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Targeting STING signaling for the
optimal cancer immunotherapy
Yan Xu and Ying Xiong*

Department of Obstetrics and Gynecology, Haiyan People’s Hospital, Jiaxing, China
Despite the transformative impact of anti-PD-1/PD-L1 therapies, challenges such

as low response rates persist. The stimulator of interferon genes (STING) pathway,

a crucial element of innate immunity, emerges as a strategic target to overcome

these limitations. Understanding its multifaceted functions in cancer, including

antigen presentation and response to DNA damage, provides valuable insights.

STING agonists, categorized into cyclic dinucleotides (CDNs) and non-CDNs,

exhibit promising safety and efficacy profiles. Innovative delivery systems,

including antibody-drug conjugates, nanocarriers, and exosome-based

therapies, address challenges associated with systemic administration and

enhance targeted tumor delivery. Personalized vaccines, such as DT-Exo-STING,

showcase the adaptability of STING agonists for individualized treatment. These

advancements not only offer new prospects for combination therapies but also

pave the way for overcoming resistance mechanisms. This review focuses on the

potential of targeting STING pathway to enhance cancer immunotherapy. The

integration of STING agonists into cancer immunotherapy holds promise for more

effective, personalized, and successful approaches against malignancies,

presenting a beacon of hope for the future of cancer treatment.
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1 Background

In recent years, immunotherapy, with a particular focus on anti-PD-1/PD-L1

antibodies, has emerged as a groundbreaking paradigm in cancer treatment (1, 2). The

remarkable advances in this field have revolutionized the therapeutic landscape, harnessing

the immune system’s potential to combat malignancies. The introduction of anti-PD-1/

PD-L1 therapies has marked a significant stride forward, offering a promising avenue for

more effective and targeted cancer interventions (3–11). However, despite the promise and

success observed in some cases, the clinical utility of anti-PD-1/PD-L1 therapies faces

substantial challenges, primarily characterized by a low response rate among patients (12–

14). This limitation underscores the need for a comprehensive understanding of the factors

influencing treatment outcomes. The intricacies of the tumor microenvironment (TME)

play a critical role in shaping the efficacy of anti-PD-1/PD-L1 therapies (15). Within the

TME, a myriad of immunosuppressive factors acts synergistically to impede the optimal

function of these therapies (16–19).
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Multiple hurdles within the TME contribute to the suboptimal

response rates observed with anti-PD-1/PD-L1 antibodies (20). These

obstacles include defects in immune checkpoint signaling, the

accumulation of immunosuppressive cells, and antigen presentation

deficiency (21). The dynamic interplay of these factors underscores

the complexity of the TME and its role in modulating tumor

progression (22–24). Recognizing the challenges posed by the

multifaceted immunosuppressive factors, there is growing interest

in exploring novel strategies to enhance the efficacy of

immunotherapy. One such promising avenue is the targeting of the

stimulator of interferon genes (STING) pathway (25). The STING

pathway, an integral component of the innate immune system, is

implicated in recognizing cellular stress and infection (26–29). Recent

findings suggest that manipulating the STING pathway could offer a

means to overcome the limitations associated with anti-PD-1/PD-L1

therapies (30, 31).

Understanding the interplay between immunotherapy and the

intricate dynamics of the TME is crucial for advancing cancer

treatment strategies (32). This review aims to summarize the

advances and limitations of anti-PD-1/PD-L1 immunotherapies,

unravel the complexities of immunosuppressive factors within the

TME, and explore the potential of targeting the STING pathway as a

strategic approach to augment the efficacy of immunotherapy. By

elucidating these aspects, we aim to contribute valuable insights for

more effective and personalized cancer treatment modalities.
2 The cGAS-STING signaling pathway

The cGAS-STING signaling pathway, a prominent cytosolic

DNA-sensing mechanism, stands as a cornerstone in the innate

immune system, orchestrating responses against pathogens (33–

36). Beyond its primary role in pathogen recognition, this pathway

intricately regulates a spectrum of cellular functions, spanning from

the induction of antiviral interferon responses, cytokine production,

autophagy, metabolism, senescence, metastasis to apoptosis (37–

45). At the heart of this pathway lies the STING, an endoplasmic

reticulum-associated transmembrane protein activated by the

endogenous cyclic dinucleotide (CDN) second messenger, 2′3′-
cGAMP, produced by the enzyme cGAMP synthase (cGAS) upon

binding to cytosolic DNA (46). STING’s activation initiates a

cascade involving downstream effectors TANK-binding kinase-1

(TBK1) and IFN regulatory factor-3 (IRF3), resulting in robust

innate immune responses (47).

The STING-TBK1-IRF3 signaling transduction pathway

emerges as a pivotal element in the cGAS-STING cascade,

translating STING activation into effective immune responses

(Figure 1). Activated STING undergoes conformational changes,

engaging TBK1 and IRF3 (48). TBK1, forming a homodimer,
Abbreviations: TME, the tumor microenvironment; STING, stimulator of

interferon genes; CDN, cyclic dinucleotide; cGAS, cGAMP synthase; TBK1,

TANK-binding kinase-1; IRF3, IFN regulatory factor-3; ISG, interferon-

stimulated gene; cGAMP, cyclic GMP-AMP; NK, natural killer cell; ORR,

overall response rate; ADC, antibody-drug conjugate.
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interacts with two STING molecules, inducing a conformational

shift that releases the C-terminal tail of STING (49). This enables

recruitment and activation of TBK1, leading to phosphorylation of

serine 366 of the STING C-terminal tail. Phosphorylated IRF3

undergoes homodimerization, translocates to the nucleus, and

triggers the transcription of type I interferon (IFN) and other

interferon-stimulated genes (ISGs) (50, 51). The STING-TBK1-

IRF3 axis acts as a critical link in antiviral defense, orchestrating

IFN production to curb viral replication and spread. Importantly,

the STING-TBK1-IRF3 pathway also intersects with canonical NF-

kB signaling, involving the NF-kB subunit p65 (52). Although

the precise mechanisms of STING-induced NF-kB activation are

under investigation, it seems to be independent of ER-to-Golgi

trafficking (49). This intricate crosstalk adds another layer of

complexity to the diverse cellular functions regulated by the

cGAS-STING pathway (53). Therapeutic activation of STING to

boost immune responses may inadvertently overactivate NF-kB,
leading to harmful inflammation (54). Combining STING agonists

with inhibitors of negative regulators in the NF-kB pathway may

enhance anti-tumor immunity while controlling inflammation (55).

Modulating the crosstalk can help in designing therapies that

suppress pathological immune responses without compromising

host defense. Understanding individual variations in the STING

and NF-kB pathways can aid in predicting patient responses and

tailoring treatments. Additionally, STING is involved in extensive

crosstalk with various other immune associated signaling pathways,

referred as non-canonical STING pathway (40, 56–58). Developing

drugs that specifically target components of the crosstalk may

provide therapeutic benefits with fewer side effects.

The intricate regulation of the cGAS-STING pathway

is paramount, as aberrant activation may lead to severe

autoinflammatory or autoimmune diseases (59–61). Recent

advances have illuminated the mechanisms of STING activation

and the meticulous regulation of this pathway to prevent excessive

signaling (62). Furthermore, the cGAS-STING pathway assumes a

pivotal role in antimicrobial immunity, influencing responses to

diverse pathogens, including viruses and bacteria, thereby shaping

immune regulation, and offering potential avenues for therapeutic

interventions (63).
3 The role of STING signaling
in cancer

The STING signaling has been believed to be a central player in

the dynamic landscape of cancer immunology, with a particular

emphasis on its intricate involvement in cancer antigen

presentation (64–66). While the pro-inflammatory role of IFN

signaling has fueled interest in STING as a mediator of effective

antitumor immunity, recent insights reveal the multifaceted

functions of this pathway in cancer, demanding careful contextual

consideration (67). A unique feature of cancer is chromosomal

instability, marked by accumulated chromosome mis-segregation

during mitosis (68). This results in the formation of micronuclei,

rupturing during S-phase, exposing genomic double-stranded DNA

(dsDNA) to the cytoplasm (69–71). The chronic activation of the
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cGAS-STING pathway in cancers exhibiting rampant chromosome

instability is further compounded by DNA damage induced by

radiation therapy, chemotherapeutic agents, and mitochondrial

DNA leakage due to oxidative stress (72–78). Nevertheless,

tumors exhibit a remarkable ability to regulate the expression of

STING pathway genes to evade its antitumor and pro-inflammatory

effects. Loss of chromosome 9p, harboring the IFN-gene cluster, is

common in certain cancers, allowing these tumors to signal through

the NF-kB pathway without inducing IFN response (79). Other

evasion mechanisms involve the downregulation of STING levels,

observed in various cancers (80).

Moreover, tumor-derived cyclic GMP-AMP (cGAMP), a critical

activator of the cGAS-STING pathway, can be derived from cancer

cells and transferred into neighboring cells, directly activating STING

in the TME (81). This transfer occurs through various mechanisms,

including import through cell gap junctions, cGAMP importer

SLC19A1, connexin, and exosomes (81–84). The delivery of

cGAMP or dsDNA to non-tumor cells has been shown to exert

both antitumor effects and promote tumor progression, underscoring

the intricate interplay between the STING pathway and the TME
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(49). For instance, the STING pathway in dendritic cells (DCs) plays

a vital role by taking up tumor-derived DNA, leading to increased

type I IFN expression (85). This enhances DC cross-presentation,

survival, lymph node homing, and the expression of Th1 chemokines,

which are crucial for immune cell trafficking (Figure 2) (86–88).

STING inhibition in DCs impairs antigen presentation and reduces

tumor-infiltrating lymphocytes (TIL) (74).

Furthermore, tumor-derived cGAMP also plays a pivotal role in

natural killer (NK) cell activation. In mouse models, persistent

cGAS activation in cancer cells, followed by paracrine cGAMP

uptake by neighboring NK cells, enhances IFN-I signaling and

antitumor immunity (89). Despite initial enthusiasm for the use of

STING agonists in anti-cancer therapy, challenges in translating

results frommouse models to humans have surfaced. The efficacy of

STING agonists, designed to boost antitumor immunity, has been

limited in humans, suggesting that tumors evolve mechanisms to

undermine IFN-I signaling (90). These complexities highlight the

need for a nuanced understanding of the cGAS-STING pathway in

cancer immunotherapy, considering factors such as tumor type,

dose-dependent effects, and the dynamic nature of the TME.
FIGURE 1

The STING signaling pathway. Activated STING undergoes conformational changes, engaging TBK1 and IRF3. TBK1, forming a homodimer, interacts
with two STING molecules, inducing a conformational shift that releases the C-terminal tail of STING. This enables recruitment and activation of
TBK1, leading to phosphorylation of serine 366 of the STING C-terminal tail. Phosphorylated IRF3 undergoes homodimerization, translocates to the
nucleus, and triggers the transcription of type I interferon (IFN) and other interferon-stimulated genes (ISGs). The STING-TBK1-IRF3 axis acts as a
critical link in antiviral defense, orchestrating IFN production to curb viral replication and spread. Importantly, the STING-TBK1-IRF3 pathway also
intersects with canonical NF-kB signaling (Created with Biorender).
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4 The application of STING agonist in
cancer immunotherapy

The evolving field of cancer immunotherapy has witnessed

remarkable progress with the emergence of STING agonists, which

hold immense potential in harnessing the immune system to combat

tumors (91). Here, we summarize the diverse landscape of STING

agonists, categorizing them into two groups: CDNs and non-CDNs.
4.1 CDNs

The early forays into CDNs introduced compounds like

DMXAA and ADU-S100. Despite DMXAA’s limited translational

success in human trials due to its weak binding to human STING

protein (92), ADU-S100 has emerged as a promising candidate (93–

95). In clinical trials, ADU-S100 demonstrated safety and elicited

encouraging responses, especially when combined with checkpoint

inhibitors. In the phase I trial NCT02675439, ADU-S100 exhibited

remarkable safety and tolerability in patients with advanced cancers

(96). Despite limited clinical activity as a single agent, noteworthy

treatment responses included a partial response in Merkel cell

carcinoma and two unconfirmed partial responses in parotid

cancer and myxofibrosarcoma (96). Besides, in the phase Ib dose-

escalation study NCT03172936, the safety and tolerability of
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combining ADU-S100 with the PD-1 inhibitor Spartalizumab

were evaluated in 106 patients with advanced solid tumors or

lymphomas. Administered through weekly intratumoral injections

of ADU-S100 and a fixed dose of intravenous spartalizumab (400

mg) every four weeks, the combination demonstrated favorable

safety profiles, with common adverse events including pyrexia,

injection site pain, and diarrhea (97). Despite minimal antitumor

responses (ORR: 10.4%), the study highlighted the feasibility of this

combination, even in patients with anti-PD-1 refractory disease,

warranting further exploration and optimization in the ongoing

quest for effective cancer immunotherapies (97).

Moreover, MK-1454, a synthetic CDN, has showcased notable

antitumor activity in phase I trials, particularly when administered

in combination with the anti-PD-1 agent pembrolizumab (98, 99).

Besides, JNJ-4412, a novel CDN STING agonist, demonstrated

efficacy in preclinical models, highlighting its potential through

intratumoral injection. The results from these preclinical studies

suggest that JNJ-4412 holds promise as a potent STING agonist,

potentially contributing to the arsenal of therapeutic options for

cancer treatment (100). Furthermore, the exploration of novel

STING agonists for systemic delivery unveils a spectrum of

promising candidates. SB11285, a small molecule CDN STING

agonist, is currently undergoing clinical evaluation for intravenous

administration (101, 102). Preclinical models have demonstrated its

higher inhibition of tumor growth, hinting at its potential systemic
FIGURE 2

The STING signaling in dendritic cells (DCs). The STING pathway in DCs plays a vital role by taking up tumor-derived DNA, leading to increased type
I IFN expression. This enhances DC cross-presentation, survival, lymph node homing, and the expression of Th1 chemokines, crucial for immune cell
trafficking (Created with Biorender).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1482738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xu and Xiong 10.3389/fimmu.2024.1482738
benefits in cancer patients (101). Additionally, Sun et al. present a

cancer metalloimmunotherapy prototype employing CDN STING

agonists and Mn2+ ions assembled into a nanoparticle (CDN-Mn2

+particle, CMP). This modality administered via either intratumoral

injection or systemic intravenous injection, elicited potent anti-

tumor immune responses and demonstrated remarkable

therapeutic efficacy with abridged doses of STING agonists in

various preclinical models (103).
4.2 Non-CDN STING agonists

The non-CDN category features innovative compounds with

unique structures and mechanisms. SNX281, another small

molecule agent, is being investigated in a phase I dose escalation

study for advanced solid tumors (104, 105). Also, BMS-986301,

exhibiting robust antitumor efficacy pre-clinically, has transitioned

into clinical trials, reflecting its potential as an effective systemic

STING agonist (106). The development of CRD-5500 showcases its

effectiveness through both intravenous and intratumoral routes in

murine models. This versatility positions CRD-5500 as a favorable

candidate for future clinical development, offering flexibility in

therapeutic administration (104, 107). Moreover, TTI-10001 has

demonstrated safety and antitumor activity in preclinical models

(108). Besides, ALG-031048 exhibited higher stability compared to

ADU-S100 and demonstrated significant tumor regression in

preclinical models. Its dose-dependent increase in cytokine levels

and enhanced antitumor efficacy, in combination with anti-PD1

therapy position ALG-031048, make it a promising candidate for

further clinical exploration (109).

Notably, some novel non-CDN compounds exhibit potential for

systemic delivery, with enhanced stability, opening avenues for

broader application in cancer immunotherapy. For example,

identified through a screen for IFN-b secretion inducers, MSA-2

operates through a unique mechanism, binding to both human and

mouse STING as a noncovalent dimer. Administered orally or

subcutaneously, MSA-2 induced elevations of interferon-b in

plasma and tumors, demonstrating well-tolerated regimens and

prompting tumor regressions in mice with MC38 syngeneic tumors

(110). Structural analyses unveiled MSA-2’s binding as a noncovalent

dimer to STING in a “closed-lid” conformation, shedding light on its

mechanism of action. MSA-2’s ability to preferentially activate

STING in tumors positions it as a promising candidate for

developing human STING agonists that are amenable to systemic

administration in patients (110). In the later preclinical studies, MSA-

2 synergized with other immunotherapies, such as anti-TGF-b/PD-
L1 bispecific antibodies, to overcome immunotherapy resistance in

murine tumor models (111, 112). Also, unlike current efforts focused

on modified cyclic dinucleotides for intratumoral delivery, ABZI

demonstrated systemic efficacy in treating tumors (113). Developed

through a linking strategy, di-ABZIs exhibit enhanced binding to

STING and cellular function (113). Intravenous injection of di-ABZI

STING agonist in mice with syngeneic colon tumors resulted in

potent antitumor activity, leading to complete and lasting tumor

regression (113). This milestone marks a significant advancement in

the quest for effective immune-modulating cancer treatments (113).
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Additionally, JNJ-6196 also demonstrated systemic efficacy,

positioning JNJ-6196 as a compelling candidate for clinical

development (114).
4.3 STING agonists with novel
delivery systems

To overcome safety concerns with systemic STING agonist

administration and limited accessibility with intratumoral injection,

antibody-drug conjugates (ADCs) were developed. These ADCs,

combining a STING agonist with tumor-targeting antibodies,

demonstrated well-tolerated systemic administration and potent

antitumor efficacy in mouse models. For instance, the anti-EGFR-

172 ADC demonstrates the feasibility of delivering a STING agonist

selectively to tumors (115). The adaptability of IMSA172 for

conjugation with various antibodies and tumor-targeting agents

opens avenues for exploring different ADCs, unveiling their safety

and efficacy in activating STING across diverse tumor types through

systemic delivery (115). Besides, Duvall et al. developed a STING

agonist ADC platform to address the translational challenges of

STING agonists in the clinic (116). This platform, featuring a

potent non-cyclic dinucleotide STING agonist, a cleavable ester-

based linker, and a hydrophilic PEG8-bisglucamine scaffold,

exhibits robust and durable antitumor activity, high stability, and

favorable pharmacokinetics in nonclinical species, showcasing its

potential for systemic administration and localized STING

activation within tumors for enhanced therapeutic efficacy and

tolerability (116).

Furthermore, various nanocarriers are promising for the

delivery of STING agonists. Zhou developed a nanovaccine to

resolve the difficulty in delivering mRNA and nucleic acid drugs.

The nanovaccine demonstrated the activation of potent antitumor

immune response and long-term immune memory by transferring

mRNA antigen and cGAMP (117). Optimization of key parameters,

such as modifying the PBA moiety and utilizing the anionic Lipo-

ORG for lymphatic delivery, resulted in suppressed tumor growth

and metastasis, extended survival, and synergistic effects with PD-

L1 blockade in a B16-OVA tumor model (117). Besides, some novel

pH-responsive DNA nanovaccines, featuring PLA-b-PEG in the

core and pH-responsive i-motif DNA on the surface, efficiently load

and release CDG in immune cell endosomes, promoting potent

antitumor immune responses, overcoming immunosuppression,

and demonstrating superior efficacy in a murine melanoma

model compared to liposomal CDG and fluoride-CDG (118). In

addition, Gu et al. designed a novel antigen-inspired MnO2

nanovaccine, serving as a Mn2+ source and functionalized with

mannose for specific delivery to innate immune cells (119). This

nanovaccine activated the STING pathway, enhancing

radiotherapy-induced immune responses and inhibiting both

local and distant tumors, while also allowing for magnetic

resonance imaging to monitor in vivo distribution (119). Actually,

there are many STING-activating cancer vaccines exhibiting potent

antitumor activity in preclinical studies, including STINGVAX,

CDN/neoantigen co-delivering nanovaccines, PC7A, and self-

degradable poly(b-amino ester)s (120–123).
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Finally, exosome-based therapies leverage cell-derived

nanovesicles to deliver STING agonists to tumors. Cheng et al.

designed multifunctional hybrid exosomes to activate the cGAS-

STING pathway (124). These exosomes were created by merging

genetically engineered exosomes carrying CD47 from tumor cells

with those fromM1macrophages, encapsulating them with a DNA-

targeting agent (SN38) and a STING agonist (MnO2) (124). The

hybrid exosomes exhibited excellent tumor-targeting capabilities

and prolonged circulation time, inducing polarization of tumor-

associated macrophages to the M1 phenotype, releasing SN38 to

cause DNA damage, and stimulating cGAS/STING activation with

Mn2+ at the tumor site. This multifunctional approach promoted

DC maturation, facilitated cytotoxic T lymphocyte infiltration, and

recruited natural killer cells to the tumor region, resulting in

significant antitumor and antimetastatic efficacy (124). Notably,

Liu et al. explored Artemisia annua, a plant recognized for its anti-

malarial properties, and isolated exosome-like particles termed

artemisia-derived nanovesicles (ADNVs) (125). These nano-

scaled vesicles exhibited the remarkable ability to inhibit tumor

growth and enhance antitumor immunity in a lung cancer mouse

model. The key player identified within these vesicles was plant-

derived mitochondrial DNA (mtDNA), which, upon internalization

by tumor-associated macrophages, activated the cGAS-STING

pathway, shifting pro-tumor macrophages to an antitumor

phenotype (125). Additionally, administration of ADNVs

significantly improved the effectiveness of a PD-L1 inhibitor,

showcasing the potential of this inter-kingdom interaction to

stimulate immunostimulatory signaling and bolster antitumor

immunity (125). Besides, in the work of Bao et al., DC-tumor

hybrid cell-derived chimeric exosomes loaded with STING agonists

(DT-Exo-STING) were engineered to address the challenge of

balancing antigen-enriched delivery and optimal antigen-

presentation functionality in DCs (126). These chimeric carriers,

equipped with broad-spectrum antigen complexes, induce a potent

T-cell response through both direct self-presentation and indirect

DC-to-T immune stimulation (126). The nanovaccine-driven

STING activation not only surpassed conventional CDN delivery

methods in tissue-homing capacity, including penetration of the

blood-brain barrier, but also ensured efficient cytosolic entry for

activating STING signaling (126). This strategy not only improves

antigen presentation but also transforms immunosuppressive TME

into a pro-inflammatory state, resulting in a significant reduction of

intracranial primary lesions (126). Moreover, the personalized DT-

Exo-STING vaccines, utilizing autologous tumor tissues, enhance

sensitivity to ICB and establish systemic immune memory against

cancer recurrence. These findings offer a promising avenue for

glioblastoma immunotherapy, with potential implications for

further exploration in clinical applications (126).

However, as alluded earlier, the potent activation of the innate

immune system by using STING agonists can lead to several side

effects that are critical to consider in clinical settings. STING

activation leads to the production of type I interferons and pro-

inflammatory cytokines. While beneficial in fighting tumors and

infections, this can result in systemic inflammation, causing

symptoms like fever, chills, and fatigue. Overstimulation of the
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immune system may also trigger autoimmune reactions. The

heightened immune activity can cause the body to attack its own

tissues, potentially leading to conditions such as lupus or rheumatoid

arthritis. Furthermore, STING agonists occasionally elicit Cytokine

Release Syndrome (CRS), also known as a “cytokine storm,” is a

severe immune reaction characterized by the rapid release of large

amounts of cytokines (127). This can lead to organ dysfunction and is

a serious concern with immunotherapies. Hence, reaching the next

milestone for oncologists is to concurrently diminish and even

eliminate side effects, while enhancing immune efficiency,

prolonging lifespan, and improving patients’ quality of life.
5 Perspective and conclusion

In conclusion, the landscape of cancer immunotherapy has evolved

significantly with the emergence of STING signaling as a promising

target. The limitations associated with anti-PD-1/PD-L1 therapies,

including low response rates attributed to the intricate dynamics of

the TME, have prompted exploration into novel strategies. The STING

pathway, a central player in innate immunity, presents a unique

opportunity to meet these challenges and improve immunotherapy

efficacy. Understanding the role of the STING pathway in cancer

immunology has revealed its intricate involvement in cancer antigen

presentation, response to DNA damage, and modulation of the TME.

Despite the complexities and evasionmechanisms exhibited by tumors,

targeting the STING pathway holds the potential to influence diverse

aspects of the immune attack against cancer.

The application of STING agonists in cancer immunotherapy has

seen remarkable progress, with a diverse landscape of CDNs and non-

CDNs. CDNs, such as ADU-S100, MK-1454, and JNJ-4412, have

demonstrated safety and efficacy in clinical trials, particularly when

combined with checkpoint inhibitors (Table 1). Non-CDN STING

agonists, like MSA-2 and di-ABZI, showcase unique structures and

mechanisms, expanding the options for therapeutic interventions.

Moreover, the development of STING agonists with novel delivery

systems, including ADCs, nanocarriers, and exosome-based therapies,

addresses safety concerns and enhances the potential for systemic

administration. These innovative approaches demonstrate the

adaptability of STING agonists for selective tumor targeting,

promoting antitumor immune responses, and overcoming challenges

in drug delivery. These advancements open avenues for exploring

combination therapies, overcoming resistance mechanisms, and

improving the overall efficacy of cancer immunotherapy. In spite of

the generalized advertisement in scale of immunotherapy, presenting

problems, drawbacks and frustrations still thwart their feasibility and

accessibility to fide bona clinical employment. In summary,

pharmacokinetic challenges, escalating adverse effects, suppressive

tumor microenvironment through alternative pathways, and genetic

variability individually or collectively contribute to the current

unfavorable state (76, 128). More efforts are warranted to circumvent

these hurdles. Furthermore, the implementation of combinative

treatment strategies involving STING agonists and other antitumor

agents, such as PARP inhibitors and chemotherapies other than ICBs

represents a novel endeavor to overcome cancer (129, 130).
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In summary, targeting the STING signaling pathway represents

a promising strategy for optimizing cancer immunotherapy. As

research in this field continues to unravel the complexities of the

STING pathway and its interactions within the TME, the potential
Frontiers in Immunology 07
for innovative and effective treatment modalities grows. The

integration of STING agonists into the evolving landscape of

cancer immunotherapy offers hope for more personalized and

successful approaches to combat malignancies.
TABLE 1 The ongoing clinical using STING agonists in cancer immunotherapy regimen.

Agents
Terming

NCT numbers Indications Phase Cardinal observation
indications

Schedule and Outcomes

KL340399 NCT05549804/
NCT05387928

Advanced Solid Tumors 1 Tolerability and RP2D Not referred

E7766 NCT04109092 Urinary
Bladder Neoplasms

1 Tolerability and CRR Not referred

NCT04144140 Lymphoma,
Advanced Solid Tumors

1 Tolerability and ORR Not referred

MIW815/
ADU-S100

NCT03937141 Head and Neck Cancer 2 ORR Intratumoral injection (800 mg per
lesion day 1 and 8 of a 21-days
cycle) + Pembrolizumab;
4/8 reaching PR; 1/8 reaching SD; 3/
8 reaching PD

NCT02675439 Lymphoma,
Advanced/Metastatic
Solid Tumors

1 Tolerability and RP2D Intratumoral injection (50 to 6,400
mg weekly, on a 3-weeks-on/1-week-
off schedule);
94% of lesions reaching stable or
decrease with systemic
immune activity

NCT03172936 Lymphoma,
Advanced/Metastatic
Solid Tumors

1 Tolerability Intratumoral injection (50-800 µg)
either weekly (3 weeks on/1 week
off) or Q4W + PDR001;
The regimen being
tolerable; ORR=10.4%

MK-1454 NCT04220866 Head and Neck Cancer 2 ORR Intratumoral injection (540 ug on
Day 1 of every week for two 3-week
then on Day 1 of each 3-week cycle
for up 33 cycles + Pembrolizumab;
ORR = 50%; PFS = 6.4 months

NCT03010176 Lymphoma,
Advanced/Metastatic
Solid Tumors

1 Tolerability Intratumoral injection (10-3000 ug,
and 90-1500 ug Q1W*9 for 3cycles
and beyond for up to 35 cycles for
Arm 1, and 2 respectively), Arm 2
was combined with Pembrolizumab;
Regimen being tolerable and PR =
24% (Arm 2), 0 (Arm 1); DCR =
48% (Arm 2), 20% (Arm 1)

CRD3874-SI NCT06021626 Sarcoma,
Merkel Cell Carcinoma

1 Tolerability and ORR Not referred

TXN10128 NCT05978492 Solid Tumors 1 Tolerability Not referred

GSK3745417 NCT03843359 Solid Tumors 1 Tolerability Not referred

NCT05424380 Hematologic
malignancies

1 Tolerability and ORR Not referred

IMSA101 NCT05846659/
NCT05846646

Solid Tumors 2 Progression-free rate Not referred

SNX281 NCT04609579 Lymphoma,
Advanced Solid Tumors

1 Tolerability and RP2D Not referred

ONM-501 NCT06022029 Lymphoma,
Advanced Solid Tumors

1 Tolerability Not referred

TAK-500 NCT05070247 Solid Tumors 1 Tolerability and ORR Not referred
RP2D, Recommended Phase 2 Dose; CRR, Complete Response Rate; ORR, Objective Response Rate; PR, Partial Response; SD, Stable Disease; PD, Progression Disease.
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