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A B S T R A C T   

Stimulator of interferon genes (STING) pathway is the key innate immune pathway involving in cancer immu
nity. Emerging new molecules and drug delivery systems have made systemic STING agonist immunotherapy 
possible and demonstrated efficient tumor eradication in preclinical studies. In this perspective, we will discuss 
the potential mechanisms of STING agonism as a multifaceted anti-cancer therapy and the pharmacological 
challenges associated with systemic delivery of STING agonists on the level of organs, tissues, cells, and intra
cellular compartments. We will present and discuss drug delivery strategies to address these challenges. New 
advances in the field can unlock the promise of systemic STING agonist as effective and safe cancer 
immunotherapy.   

1. Opportunities of systemic STING agonists for cancer 
immunotherapy 

Innate immunity holds the key to the initiation and maintenance of 
adaptive immune responses [1]. Antitumor immune response is not an 
exception, which also depends on the innate immune system to fuel 
robust and long-lasting immune responses. Over the past decade, 
accumulating evidence has shown that the cyclic GAM-AMP synthase 
(cGAS)-stimulator of IFN genes (STING) pathway is a critical innate 
immune activating pathway in cancer immunity [2,3]. Briefly, tumor- 
derived DNA is detected by the innate immune cells via intracellular 
cGAS, which catalyzes the generation of cyclic GAM-AMP (cGAMP). 
Cytosolic cGAMP activates STING and induces type-I IFNs as well as 
other proinflammatory cytokines, thereby orchestrating antitumor im
munity. Pharmacological activation of STING has been shown to be an 
effective cancer immunotherapy in various preclinical models [4]. 

The first generation of STING agonists has been evaluated in clinical 
trials, including ADU-S100 and MK-1454. Both are cyclic dinucleotide 
(CDN)-based compounds and are injected directly into tumors. 

However, these CDN compounds have a very short half-life (< 60 mins) 
in blood [5]. Even after intratumoral injection, they quickly diffuse 
away from the tumor, with a half-life of <15 min in humans [6], 
resulting in poor antitumor efficacy. Moreover, CDN compounds are 
impermeable to cell membranes, leading to low availability in the 
cytosol where STING is expressed. Because of these features, the first 
generation of STING agonists failed to generate significant clinical 
benefits [5,7]. In 2019, Ramanjulu and co-workers from GSK reported 
the STING-binding activity of amidobenzimidazole (ABZI) compounds 
[8]. Further optimizations have led to the development of dimer ABZI 
(diABZI) as a class of highly potent non-CDN STING agonists, which can 
eradicate tumors in mice after intravenous injection. Indeed, diABZI is 
the first example of an effective systemic STING agonist for cancer 
immunotherapy, which has galvanized the field to develop other sys
temic STING agonists, including MSA-2. Developed by Pan and co- 
workers from Merck [9], MSA-2 allows for both subcutaneous and oral 
administration. Interestingly, MSA-2 forms a pharmacologically active 
non-covalent dimer in acidic conditions and selectively induces proin
flammatory immune activation in the tumor microenvironment (TME). 
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This prodrug-like strategy could potentially increase its therapeutic ef
ficacy while reducing the adverse effect associated with STING activa
tion in normal tissues. 

2. Cyclic dinucleotide-manganese particles for systemic STING 
agonist cancer immunotherapy 

Nanomedicine is a promising approach that can enable and improve 
the systemic delivery of STING agonists for cancer immunotherapy. 
Different from small-molecule STING agonists, nanomedicine is a ver
satile platform that can integrate various functions and modulate the 
bioactivity of STING agonists. In our previous work published in Nature 
Nanotechnology [10], we reported a prototype nanomedicine for the 
systemic delivery of STING agonists for cancer immunotherapy. Briefly, 
we reported that CDNs and metal ions self-assembled into coordination 
particles and that certain metal ions increased the activity of STING 
agonists. Specifically, Mn2+ potentiated the IFN-I producing capability 
of various STING agonists by up to 77 folds. Based on this, we have 
designed a novel lipid-based particle, termed CDA-Manganese particles 
(CMP), for the local and systemic delivery of STING agonists. Impor
tantly, our CMP formulation addresses multiple challenges associated 
with other conventional STING agonists: A) CMP protects CDNs mole
cules from enzymatic degradation and enables CDN-based systemic 
immunotherapy with increased pharmacokinetics. We have reported the 
remarkable therapeutic efficacy of CMP given intravenously in small 
doses in multiple murine tumor models. B) Intravenous administration 
of CMP leads to their accumulation among innate immune cells in tu
mors, including dendritic cells (DCs), macrophages, and myeloid- 
derived suppressor cells (MDSCs), leading to strong immune activation 
and conversion of “cold” tumor into “hot” tumor. C) CMP increases the 
cellular uptake of STING agonists and promotes endosomal escape, thus 
allowing for efficient targeting of cytosolic STING. D) Mn2+ incorpo
rated within CMP induces STING-independent TBK1 and p65 phos
phorylation, elevates STING-dependent IRF3 phosphorylation, and 
promotes the assembly of IFN-β transcriptional enhanceosome. This al
lows for robust STING activation and IFN-I response by CMP. E) CMP 
activates various human STING haplotypes, including those that are 
insensitive to CDN-mediated STING activation, thus addressing patient 
heterogeneity and pharmacogenomics. 

Moreover, CMP provides unique opportunities for systemic STING 
agonist immunotherapy. First, CMP is produced by coordination- 
assisted assembly of lipid nanoparticles in a process that integrates 
state-of-the-art lipid nanoparticle technology and novel coordination 
nanotechnology for the simultaneous delivery of STING agonists and 
immune-activating metal ions. The lipid nanoparticle properties of CMP 
address the scale-up challenges by utilizing the standard manufacturing 
procedure for mRNA-LNP production, which is now widely adopted in 
pharmaceutical manufacturing facilities. The coordination interaction 
in CMP is an effective way to incorporate STING agonists into a delivery 
system and offers a new mechanism to formulate other pharmaceutical 
agents. Second, poly(histidine)11 (H11)-lipid conjugate in CMP is not 
only used as the coordination ligand for the formation of CMP but also 
serves as an ionizable component to promote endosomal escape. H11 is 
hydrophobic and uncharged in the physiological pH but will be pro
tonated once it is internalized into endosomes, which is similar to the 
role of the ionizable lipid in mRNA-LNP vaccines. This ionizable H11- 
lipid is endowed with both biocompatibility and effectiveness for the 
systemic delivery of STING agonists. Third, it is notable that integration 
of Mn2+ into the delivery system greatly boosts STING activation. Given 
the extensive roles of metal ions in immune regulation, we believe metal 
ions could be an important pharmaceutical component in cancer im
munotherapeutics. Surprisingly, we have also found that Co2+ exhibited 
a similar STING agonists potentiation effect as Mn2+. The mechanism of 
action for Co2+-mediated immune activation is yet to be investigated. 

3. Perspectives of systemic STING agonists for cancer 
immunotherapy 

We and others have demonstrated the feasibility and promise of 
systemic STING agonist cancer immunotherapy [9–11]. Complex 
mechanisms of action are involved for systemic immunotherapy based 
on STING agonists. Here, we will discuss the key questions on the impact 
of systemic STING agonist injection on organs, tissue, cells, and intra
cellular compartments. We also discuss the potential solutions to the 
remaining challenges and present pathways for developing effective and 
safe STING agonists for systemic cancer immunotherapy (Fig. 1). 

3.1. Tissue biasing for systemic STING agonist immunotherapy 

The first pharmacological challenge for systemic STING agonist 
immunotherapy is to identify appropriate target tissues with anti-tumor 
effects and deliver STING agonists to the right tissues. After systemic 
administration of STING agonist-loaded nanoparticles, STING activation 
was observed in the tumor, plasma, as well as other major organs, 
including the spleen, liver, lung, and kidney [12]. Tumor-intrinsic 
STING activation plays an indispensable role in turning “cold” tumor 
“hot” and facilitating downstream T cell responses, which may be partly 
similar to the effect of intratumoral therapy with STING agonists. Apart 
from intratumoral STING activation, effective accumulation of STING 
agonists in lymphatic organs, including bone marrow and spleen, might 
be supportive in eliciting potent systemic antitumor immunity [13]. 
However, strong systemic immune activation in the spleen, liver, and 
other normal tissues may also cause acute inflammation or cytokine 
storm, which needs to be balanced to achieve a reasonable therapeutic 
window. Moreover, recent studies have shown that STING activation in 
endothelial cells plays a key role in supporting subsequent immune 
activation and T cell infiltration. Specifically, STING activation is 
involved in remodeling the tumor vasculature and contributes to the 
antitumor efficacy through type-I IFN signaling by endothelial cells 
[14,15]. The antitumor effect of a given STING agonist immunotherapy 
may be attributed to the multiple mechanisms of action discussed above 
and may be dependent on the animal models. 

The rational design of delivery systems could potentially modulate 
the tissue specificity to enable safe and effective systemic STING agonist 
therapy. For example, by using an EGFR antibody-STING agonist con
jugate, STING agonist could be specifically delivered to the tumor and 
elicit antitumor immunity [16]. A recent study has reported another 
coordination nanoparticle, Zn-CDA, that enhances tumor accumulation 
of STING agonists by disrupting endothelial cells in the tumor vascula
ture [17]. Disruption of the tumor vasculature further increases the ef
fect of enhanced permeation and retention (EPR) in tumors, thus 
inducing intratumoral infiltration of immune cells and activation of 
tumor-associated macrophages and T cells [17]. It is noteworthy that Zn- 
CDA did not exhibit any significant effect on the hepatic vasculature. 
However, intravenous administration of most nanoparticles results in 
their accumulation in the liver, leading to hepato-toxicity and 
dysfunction as undesirable side effects. In the future, recent de
velopments in drug delivery systems (DDS) for non-hepatic delivery 
could be applied for non-liver targeted systemic delivery of STING ag
onists [18,19]. These new DDS may minimize liver accumulation, thus 
reducing potential side effects while maintaining therapeutic efficacy. In 
addition, integrating targeting ligands into nanomedicine offers another 
great opportunity, which may promote the targeted delivery of STING 
agonists to specific tissues. Lastly, the extended pharmacokinetics and 
release kinetics of STING agonists delivered via nanoparticles should be 
considered to adjust the extent of STING activation in different organs 
and tissues [12,20]. 

3.2. Selective modulation of the target cell populations 

STING agonist is a multifaceted anti-cancer agent which induces 
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complex effects in different cell populations. STING agonists induce IFN- 
I and proinflammatory cytokine production in antigen-presenting cells 
(APCs) and exert direct and indirect killing effects in cancer cells, tumor- 
associated macrophage polarization, DC maturation, activation and/or 
indirect suppression of natural killer cells. STING agonists can also 
promote the activation of vascular endothelial cells [21] and disrupt the 
tumor vasculature [17] while modulating the cytotoxicity and stemness 
maintenance of T cells [22] and inducing regulatory B cells [23]. Thus, 
the complex underlying mechanisms of systemic STING agonist immu
notherapy need to be further studied. 

For cancer cells, the effect of STING agonists may depend on the 
intrinsic expression level of STING because many types of cancers are 
deficient in STING activation [24]. The potent anti-tumor effect of 
STING agonists, even in STING-deficient cancer, may be mediated 
mainly via STING activation in immune cells and stromal cells within 
the tumor tissues. However, some cancers were also reported to be 
directly killed by intrinsic STING activation, such as 4 T1 breast cancer 
[25], primary B-cell chronic lymphocytic leukemia cells [26], and acute 
myeloid leukemia [27]. Apart from the direct effect on cancer cells, 
antigen-specific T cell induction is key for persistent STING-activating 
immunotherapy [4]. It has been widely reported that STING-induced 
APC activation and type-I IFN response prime T cell activation for 
antigen-specific immune responses. However, STING hyperactivation in 
T cells induces antiproliferative and apoptotic responses [28]. Most 
recently, a study reported that IV injection of STING agonists expands IL- 
35+ regulatory B cells in an IRF3-dependent manner. Interestingly, the 
STING-IL35 axis in B cells reduces the proliferation of NKs and NK- 
mediated therapeutic response, and these responses can be reversed 
by IL-35 blockade in B cells [23]. Furthermore, endothelial cells have 
been demonstrated as a major source of type-I IFN after intratumoral 
injection of STING agonists, and activated endothelial cells are reported 

to facilitate the initiation of adaptive immunity [21]. As STING agonists 
administered intravenously have easy access to vascular endothelial 
cells [17], endothelial cells within the tumor tissues may play a crucial 
role in the production of type-I IFN for effective immunotherapy. All of 
these studies indicate that systemic administration of STING agonists 
leads to complex crosstalk between various cell populations within the 
TME, and more studies are needed to dissect the mechanisms of action at 
the single-cell level. 

Novel DDS could potentially promote a preferential uptake of drugs 
among certain cell populations [29]. Nanodisc-mediated delivery of 
STING agonists allowed for the delivery of STING agonists to cancer cells 
and co-localization of STING agonists and tumor antigens in DCs, 
leading to robust T cell activation [20]. Endothelial cells-targeted DDS 
might facilitate STING activation in tumor endothelial cells and promote 
tumor vasculature normalization [30]. Among the immune cells, 
nanoparticle-based DDS is preferably uptaken by myeloid cells, such as 
DCs and macrophages. Inflammatory cytokines could be effectively 
elicited among these cells and further promote the activation status as 
well as reduce their immunosuppressive functions [31], which 
contribute to the subsequent T cell responses. In conclusion, rationally 
designed DDS could optimize the STING agonist uptake profiles by 
desired cell types and enhance their therapeutic efficacy. 

3.3. Intracellular delivery of STING agonists for appropriate STING 
signaling 

The desired target of systemically administered STING agonists is the 
STING complexes expressed on the endoplasmic reticulum of target 
cells. Thus, intracellular delivery of STING agonists has been the focus of 
STING agonist delivery because the anionic CDN STING agonist is not 
permeable to the cell membrane, and their transporters are inefficient. 

Fig. 1. The design framework for systemic delivery of STING agonists. To develop safe and effective systemic STING agonists, we need to address various challenges 
at tissue-, cell-, and intracellular levels. 
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To solve this problem, various lipid-based, polymer-based, and inor
ganic nanoparticle-based delivery systems have been developed [29]. A 
wide range of toolboxes could be applied to improve endocytosis- 
mediated cellular uptake and endosomal escape of STING agonists for 
binding to STING [29]. 

Despite binding to the target is typically the end of the fate of a small 
molecule drug, nanomedicine is poised to fine-tune the STING signaling 
and subsequent immune response. There are distinct consequences of 
different STING signaling strengths. When the STING activation is 
moderate, it induces a decent amount of type-I IFNs and other immune 
stimulatory cytokines, which promote the activation of APCs, antigen 
presentation, antigen-specific T cell elicitation, and activation of other 
effecter cells, including macrophages and NK cells. However, when 
STING is overstimulated, it can induce apoptosis, anti-proliferation, and 
other forms of cell death. Some evidence gathered from animal studies 
shows that intratumoral injection of CDNs leads to T cell death [28]. 
However, there are several interpretations of this phenomenon. First, 
most CD8+ T cells in established tumors are terminally exhausted T cells. 
Emerging evidence shows that Tim3+PD-1high terminally exhausted 
CD8+ T cells are immunosuppressive, with a similar functional profile as 
Tregs [32]. Thus, the initial ablation of this population may be benefi
cial. Next, nanoparticles, including CMP, cannot be uptaken by T cells 
effectively, which prevents the potential direct pro-apoptotic effects in 
subsequently expanded effector T cells. Last but not least, some evidence 
shows that STING signaling is essential to maintain the stemness of 
CD8+ T cells for a durable anti-tumor response [22]. Thus, STING ag
onists formulated into nanoparticles may have unique advantages in 
reprograming the myeloid cells and potentiating durable effector T cell 
responses. 

3.4. Understanding the sequence of anti-cancer events of STING 
activation 

Besides the potency of STING activation, the timing of STING acti
vation also matters. Many STING agonist therapy induced immediate 
tumor control and regression after treatment [4,10,17], indicating the 
initial therapeutic effect is adaptive immunity-independent, which 
generally takes multiple days to develop [1]. We speculate that the 
therapeutic effects of systemic STING agonists involve two phases. In 
Phase I, type-I IFN and other inflammatory cytokine production within 
the first 24 h of STING agonist administration lead to tumor vascular 
damage, STING activation-induced apoptosis, innate immune cell acti
vation, and acute inflammation, resulting in tumor regression. In Phase 
II, activated APCs prime T cell activation and tumor-specific T cells 
home to tumor, resulting in T cell-mediated anti-cancer immune re
sponses. Thus, the timing of systemic STING agonist therapy should be 
carefully considered when they are combined with other immunother
apies. For instance, premature dosing of immune checkpoint inhibitors 
during Phase I after systemic STING agonist therapy may induce higher 
inflammation and adverse effects. In contrast, delayed dosing of immune 
checkpoint inhibitors during Phase II after systemic STING agonist 
therapy may achieve synergistic immunotherapeutic effects. To better 
control the timing of STING activation, nanomedicine with spatiotem
poral control function [33] could also be developed to activate STING 
agonists on demand. 

4. Conclusions 

Overall, systemic STING agonist immunotherapy is a promising 
cancer treatment but a lot of pharmocological challenges remain to be 
addressed. Further mechanistic study and delivery technology devel
opment could potentially help us better understand the pharmacology of 
systemic STING agonist immunotherapy and catalyze designs of rational 
systemic delivery strategy of STING agonist. Targeted delivery of STING 
agonist to the right tissues, right cell populations, and then inducing 
appropriate intracellular signaling strength at the right time will 

potentially expand the treatment window and unlock the promise of 
systemic STING agonists. 
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