphate, c-di-GMP: Cyclic di-guanosine monophosphate , c-di-AMP: Cyclic di-adenosine monophosphate, IFN-I: 
Interferon type I, STING: Stimulator of interferon genes
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Polymer-Based Nanoparticles and STING Activation in 
Metastatic Cancer Immunotherapy

Polymeric nanoparticles, typically composed of biodegradable 
polymers such as polylactic-co-glycolic acid (PLGA), are 
emerging as promising carriers for the delivery of STING 
agonists in cancer immunotherapy, particularly for metastatic 
cancers (42). These nanoparticles are well-known for their 
high drug-loading capacity, controlled release properties, and 
biocompatibility, making them ideal candidates for overcoming 
the pharmacokinetic challenges associated with STING agonists 
(43). When engineered to carry STING agonists, polymer-based 
nanoparticles ensure that the agonists are efficiently delivered 
to immune cells, particularly within the TME, where they 
activate STING receptors and initiate a robust immune response 
(43).

In the context of metastatic cancer, where tumors are often 
dispersed across distant sites, the targeted delivery of STING 
agonists becomes crucial. Polymer nanoparticles can be 
functionalized with specific ligands or antibodies, enabling them 
to target particular cells or tissues, including metastatic tumor 
sites (44). This targeted approach minimizes off-target effects 
and maximizes the accumulation of the agonists at the site of 
action, which is especially important for tumors that are hard to 
treat with conventional therapies (44).

The biodegradable nature of polymer-based nanoparticles 
allows for the sustained release of STING agonists over 
an extended period, providing continuous and prolonged 
activation of immune cells (45). This feature is particularly 

valuable in metastatic cancers, where immune evasion 
and immune suppression often hinder the effectiveness of 
therapies. By ensuring prolonged immune activation, polymer 
nanoparticles help maintain a strong and persistent antitumor 
immune response, potentially preventing the re-emergence of 
metastases (45).

Some studies have demonstrated that polymer-based 
nanoparticles effectively facilitate the controlled release of 
STING agonists to immune cells such as dendritic cells, thereby 
enhancing the activation of CD8⁺ T-cells and promoting 
systemic antitumor immunity (46, 47). In metastatic models, 
this sustained activation has been shown to suppress tumor 
growth and inhibit the spread of metastatic cells. These 
characteristics make polymer-based nanoparticles a promising 
strategy for the long-term, effective modulation of STING 
activation, offering hope for treating metastatic cancer more 
effectively than current treatments allow (46, 47).

Inorganic Nanoparticles and STING Activation in Metastatic 
Cancer Immunotherapy

Inorganic nanoparticles, such as gold (Au), iron oxide (Fe₃O₄), 
and silica, offer distinct advantages for the treatment 
of metastatic cancers, including high stability, ease of 
functionalization, and precise targeting capabilities (48). When 
STING agonists are incorporated into these nanoparticles, they 
not only serve as carriers but also enhance antigen transport, 
facilitate cellular uptake, and modulate immune responses-key 
factors in overcoming the challenges posed by metastatic tumor 
dissemination (48).

Figure 3: Molecular representation of a liposomal nanoparticle interacting with the STING agonist (with PyMol). The agonist (green) is located at the bilayer 
interface, demonstrating potential interaction with the synthetic lipid-based nanoparticle model (pink spheres). 
STING: Stimulator of interferon genes
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Magnetic Fe₃O₄ nanoparticles are particularly advantageous for 
targeting metastatic tumors due to their ability to be guided 
to specific tumor sites via external magnetic fields (49). This 
method ensures targeted delivery of STING agonists to distant 
metastases, improving therapeutic precision and reducing 
systemic toxicity (49).

Gold nanoparticles, with their photoresponsive properties, 
can further enhance the therapeutic effect of STING agonists 
by enabling localized activation upon light exposure (50). This 
is particularly beneficial for treating deep-seated metastatic 
tumors, where other methods of delivery may be less effective 
(50).

Silica nanoparticles, known for their high drug-loading capacity, 
facilitate the controlled release of STING agonists, ensuring 
sustained delivery to immune cells such as dendritic cells within 
the metastatic TME (51). This controlled release is critical in 
maintaining prolonged immune activation and preventing 
immune evasion, a common obstacle in metastatic cancers (51).

Recent studies have demonstrated that magnetic Fe₃O₄ 
nanoparticles can improve STING activation and promote robust 
antitumor immune responses within metastatic tumors (52). 
Additionally, Au nanoparticles can optimize the effects of 
STING agonists through their photoactivatable properties, 
enhancing their therapeutic potential in the treatment of 
metastatic cancers (53).

In conclusion, inorganic nanoparticles offer a powerful approach 
for enhancing the delivery and efficacy of STING agonists in 
metastatic cancer immunotherapy. With their unique targeting 
mechanisms, such as magnetic guidance and light activation, 
these nanoparticles hold great promise for improving the 
precision and effectiveness of treatment in metastatic disease.

Next-Generation Nanoparticles and STING Activation in 
Metastatic Cancer Immunotherapy

Innovative smart nanoparticle systems have emerged that 
involve light-responsive, pH-sensitive, and ligand-targeted 
nanocarriers, which are promising new modalities to improve 
STING agonist delivery specificity and efficacy. Much like 
light-sensitive drugs, light-responsive nanoparticles offer 
spatiotemporal control for drug release, as they can be activated 
by illumination either in the TME or even intratumorally, 
while keeping systemic exposure and the potential for off-
target toxicity minimal (54). Photoactivatable nanoparticle 
platforms are also advantageous for deep-seated tumors or 
leadership tumors, since controlled and specific activation can 
be administered chronologically or spatially (55).

pH-sensitive carriers can leverage the acidic environment 
of the TME or pH sensitivity of endosomes and lysosomes to 
limit release of STING agonists. This limited release improves 
the concentration of the drug at the tumor site while avoiding 
excessive systemic side effects, which are considerable 
obstacles for clinical translation (56).

Lastly, ligand-targeted nanoparticles, where the nanoparticle 
scaffold can specifically recognize receptors that are 

overexpressed on tumor cells or antigen-presenting cells, can 
direct STING agonists to antigen presenting cells through 
receptor-mediated uptake and improve biodistribution of 
the drug. These smart systems can deliver STING agonists to 
dendritic cells or other immune subsets while improving antigen 
presentation, T-cell priming, and the overall anti-tumor immune 
response (57).

Emerging research illustrates the translational potential of these 
platforms and reports that smart nanocarriers can enhance 
pharmacokinetic profiles, maintain immune activation, and 
overcome resistance mechanisms in immunologically “cold” 
tumors (58). Taken together, these next-generation nanoparticle 
technologies have considerable clinical development prospects, 
opening doors for more precise, safer, and more effective 
STING-based cancer immunotherapies.

2. Evidence from Nanoparticle-Based Preclinical and Clinical 
Studies

Preclinical and clinical studies have revealed important findings 
in the evaluation of the potential of nanoparticle-based STING 
agonist delivery systems in metastatic cancers. For example, in a 
preclinical study using metal complex lipid-based nanoparticles, 
targeted delivery of STING agonists to lung cancer cells resulted 
in significant increases in CD8⁺ T-cell activity by increasing the 
release of proinflammatory cytokines such as IFN in the TME. 
This study demonstrated that nanoparticle-mediated STING 
activation has the potential to suppress tumor growth by 
triggering immunogenic cell death mechanisms. However, the 
lack of long-term in vivo studies and survival data limits the 
extent to which these findings can be generalized to human 
applications (59).

Another preclinical study revealed that STING agonist-loaded 
LNPs can overcome anti-PD-1 resistance through natural 
killer cell activation. Experiments conducted in a B16-F10 
melanoma lung metastasis model demonstrated that STING-
LNP treatment induced PD-L1 expression by increasing IFN-γ 
production, thereby exerting a synergistic antitumor effect with 
anti-PD-1. These findings indicate that STING-LNPs represent 
promising candidates for combination therapy in metastatic 
tumors resistant to anti-PD-1 treatment. Despite these 
promising results, the translational relevance remains uncertain 
due to interspecies differences in immune responses and TME 
factors (38).

In addition, a preclinical study using polymer-based 
nanoparticles revealed that PLGA nanoparticles provide 
long-term and controlled release of STING agonists, thus 
strengthening antitumor immunity by supporting sustainable 
IFN production in metastatic melanoma (41). Nevertheless, 
the immunomodulatory capacity of PLGA-based delivery 
systems requires further optimization, particularly regarding 
their pharmacokinetics and tumor-targeting specificity in 
heterogeneous tumor models (43).

Early-stage clinical studies suggest that delivery of STING 
agonists via lipid-based nanoparticles may enhance immune 
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response and reduce tumor burden (38). Phase I clinical trials 
have reported increased IFN-β-mediated immune activation in 
metastatic lung cancer patients treated with STING agonist-
containing nanoparticles but limited treatment responses 
(36). While some patients have exhibited disease stabilization 
or partial response, the necessity for further investigation is 
evident (38).

While these studies support the potential of STING agonist-
loaded nanoparticles in the treatment of metastatic cancer, 
they also demonstrate the need for further research into their 
clinical efficacy and safety.

3. Challenges and Future Perspectives

While nanoparticle-based delivery of STING agonists holds 
great promise in preclinical models, tumor-intrinsic resistance 
mechanisms, along with barriers to clinical translation, interfere 
with success. Tumors use a variety of mechanisms to inhibit 
activation of the STING pathway. One well-defined mechanism 
is hydrolysis of extracellular cGAMP by ectonucleotide 
pyrophosphatase/phosphodiesterase 1 (ENPP1), which limits 
paracrine immune signaling and dampens anti-tumor immunity 
via the STING pathway (59). In addition to hydrolysis, TME-
mediated epigenetic silencing by transcriptional regulators 
(e.g., FOXM1) can downregulate cGAS-STING components, 
reducing cytosolic DNA sensing and IFN-I production (60, 61). 
Likewise, findings demonstrate that cGAS and STING are often 
mutated, muscles are missed, or, like TANK-binding kinase 1 and 
interferon regulatory factor 3 signaling downstream of STING, 
are deleted or mutated. Furthermore, even non-mutated STING 
has been shown to lead to immune tolerance with sustained 
STING activation, which could have a counterproductive effect 
of impairing antitumor immunity and thus low long-term 
efficacy of immune pathways (62). 

The strong immunostimulatory effects of STING agonists can 
raise concerns at the clinical level of systemic inflammation, 
cytokine storm, autoimmunity, and other potential systemic 
toxicities of prolonged activation. STING agonists, as well as 

their nanocarrier formulations, could also potentially induce 
undesired immunogenicity that could activate the innate or 
adaptive immune pathways differently than intended and result 
in a decreased therapeutic benefit. There are also challenges 
that stem from manufacturing issues associated with Good 
Manufacturing Practice processes, which create additional 
barriers for reproducibility, scalability, and regulatory approval 
(58). Treatment is further complicated by the pharmacokinetics 
of STING agonists and interpatient variation associated with 
biodistribution of nanoparticles and overall clearance, or 
circulation half-life, which could create significant variability 
in therapeutic window and dosing requirements (13). Further 
concerns include biocompatibility of the nanoparticle 
formulation, stability, and continued post-marketing 
biodegradability that require extensive safety assessment in 
preclinical models and initiating some form of rapid escalating 
dosing through phase 1 studies (62, 63). 

In consideration of such issues, future nanoparticle formulations 
will aim to provide controlled and local release of STING agonists, 
limiting systemic side effects while providing better specificity. 
Smart drug carrier formulations, biodegradable polymers, and 
multimodal therapeutic formulations with chemotherapy/
radiotherapy or checkpoint blockade immunotherapy are some 
potential strategies to enhance the duration of therapy and 
overcome resistance (58).

Thus, future research needs to combine approaches for 
overcoming tumor-intrinsic resistance (i.e., ENPP1 inhibition, 
epigenetic modulators, or synthetic agonists that could 
circumvent the inherent signaling deficiencies) with appropriate 
delivery platforms designed with an eye towards safety, 
reproducibility, and regulatory approval. Together, they may 
provide the opportunity for widespread clinical application of 
STING-based nanomedicines in anti-cancer immunotherapy.

Table 2 highlights important biological and translational 
obstacles, in addition to potential solutions, for the therapeutic 
targeting of the STING pathway.

Table 2: Challenges and potential solutions in therapeutic targeting of the STING pathway.

Challenges Impact Potential solutions

STING pathway inhibition (development of 
resistance)

Tumor cells can block STING activation by 
epigenetic changes or immunosuppressive 
mechanisms

New generation STING agonists, 
combination therapy with epigenetic 
modulators

Development of immune tolerance
Continuous STING activation may lead to tolerance 
formation and suppression of the immune response

Controlled release nanoparticle systems 
and dose optimization

Risk of systemic inflammation and autoimmune 
response

A strong immunostimulatory effect may increase 
the risk of treatment-related toxicity

Targeted STING activation and 
biocompatible carrier systems

Biocompatibility, stability, and biodegradability 
issues of nanoparticles

Needs to be evaluated for long-term safety and 
efficacy

Smart drug delivery systems, 
biodegradable polymers

Multimodal treatment requirement
STING activation alone may not be sufficient, 
combined approaches may be required

Combined treatment strategies with 
chemotherapy, immunotherapy, and 
radiotherapy

This table outlines key challenges encountered in developing and applying STING pathway modulators for cancer therapy, along with potential strategies to overcome these 
obstacles.
STING: Stimulator of interferon genes
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CONCLUSION

The STING pathway has emerged as a pivotal target in cancer 
immunotherapy, particularly in addressing the complex 
immunosuppressive microenvironment characteristic of 
metastatic cancers. Despite its therapeutic promise, the clinical 
application of STING agonists remains hindered by challenges 
such as low bioavailability, systemic toxicity, and limited tumor 
specificity when administered directly. To overcome these 
limitations, nanoparticle-based drug delivery systems have 
been developed to enable localized, controlled, and sustained 
activation of the STING pathway within metastatic lesions.

Preclinical and early-phase clinical studies demonstrate that 
nanoparticle-mediated STING agonist delivery not only 
amplifies innate and adaptive immune responses but also 
contributes to the suppression of metastatic tumor growth. 
Nevertheless, critical challenges persist, including the fine-
tuning of dosage, long-term immune regulation, and minimizing 
off-target immune-related toxicity. Future research should 
prioritize the engineering of next-generation, biocompatible, 
and tumor-targeted nanoparticle systems that maximize 
immunotherapeutic efficacy while minimizing adverse effects.

In this context, STING-targeted nanoparticle platforms 
hold substantial translational potential for the treatment of 
metastatic cancers. Advancing these technologies through 
rigorous preclinical validation and well-designed clinical trials 
will be essential for their integration into standard oncologic 
practice.
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Supplementary Video 1: 3D animation showing the docking of a STING agonist with a liposomal nanoparticle. The animation demonstrates the spatial 
orientation and interaction interface between the STING agonist and the liposome surface. The molecular structures were visualized using Mol* after 
molecular docking (with HDOCK), and the dynamic rotation highlights the predicted binding region.
3D: Three-dimentional, STING: Stimulator of interferon genes
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