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Engaging the immune sensing Stimulator of Interferon Genes (STING) pathway has emerged as a potentially powerful approach to cancer therapy. However, current STING agonists lack stability and specificity, resulting in toxic adverse effects and disappointing patient outcomes. Therefore, novel delivery vehicles are needed to mitigate negative results and improve the efficacy of STING agonists. Here we discuss innovative particle-based strategies and how they have increased the therapeutic results seen with STING agonists. We review ultrasound-responsive vehicles, pH-responsive particles, inorganic particles, carriers for extended release, and particles that act as both STING agonists and/or drug carriers. Further optimization of these strategies can potentially enable the clinical use of STING agonists for cancer therapy.
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1 INTRODUCTION
As early as ancient Egypt, there have been anecdotal reports detailing the regression or spontaneous eradication of tumorous growths following an infection or episode of high fever (Dobosz and Dzieciatkowski, 2019). This led to the belief that the immunological processes used to eliminate infectious diseases could also be exploited in the fight against cancer. Over time this belief became reality, especially when it was elucidated that the cyclic GMP-AMP synthase–stimulator of interferon genes (cGAS-STING) pathway mediates innate immune recognition of tumors (Woo et al., 2014; Corrales and Gajewski, 2016). The cGAS-STING pathway, a crucial component of innate immune defense against foreign pathogens, is initiated by the recognition of irregular cytosolic DNA (Sun et al., 2013). The resulting cascade of effector responses culminates in the production of proinflammatory type I interferons (IFNs) that are responsible for adequate T cell priming (Ishikawa and Barber, 2008; Crouse et al., 2015). These immunostimulatory attributes associated with STING make it an attractive target for anticancer applications.
Even before the STING pathway was fully elucidated in 2013, its anticancer potential was already established, as the chemotherapeutic 5,6-dimethylxanthenone-4-acetic acid (DMXAA) had been discovered to be a STING agonist, albeit in mouse models only (Prantner et al., 2012; Conlon et al., 2013). Nevertheless, the potential that STING could promote antitumor responses led to the development of many synthetic STING agonists (Amouzegar et al., 2021). Since then, studies have revealed that the efficacy of other clinically used cancer treatments, such as radiotherapy and immune checkpoint inhibitors (ICIs), are also dependent on STING activation (Deng et al., 2014; Wang et al., 2017). In light of these results, numerous clinical trials have been initiated to explore the use of STING agonists for the treatment of a variety of cancer indications or to improve current treatments (Ding et al., 2020; Le Naour et al., 2020; Vasiyani et al., 2023).
And yet, FDA approval has remained elusive due to a multitude of stability, efficacy, and safety issues (Motedayen Aval et al., 2020). The repeated failed clinical results, however, have gleaned insight into the shortcomings of STING agonists. Endogenous STING agonists such as 2′3′-cGAMP are cyclic dinucleotides that are degraded by circulating and cell-bound esterases such as ENPP1 (Li et al., 2014). This results in a low serum half-life and consequently limited efficacy after systemic administration (Lioux et al., 2016). As such, synthetic STING agonists with improved serum stability were developed for clinical application (Chen et al., 2024). Off-target toxicity is still an issue, however, as STING activation in T-cells and B-cells can trigger lymphocyte cell death and apoptosis, facilitating tumor immune evasion and further hindering clinical translation (Wu et al., 2020; Li S. et al., 2022). Intratumoral injection has been used as a strategy to overcome the risks of off-target toxicity associated with systemic administration by concentrating the therapeutic dose at the tumor site (Melero et al., 2021). Unfortunately, due to their low molecular weight and high water solubility, STING agonists rapidly clear out of the tumoral space and reach systemic circulation after intratumoral injection (Sivick et al., 2018; Meric-Bernstam et al., 2019). Finally, the negative charge present on most STING agonists also limits their intracellular delivery across the negatively charged plasma cell membrane (Koshy et al., 2017). Given the therapeutic potential of STING activation, the pressing need for novel strategies to overcome associated technical and clinical challenges is evident. In this review, we will discuss innovative delivery vehicles for advancing STING agonists towards clinical use.
2 NOVEL DRUG DELIVERY STRATEGIES FOR ENHANCED STING ACTIVATION
2.1 Ultrasound-mediated STING activation
Originally used in the clinic as contrast agents for ultrasound (US) imaging, microbubbles (MBs) now show promise for drug delivery in clinically translatable immunotherapeutic applications (Ho et al., 2020; Navarro-Becerra and Borden, 2023). Comprised of a gas core and a lipid, protein, or polymer shell, these 1–10 µm particles are elastic and able to oscillate in an acoustic field (Tinkov et al., 2009). At high acoustic pressures, MBs will collapse and transiently permeabilize cell membranes within their vicinity, allowing for the delivery of any incorporated payload directly into the cell’s cytoplasm (Bouakaz and Michel Escoffre, 2024). This phenomenon, termed sonoporation, bypasses endocytosis and facilitates the use of MBs in drug delivery. Furthermore, MBs are known to have a favorable safety profile due to their decades of use as contrast agents (Jakobsen et al., 2005). US scanners also have the added benefit of being inexpensive, widely available, and noninvasive while allowing for both spatial and temporal control over delivery of payloads on MBs (Sharma et al., 2022). In a recent example, nanocomplex-conjugated MBs were loaded with cGAMP and targeted to antigen-presenting cells (APCs) (Li X. et al., 2022). Through US-meditated release, cGAMP was delivered directly into the cytosol of tumor-associated APCs, resulting in activation of STING and downstream inflammatory effects (Figure 1A). This strategy, termed MUSIC, bridged innate and adaptive immunities by increasing cytokine production and T cell infiltration. Furthermore, MUSIC led to greater tumor growth inhibition and increased survival in metastatic murine breast cancer and a 60% complete response rate in primary breast cancer. Rechallenging the complete responders led to a 100% survival rate, suggesting that MUSIC could act as an in situ vaccine. The specificity of MUSIC was also validated, as using non-targeted MBs resulted in a complete loss of efficacy. This work provides convincing evidence of the therapeutic potential of US-mediated STING activation and offers a clinically translatable strategy to overcome the limitations of free STING agonists.
[image: Figure 1]FIGURE 1 | Novel drug delivery strategies for enhanced STING activation. (A) Ultrasound and microbubbles can be used to transiently permeabilize cell membranes, allowing for the direct delivery of STING agonist into the cell’s cytosol. (B) The environment of the tumor and cell cytosol will cause hydrogels to expand, thus releasing their STING agonist cargo for an extended period. (C) Drug delivery vehicles can be designed to bind and activate STING themselves, serving as both agonist and drug carrier. (D) Particles exhibiting pH-responsiveness can facilitate endosome dissociation to improve endosomal release of their STING agonist cargo. (E) Manganese-based particles will degrade in response to the tumor microenvironment, causing the release of manganese ions that have a direct effect on STING activation. Credit: Siloa Willis.
2.2 Hydrogels for extended release of STING agonists
Hydrogels are an appealing drug delivery vehicle because of their stability and sustained release properties (Vigata et al., 2020). In addition, many physical properties of hydrogels, such as their pore size, rate of degradation, and drug-network interactions, are tunable based on the desired therapeutic application (Li and Mooney, 2016). Owing to these unique properties, hydrogel nanoparticles were one of the first published vehicles for delivery of STING agonists (Figure 1B) (Lee et al., 2016). A more recent example reported a supramolecular hydrogel system for the intratumoral codelivery of STING agonists and chemotherapeutic drugs (Wang et al., 2020). The hydrogel consisted of a peptide-drug conjugate of iRGD and camtothecin that spontaneously self-assembled into nanotubes. The STING agonist cyclic-di-AMP (CDA) was then condensed on the surface of the nanotubes, which then formed hydrogels in physiological conditions. The designed hydrogel system demonstrated sustainable prolonged release over several weeks for both therapeutic agents, was able to degrade in vivo over 45 days, and showed enhanced tumor tissue penetration through iRGD-mediated targeting. The localized administration of this hydrogel in various tumor models, including brain tumors, colon cancer, and breast cancer, led to near-complete tumor regression, prolonged survival, and prevention of tumor recurrence and metastasis. Evaluation of the immune landscape after treatment exhibited increased infiltration of natural killer cells, dendritic cells (DCs), and antigen-specific T cells. These results suggest that STING agonist-loaded hydrogels can promote immune stimulation and induce robust antitumor immune responses by extending the local release of drugs compared with their solution form.
In another study, STING agonist and pancreatic cancer neoantigens were embedded into a hyaluronic acid hydrogel for implantation at the tumor site after incomplete resection surgery (Delitto et al., 2021). The loaded components, termed PancVax, were selected after exhibiting enhanced tumor regression and survival benefit when combined with ICIs in a mouse model of pancreatic adenocarcinoma (Kinkead et al., 2018). Compared to PancVax alone, however, PancVax gel did not require additional ICIs to induce tumor regression. PancVax gel prevented local tumor recurrence and demonstrated no evidence of residual tumors even at 2 months after incomplete tumor resection, suggesting complete regression of the remnant tumor. Comparatively, surgery-only resulted in uniform regrowth only a week after resection. PancVax gel also led to T cell activation in the lymph nodes and expansion of antigen-specific T cells, demonstrating vaccine efficacy. Other immune landscape changes associated with the PancVax gel included an influx of neutrophils, macrophages, and dendritic cells 1 week after implantation, confirming innate immune activation and continued adjuvant activity. These results demonstrate that STING-loaded hydrogel vaccines can help modulate the local immunity at the time of surgery to eliminate residual tumor.
2.3 Incorporation of STING agonists into drug carrier formulations
In addition to encapsulating payload, some drug delivery vehicles have been developed to intrinsically bind to and activate STING (Zhao et al., 2022). In one example, a polymeric micelle consisting of an amphiphilic PEG-polymethacrylate block copolymer was found to act as a STING agonist on its own (Figure 1C) (Luo et al., 2017). This polymer, termed PC7A, contained repeating cyclic seven-membered tertiary amine sidechains that conferred ultra-pH sensitivity through a cooperative effect (Zhou et al., 2012). Loading PC7A micelles with tumor-associated antigens led to potent tumor growth inhibition in murine melanoma, colon cancer, and human papilloma virus (HPV)-induced tumor models. These results were determined to be dependent on the cyclic seven-membered tertiary amine side chain on PC7A as well as the number of repeating units on the polymer (Li et al., 2021). A higher degree of polymerization was found to increase the number of polyvalent interactions with STING protein, thus inducing a phase condensation mechanism for STING activation. Further experiments confirmed a noncompetitive binding site for PC7A that was distinct from the natural cGAMP binding site, which formed the basis for the combination of PC7A with cGAMP to obtain prolonged and synergistic STING activation. Treatment with cGAMP-loaded PC7A nanoparticles (NPs) showed significantly improved tumor growth inhibition and long-term survival compared with either treatment alone in colon and HPV-induced tumor models. As such, using polyvalent interactions to activate STING in a condensation manner offers a robust strategy to boost cancer immunotherapy.
A separate example confirmed the STING activity of cyclic tertiary amines by evaluating a library of lipids composed of alkyl and alkylene ketone lipid tails, isocyanide linkers, and amine head groups (Miao et al., 2019). Preliminary experiments demonstrated that, although similar levels of protein expression were induced, mRNA-loaded lipid nanoparticles (LNPs) that were formulated with lipids containing heterocyclic amine head groups stimulated a greater adaptive immune response than their linear-amine counterparts. Further exploration into structure-function relationships determined that lipids containing heterocyclic amino head groups were able to facilitate APC maturation in a STING-dependent manner, thus acting as STING agonists. Empty LNPs that were formulated with these lipids were found to increase expression of DC activation markers (CD86/CD40), secretion of IFN-γ, and activation of interferon regulatory factor compared to LNPs formulated with linear amine head groups. Cyclic amine LNPs were then loaded with antigen-expressing mRNA and assessed for efficacy in a variety of tumor models, including OVA-expressing B16F10 (B16-OVA), B16F10 melanoma, and TC-1 HPV. The cyclic amine LNPs were able to deliver tumor-specific antigens for each model, slow tumor growth, and increase survival. The LNPs also increased CD8+ T cell infiltration in all three tumor models, confirming that they can induce a strong adaptive immune response in vivo. These results suggest that the incorporation of a STING agonist as a lipid component of an LNP system not only facilitates mRNA delivery for vaccination, but also provides adjuvant stimulation via STING activation.
2.4 pH responsive particles for enhanced STING activation
During endocytosis, the pH of the endolysosomal lumen decreases from 6.5 to 4.5 as compared to 7.4 in the extracellular environment (Hu et al., 2015). Therefore, use of materials that will cause endosome dissociation in response to pH changes is a potentially effective strategy to enhance therapeutic efficacy and reduce toxic effects (Figure 1D) (Manchun et al., 2012; Su et al., 2022). In one study, polymersomes were formulated with amphiphilic diblock copolymers containing chains of moieties that confer pH-sensitivity and facilitate endosomal escape (Manganiello et al., 2012; Shae et al., 2019). In response to the acidic pH of the endolysosomal environment, the polymersomes disassembled to reveal the membrane-destabilizing polymer segments that promoted endosomal escape of encapsulated cargo. Using these endosomolytic polymersomes to deliver cGAMP enhanced potency by 240-610-fold over free cGAMP depending on the cell line. In the B16F10 melanoma model, cGAMP-encapsulated polymersomes resulted in an 11-fold decrease in the tumor growth rate and a significant increase in survival relative to cGAMP only, with one-third of treated mice completely rejecting tumors. Rechallenging the complete responders led to five out of seven mice completely resisting tumor growth, suggesting the establishment of systemic antitumor immune memory.
In a follow-up study, the polymersomes were co-loaded with both cGAMP and peptide antigens to yield a cancer vaccine termed nanoSTING-vax (Shae et al., 2020). The co-delivery of both cGAMP and peptide antigens into the cytosol of APCs using nanoSTING-vax elicited inflammatory cytokine production, co-stimulatory marker expression, and antigen cross-presentation to a greater extent than controls. NanoSTING-vax was also able to enhance antigen-specific CD8+ T cell proliferation in vivo against several epitopes, including the OVA model antigen as well as two antigens associated with MC38 colon adenocarcinoma. As a functional validation of the CD8+ T cell response, mice were subcutaneously immunized with nanoSTING-vax first and then challenged with B16-OVA, which resulted in significant inhibition of tumor growth. NanoSTING-vax was also able to synergize with ICIs in the treatment of MC38 and B16F10, resulting in 70% and 30% complete response rates respectively. Overall, these results indicate that delivery of STING agonists with polymersomes can synergize with tumor antigens, resulting in personalized cancer vaccines that improve anticancer responses.
2.5 Metalloparticles for STING activation
Manganese (Mn2+) has been shown to be essential for host defense by increasing the sensitivity of cGAS to double stranded DNA as well as enhancing cGAMP’s binding affinity to STING (Wang et al., 2018). Further studies revealed that Mn2+ is also essential in the innate immune sensing of tumors by inducing type I IFN production in a STING-dependent manner, thus promoting DC maturation and T cell-mediated antitumor effects (Lv et al., 2020). The same study also showed that Mn2+ could revive patient responses to anti-PD1 therapy and exhibit type I IFN induction, thereby exhibiting adjuvant potential. Groups are now working on delivery of both Mn2+ and STING agonist for improved immunotherapy (Sun et al., 2021). A recent study explored the use of theranostic manganese oxide nanoparticles coated with mesoporous silica and conjugated with the tumor-homing peptide iRGD as a potential Mn2+ delivery vehicle and imaging agent (Sun et al., 2022). In response to the acidic tumor microenvironment, the NPs degraded and released Mn2+ (Figure 1E) to act as both a STING agonist and a catalyst for the generation of hydroxyl radicals from endogenous H2O2. Simultaneously, the NPs were able to also enhance T1 contrast in MRI of the tumor, suggesting tumor-specific uptake. In vivo, these NPs synergized with anti-PD1 to augment cytotoxic T lymphocyte infiltration and pro-inflammatory cytokine production in the tumor. These immune effects led to enhanced tumor inhibition as well as reduced lung metastases in the B16F10 melanoma tumor model. Furthermore, these NPs were biodegradable and excreted from the body after 14 days, indicating a favorable safety profile.
A separate study evaluated the use of manganese oxide-coated hollow mesoporous silica nanoparticles (MnOx@HMSN) as a platform for the co-delivery of antigens and STING agonist with Mn2+ as an adjuvant for vaccination against either cancer or SARS-CoV-2 (Xu et al., 2023). MnOx@HMSNs released Mn2+ at a greater rate in a tumor-mimicking environment, suggesting tumor specific release of cargo. MnOx@HMSNs alone also activated STING and the downstream IFN pathway, which was synergistically enhanced upon inclusion of the STING agonist CDA. Furthermore, treatment of DCs using CDA-loaded MnOx@HMSNs led to higher upregulation of CD80 and CD86, indicating DC activation and maturation. As rapid clearance is an issue with STING agonists, MnOx@HMSNs were shown to retain CDA in the tumor microenvironment for over 144 h, a significant improvement over CDA alone. In CT26 and MC38 murine colon cancer tumors, MnOx@HMSNs demonstrated potent antitumor effects in both local and untreated distal tumors when co-loaded with CDA and tumor antigens, thus exhibiting antigen-specific T cell responses and abscopal effects. Lastly, MnOx@HMSNs were co-loaded with CDA and the SARS-CoV-2 spike receptor binding domain (RBD) protein to investigate their potential as a COVID-19 vaccine. After two immunizations, vaccination with MnOx@HMSNs resulted in 50-fold higher RBD-specific serum IgG titers compared with the soluble CDA + RBD + Mn2+ group, demonstrating strong humoral and cellular immune responses against SARS-CoV-2. As such, these studies establish the role of Mn2+ as an effective STING agonist and confirm that their incorporation into NPs can result in tumor-specific imaging and immunotherapy.
3 DISCUSSION
The cGAS-STING pathway, a key regulator of innate immune defense, has emerged as a promising target in immunotherapy due to its ability to bridge the innate and adaptive immune systems. By triggering the release of proinflammatory cytokines, STING activation is directly responsible for APC maturation and T cell priming. The potential of STING agonists in cancer treatment is only further fueled by the growing evidence suggesting that STING activation has a direct impact on the efficacy of many popular cancer therapies, such as radiotherapy and ICI therapy. As such, many pharmaceutical companies have begun clinical trials for their proprietary agonists. However, despite the established potential and preclinical results, the journey to FDA approval for STING agonists has been disappointing. The multiple clinical failures of STING agonists have illuminated previously unknown barriers, such as low serum stability, off-target activation, and poor membrane permeability. If STING agonists are to become applicable in a clinical setting, they will require the use of novel delivery strategies.
This review sought to examine many innovative delivery vehicles currently in development that present promising solutions to the challenges associated with STING agonists (Table 1). These vehicles have been shown to not only enhance the delivery efficiency of these agonists, but also protect them from degradation, exhibit responsiveness to the tumor microenvironment, extend release time, increase cell specificity, or even act as STING agonists themselves. By converging engineering principles with immunological insights, these delivery strategies collectively address many of the limitations of current STING agonist administration. Moving forward, future research endeavors should be directed towards optimization of these delivery systems for clinical translation. By ensuring their safety and efficacy across diverse cancer indications, these strategies will become well equipped for clinical use. As these strategies progress through development, the prospect of incorporating STING agonists into clinical workflows inches closer to reality, thus ushering in a new era for immuno-oncology.
TABLE 1 | Summary of the reviewed drug delivery vehicles utilized for STING activation.
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