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2’3’-cGAMP is a key molecule in the cGAS-STING pathway. This cyclic dinucleotide is produced by the cytosolic DNA sensor cGAS in response to the presence of aberrant dsDNA in the cytoplasm which is associated with microbial invasion or cellular damage. 2’3’-cGAMP acts as a second messenger and activates STING, the central hub of DNA sensing, to induce type-I interferons and pro-inflammatory cytokines necessary for responses against infection, cancer or cellular stress. Classically, detection of pathogens or danger by pattern recognition receptors (PRR) was thought to signal and induce the production of interferon and pro-inflammatory cytokines in the cell where sensing occurred. These interferon and cytokines then signal in both an autocrine and paracrine manner to induce responses in neighboring cells. Deviating from this dogma, recent studies have identified multiple mechanisms by which 2’3’-cGAMP can travel to neighboring cells where it activates STING independent of DNA sensing by cGAS. This observation is of great importance, as the cGAS-STING pathway is involved in immune responses against microbial invaders and cancer while its dysregulation drives the pathology of a wide range of inflammatory diseases to which antagonists have been elusive. In this review, we describe the fast-paced discoveries of the mechanisms by which 2’3’-cGAMP can be transported. We further highlight the diseases where they are important and detail how this change in perspective can be applied to vaccine design, cancer immunotherapies and treatment of cGAS-STING associated disease.
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1 Introduction

Cells utilize an arsenal of pattern recognition receptors (PRRs) which recognize structures within invading microbes termed pathogen associated molecular patterns (PAMPs). Viral genomic nucleic acids are a preeminent PAMP during infection which trigger PRR activation, leading to the production of type-I interferons (IFN) and proinflammatory cytokines by infected cells. IFN then acts in both an autocrine and paracrine manner to induce the expression of interferon-stimulated genes (ISGs) in neighboring cells. These ISGs act as restriction factors in bystander cells to limit pathogen replication and spread. Alongside the direct antimicrobial activity of ISGs, the cytokines produced are also crucial to initiate adaptive immune responses. Since its discovery in 2013, the PRR detecting cytosolic double-stranded DNA (dsDNA) - cyclic guanosine-monophosphate-adenosine-monophosphate synthase (cGAS) - has been a focal point within the field. cGAS detects dsDNA indiscriminate of whether it is host or pathogen derived. Instead of detecting structural differences between pathogen and host like classical PRRs (e.g. TLR9), it identifies the presence of dsDNA in the cytosol as a danger signal. Therefore, exposure of “self” dsDNA due to cellular disruption can also be detected and is a known damage associated molecular pattern (DAMP) that can lead to inflammation in sterile settings. For example, the rare but debilitating interferonopathies - Aicardi-Goutières syndrome (AGS), STING associated vasculopathy with onset in infancy (SAVI) and COPA Syndrome - can be caused by chronic activation of the cGAS-STING pathway (1–3). Moreover, in a wide range of more prevalent autoimmune and inflammatory disorders such as systemic lupus erythematosus, polyarthritis and Parkinson’s disease, STING signaling is thought to contribute towards pathology (4–6). These diseases are summarized in Figure 1A. The cGAS-STING pathway is therefore of great therapeutic interest: agonists are sought after for use as adjuvant in vaccines or for cancer immunotherapy; while antagonists could be developed as treatment for inflammatory or auto-immune diseases.




Figure 1 | The cGAS-STING pathway and disease. (A) Schematic showing diseases where STING signaling is thought to contribute to pathology. (B) The presence of mislocalised or pathogen associated dsDNA in the cytoplasm is detected by cGAS. Upon DNA binding, cGAS undergoes phase separation and generates the cyclic dinucleotide 2’3’-cGAMP required by the central hub of DNA sensing – STING – to translocate from the ER towards ERGIC. Here, STING recruits TBK1 to phosphorylate the master transcriptional regulators of innate immune activation - IRF3 and NF-κB. This results in the production of proinflammatory cytokines, primarily type I IFNs but also IL-6 and TNF-α.



Mechanistically, when cGAS binds to dsDNA, its N-terminal domain polymerises, inducing phase separation (a phenomenon where liquids separate from each other forming distinct membrane-less compartments), and it produces the small cyclic di-nucleotide 2’,3’-cyclic-GMP-AMP (hereafter called cGAMP). cGAMP then acts as a second messenger and binds to the central hub of DNA sensing - STING - which translocates from the endoplasmic reticulum (ER) to the Golgi, where it recruits TANK-binding kinase 1 (TBK1). TBK1, in turn, activates the master regulators of innate immune activation: IRF3 and NFkB. IRF3 induces production of type-I IFN while NFkB drives expression of pro-inflammatory cytokines most notably IL-6 and TNF-α (Figure 1B) (7).

Studies published over the last decade challenged the classical model of PRR signaling. Rather than cGAS detecting dsDNA and inducing IFN and cytokine production in the cell where sensing occurred, the second messenger cGAMP can travel to neighboring cells where it activates STING and production of IFN and cytokines without the need for a PRR. Over the last decade, several studies have now described multiple mechanisms by which cGAMP can move between cells. It can travel freely through GAP junctions in juxtaposed cells (8). Moreover, viral particles have been shown to incorporate cGAMP derived from the viral producing cells, thereby transmitting cGAMP to the next infected cell (9, 10). Both of these mechanisms effectively link the cytosol of one cell to the next and so cGAMP remains topologically contained within a compartment derived from the cell cytosol. More recently a role for cGAMP in the extracellular space has been considered. Exogenous cGAMP, and other similar cyclic dinucleotides (CDNs) produced by bacteria as signaling molecules, were known to trigger IFN-β production by cells in vitro and reduce tumor growth by direct injection in vivo (11–16). However, it remained unclear how these CDNs entered the cytosol to activate STING. This changed between 2019 and 2021 when, in quick succession, five membrane transport proteins were shown to provide a route for CDNs to cross the cell membrane - SLC19A1, SLC46A2, P2X7, LRRC8A:C/E and ABCC1 (12, 13, 17–21). In addition, the antimicrobial defense peptide LL-37 has been reported to bind and chaperone cGAMP across the cell membrane (22). These proteins are separated into channels (SLC19A1, SLC46A2 and LRRC8A:C/E), transporters (ABCC1) and pores (P2X7 and LL-37) depending on their mode of action. For simplicity, we will collectively refer to them as cGAMP conduits.

The study of how cGAMP is a second messenger that travels between cells constitutes a new field that has recently exploded. In this review, we detail and discuss the current knowledge of the different mechanisms by which cGAMP is transferred between cells summarized in Figure 2. We further highlight the diseases where these mechanisms play a role and the relevance this has to pharmaceutical design suggesting novel targets for innovative therapies.




Figure 2 | Extracellular 2’3’-cGAMP transport. Schematic showing the mechanisms by which 2’3’-cGAMP can be transferred between cells. (A) Within viral particles. (B) Through gap junctions. (C) Import and export through LRRC8A:C heterodimers which are activated by hypotonicity and Sphingosine-1-phosphate (S1P). (D) Export through ABCC1. (E) Transport through the ATP gated pore P2X7. (F) Import through SLC19A1. (G) Import through SLC46A2. (H) 2’3’-cGAMP shuttling by LL-37. (I) 2’3’-cGAMP hydrolysis by ENPP1.






2 Mechanisms of cGAMP inter-cellular signaling

In this section, we describe the molecular mechanisms that are responsible for transporting cGAMP between cells. We first take into consideration the role of ENPP1 in extracellular cGAMP signaling, as it is the only described human hydrolase that degrades cGAMP. We then highlight the conduits that allow the export and import of free cGAMP to and from the extracellular space. We term this extracellular cGAMP transport. The known agonists and antagonists of cGAMP conduits as well as the cell types they have been shown to function in are summarized in Figure 3. Finally, we describe the two known mechanisms by which cGAMP is transferred between cells in compartments topologically equivalent to the cytosol, thereby protecting it from ENPP1 hydrolysis. We term this topologically contained cGAMP transport.




Figure 3 | Cell types in which cGAMP conduits function and the CDNs they transport. Data collected for cells types in which conduit deficiency or specific chemical inhibition prevented STING pathway activation in response to exogenous CDNs. FDA approved drugs are shown in red. Primary cells are shown in black and cancer cell lines in blue. Mouse cell lines and conduits tested in mice are shown in italics. ϕ sulfasalazine has been shown not only to inhibit indicated channels but also IFN-β production *Not major importer as knockout or chemical inhibition only marginally reduces CDN mediated responses. **Direct CDN uptake not proven in vitro but in vivo conduit required for STING pathway activation in presence of exogenous CDNs. †Unclear if imported. †† Minimal effect of transporter on uptake. # - P2X7 forms a large non-selective pore for hydrophilic substances ~0.9 KDa in size therefore although not formally shown it is assumed there is no CDN specificity. Ψ reviewed by Salameh and Dhein (23). λ reviewed by Müller and Namasivayam (24). ω reviewed by Cole (25). MLF, mouse lymphatic fibroblasts; BMM, bone marrow-derived macrophages; MEF, mouse embryonic fibroblasts; HFF, human foreskin fibroblasts; BMDM, bone-marrow-derived macrophages; pM, peritoneal macrophages; TAM, Tumor-associated macrophages; PBMC, peripheral blood mononuclear cells.





2.1 Extracellular cGAMP transport



2.1.1 ENPP1

To understand the role of extracellular cGAMP, we must first consider ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP1). ENPP1 is a hydrolase of CDNs and ATP. Studies overexpressing ENPP1 show its action is limited to the extracellular space despite being present within the lumen of the endoplasmic reticulum (ER) (26). Structurally, it contains a Ca2+ binding domain and chelates two Zn2+ ions into its catalytic site. These ions are required for ENPP1 function and supplementation has been shown to enhance hydrolase activity (27). ENPP1’s hydrophobic N-terminus can be cleaved, releasing the now soluble and hydrolysis active enzyme into the surrounding tissue fluid (28). Notably, extracts from WT mouse spleen and liver can completely hydrolyze cGAMP but extracts from Enpp1-/- knockout mice show no detectable degradation. This demonstrates that at least in mice, Enpp1 is likely the dominant if not the only cGAMP hydrolase (27). It is unclear if tissues lacking ENPP1 expression, or a yet to be identified regulator of this hydrolase, could allow for extracellular cGAMP accumulation and immune activation. Overall, ENPP1 represents the only known mechanism of cGAMP degradation and its discovery provided the first evidence that cGAMP might have relevance outside of the cell. Its identification gave the rationale to search for the cGAMP conduits described below.




2.1.2 SLC19A1

The first cGAMP conduit to be reported was reduced folate carrier 1 (SLC19A1/RFC1). SLC19A1 was initially characterized as an anti-transporter and main importer of reduced folate into cells. This couples the import of reduced/anti folates to the export of inorganic phosphates (29). Folates are essential membrane impermeable B family vitamins required for cell proliferation, tissue repair and development (29). Hence knockout of SLC19A1 in mice is embryonically lethal without continuous folate supplementation (30).

Initially, SLC19A1’s role in cGAMP transport was characterized in the U937 and THP-1 human monocytic cell lines. SLC19A1 knockout was seen to prevent STING activation in response to extracellular cGAMP. Chemical characterization showed that methotrexate, a competitive inhibitor of SLC19A1, similarly prevented STING activation in response to exogenous cGAMP (12, 13). Finally, a direct interaction between cGAMP and SLC19A1 has been shown as SLC19A1 precipitates with cGAMP immobilized on sepharose beads. This interaction is disrupted by free unbound cGAMP or methotrexate (13). More recently the structure of SLC19A1 in complex with cGAMP has been solved showing how cGAMP could move directly through this channel (Figure 4) (31). At the time of writing, SLC19A1 is the only cGAMP conduit for which a direct interaction is demonstrated and the exact mechanisms used by other conduits are still under investigation. Although SLC19A1’s function has been observed in human monocytic cell lines (THP1 and U937), only a minimal role in cGAMP uptake has been shown in primary human monocytes (12). This suggests SLC19A1 plays a non-dominant role in monocytic cGAMP import and highlights the caution and need for primary cell data to delineate the cell types in which these channels transport cGAMP in vivo.




Figure 4 | Structure of SLC19A1 in complex with 2’3’-cGAMP. (A) Cryo-EM density map of human SLC19A1(blue)-Fab(grey) complex bound to two molecules of 2’3’-cGAMP (green and purple). (B) The overall structures of human SLC19A1 bound to 2′3′-cGAMP in the inward-open conformation. The N-terminal domain (NTD) is colored yellow and C-terminal domain (CTD) colored blue. Two bound 2′3′-cGAMP molecules are shown as a space-filling representation and are colored (green and purple). Adapted with permission from Zhang, Zhang (31).



Other cyclic dinucleotides in addition to 2’3’-cGAMP are imported into cells by SLC19A1, both synthetic (2’3’-RR CDA, 2’3’-cGSASMP, 2’3’-CDA, 2’3’-CDAS) and bacterially derived CDNs (3’3’-cGAMP). In contrast, some bacterially derived CDNs were imported poorly or not at all (e.g. 3’3’-CDA, 3’3’-CDG) (Figure 3). The possibility that SLC19A1 shows specificity to the type of CDNs that are imported is exciting, as the knowledge of the cell types expressing SLC19A1 could allow for cell targeted CDN treatments based on CDN conduit expression profiles (12).

Murine SLC19A1 is not thought to import cGAMP since efficient depletion of Slc19a1 in mouse cell lines has no effect on cGAMP uptake. Similarly, in murine primary bone marrow derived macrophages and dendritic cells, Slc19a1 depletion does not reduce IFN-β mRNA levels upon CDN treatment. This suggests another importer is mediating cGAMP uptake in murine cells (13). Therefore, there is a need for a suitable animal model to study this channel’s role in the context of viral infection or cancer in vivo. Indeed, without it, it cannot be proven that SLC19A1 functions physiologically to enhance cGAMP driven immune responses, especially as it is possible that the wide variety of natural SLC19A1 substrates may out compete cGAMP for import. Future studies looking at viral antagonism in vitro or polymorphisms within patient cohorts will also be key to provide evidence of its role at the physiological level.




2.1.3 SLC46A2

SLC46A2 (TSCOT) is an orphan solute carrier with predominant expression known in the cortical epithelial cells of the murine thymus (32). Its only known substrate is foreign: the tracheal cytoxin (TCT) produced by Bordetella pertussis and Neisseria gonorrhoeae that enters mammalian cells and drives NOD1 activation and necrosis (33). Therefore, an endogenous role was missing.

SLC46A2’s role in cGAMP transport was initially identified by Cordova et al., who observed it is the dominant cGAMP importer in human monocytes and macrophages (17). This was shown by partial knockdown of SLC46A2, resulting in reduced STING activation in response to extracellular cGAMP in primary monocytes. Additionally, overexpression of human and murine SLC46A2 enhances STING activation in response to extracellular but not electroporated cGAMP. SLC46A2 is a member of the SLC46A solute transporter family, which has two other members: SLC46A1 and SLC46A3. SLC46A1, like SLC19A1, transports folate species into cells. Unlike SLC19A1, it functions optimally at low pH (~5.5) and is predominately responsible for folate uptake in the small intestine (34). SLC46A3, like SLC46A2, is an orphan solute carrier without known function (35). Interestingly, SLC46A1 and SLC46A3 appeared as prominent hits in a previous screen looking to identify cGAMP importers (13). On overexpression, these proteins enhance STING activation in response to extracellular cGAMP. Despite this, effective depletion of SLC46A1 and SLC46A3 caused no or very minor inhibition of STING activation in monocytes. This is likely due to the redundant and highly efficient uptake through SLC46A2 (13, 17). As such SLC46A1 and SLC46A3 are likely able to transport cGAMP but a physiological role is still to be explored. Research into whether SLC46A1 aids STING activation in the gut could answer this as it is highly expressed in the intestines, proximal to CDN producing bacteria and a site of autoimmune disease (35).

Despite murine SLC46A2 being able to transport cGAMP, it is not responsible for uptake in murine macrophages, as SLC46A2 is poorly expressed in murine immune cells (17). SLC46A1 and SLC46A3 are expressed but have also been shown not to be the dominant transporter (17). This suggests there is another mechanism of cGAMP uptake in murine macrophages. Therefore, like with SLC19A1, there are clear differences in SLC46A2 mediated cGAMP uptake between humans and mice.




2.1.4 P2X7

Extracellular ATP functions in the synaptic cleft as a neurotransmitter, but widespread release is a renowned DAMP that coordinates immune responses in various pathological settings (e.g. microbial invasion, cancer and tissue damage) (36). Membrane disintegration of dying or damaged cells is thought to release ATP into the extracellular space. Additionally, channels transport ATP into secretory vesicles or directly into the extracellular space (e.g. VRACs, pannexins, connexins) when triggered by various stimuli (e.g. Ca2+ currents, CO2, mechanical deformation, hypoxia, heat and osmotic stress) (37). Remarkably, levels of ATP in the tumor microenvironment have been shown to be up to 1000 times greater than that of healthy tissue (38). In mammals, released ATP is detected by two G-Protein coupled P2Y receptors (P2Y1R and P2Y11R) and by all 7 of the P2X ligand gated ion channels (P2X1-7) (39). The P2XRs are mainly expressed in excitable and immune cells, in line with ATP’s role as both a neurotransmitter and DAMP. Notably, P2X7 is expressed in virtually all immune cells (including: macrophages, dendritic cells, granulocytes, T cells, B cells and natural killer cells) and confers resistance to bacterial, parasitic and viral infection (39). Under resting conditions P2X7 supports Na+ and Ca2+ influx and minimal K+ leakage out of the cell. Activation of P2X7 by ATP causes the opening of a non-selective pore for hydrophilic substances of up to ~0.9 KDa and passive K+ efflux (40, 41). cGAMP has a molecular weight of ~0.7 kDa, meaning passage through the activated P2X7 pore is feasible (27).

P2X7 was first implicated in cGAMP transport by Zhou et al., in a model of efferocytosis of dying tumor cells (Figure 5) (20). Efferocytosis is usually mediated when a cell displays Gas6 or ProS on the cell surface. These “eat me” molecules trigger monocytically expressed MerTK to induce phagocytosis and immunologically silent cell death. The authors observed in two mouse models of cancer (MC38, colon adenocarcinoma; and E0771, triple negative breast cancer) that blocking MerTK mediated efferocytosis by tumor associated macrophages causes release of cGAMP from dying cells. They speculate membrane integrity eventually becomes disrupted in dead cells that are not cleared and hence cGAMP is released into the extracellular medium. In vivo, MerTK antagonism reduces tumor size over time and acts cooperatively with other immunotherapies (e.g. PD-1 blockade) (20). This effect requires the engrafted tumor to have active cGAS and the host to have STING suggesting a transfer of cGAMP from tumors to host cells. P2X7 was identified as the channel mediating exogenous cGAMP uptake into host tumor-associated macrophages, since P2X7 knockout prevented the ISG signature seen in the tumor microenvironment and stopped tumor regression in response to MerTK blockade. Additionally, in bone marrow derived macrophages, ATP strikingly enhances STING activation upon treatment with extracellular cGAMP. This effect is nullified by the P2X7 specific inhibitor A740003, indicating murine P2X7 likely imports cGAMP in this system (20). Whether human P2X7 also imports cGAMP has yet to be shown. An additional controversy relates to the general mechanism of P2X7 function as it is currently debated whether P2X7 itself forms a pore, or instead if it recruits a currently unknown pore forming protein (64).




Figure 5 | P2X7 mediated cGAMP uptake during MerTK blockade. Dying cancer cells are cleared by efferocytosis where the MerTK receptor present on tumor associated macrophages (TAMs) recognizes “eat me” signals Gas6/ProS. This leads to immunologically silent cell death by engulfment and digestion of the cellular corpse. Blockade of MerTK activity with an anti-MerTK antibody results in accumulation of dying cancer cells. Likely as a result of membrane disintegration, cGAMP and ATP are released into the tumor microenvironment. ATP activates P2X7 pore expressed by TAMs allowing cGAMP to passively move across the plasma membrane and drive type I IFN production through STING (1, 3–6, 24, 42–63).






2.1.5 Volume regulated anion channels (LRRC8A:C/E)

Maintenance of cellular volume in response to extracellular osmotic change is critical to cellular homeostasis. Volume regulated anion channels (VRAC) are named after the observable efflux of Cl- and organic solutes when cells are placed in a hypotonic (low salt) solution, which induce cell swelling (65, 66). The release of anions induces the osmotic efflux of water and so reduces/maintains cellular volume. Three decades after this electro-osmotic phenomenon was observed, the protein which forms VRAC channels was identified - LRRC8A (also known as SWELL1) (67, 68). Structurally, LRRC8A forms a hexameric channel into which the other LRRC8 members, LRRC8B-E, are stochastically incorporated. LRRC8A is the critical component and a heteromeric hexamer must be formed to efficiently mediate anion transport across membranes (69). All VRACs appear to convey small anions such as chloride, but hexamer composition determines the larger species transported. For instance, complexes containing LRRC8A:B mediate inorganic anion flux, whereas LRRC8A:C and LRRC8A:E also transport larger anionic osmolytes such as ATP, glutamate, and aspartate. Finally, LRRC8A:D has generally increased permeability for neutral and even positively charged osmolytes such as: taurine, lysine, serine, inositol, γ-aminobutyric acid (GABA) and the anticancer drug cisplatin (70–73).

A CRISPR screen that aimed to identify the transporter mediating background cGAMP uptake in SLC19A1 KO cells identified LRRC8A as a potential cGAMP importer in humans (18). Knockout of the VRAC subunits LRRC8A, LRRC8C and LRRC8E reduces STING activation in response to exogenous cGAMP. In HEK293 cells, hypotonic buffers enhanced STING activation in response to extracellular cGAMP in an LRRC8A:C/E dependent manner. Additionally, patch clamp analysis showed cGAMP was able to competitively inhibit the influx of Cl- ions through VRAC, suggesting cGAMP permeates LRRC8A:C/E (18). Surprisingly, knockdown of LRRC8D increases STING activation in response to extracellular cGAMP, suggesting LRRC8D inhibits cGAMP transport through the LRRC8A:C/E complex (18). Mechanistically, LRRC8D likely competes with LRRC8C/LRRC8E for the available pool of LRRC8A by forming a pore with enhanced permeability for neutral or positively charged species, which blocks negatively charged cGAMP from moving through the channel (71, 73, 74). To find cells in which the LRRC8A:C/E channel imports cGAMP under physiological conditions, Lahey et al. looked for cell lines with high expression of LRRC8A and LRRC8C but low expression of the inhibitory subunit LRRC8D. Primary human umbilical vein endothelial cells (HUVECs) were found to fit this profile, leading initial reports to suggest that, in humans, LRRC8A:C/E mediated cGAMP import is limited to vascular endothelial cells (18). In addition to osmotic gradients, VRACs are also activated by sphingosine-1-phospahte (S1P) via the G protein coupled receptor S1PR1. S1P, like hypotonicity, was shown to enhance cGAMP transport through LRRC8A:C/E, increasing STING activation (18).

Despite efforts predominately focusing on import, VRACs have also been shown to act as cGAMP exporters. HEK293 cells overexpressing cGAS release cGAMP upon treatment with hypotonic buffers in an LRRC8A dependent manner (18). The disproportionate focus on import means LRRC8A:C/E mediated cGAMP export is relatively understudied. Future work will be needed to test if LRRC8A:C/E can export cGAMP when cGAS is expressed endogenously and the physiological relevance of this.

It has been suggested that cGAMP transport through LRRC8A:C/E only occurs under “artificial hypotonic conditions” and therefore may not be physiologically relevant (21). As osmotic pressure is relative, we believe the import or export of osmolytes could trigger LRRC8A:C/E activity under physiological conditions. Additionally, the secondary channel agonist S1P exists endogenously and therefore provides a mechanism for LRRC8A:C/E activation. A physiological role for VRAC mediated cGAMP transport is supported by studies in mice showing LRRC8A:C/E mediated cGAMP uptake. Unlike in humans, cGAMP import in mice is not limited to endothelial cells as murine fibroblasts, macrophages and T cells all import cGAMP through LRRC8A:C/E (Figure 3) (19, 75). Additionally, in vivo studies show LRRC8A:C/E mediated cGAMP import restricts HSV-1 infection and play a role in experimental autoimmune encephalitis (discussed in detail in sections II.1 and II.4) proving LRRC8A:C/E is physiologically relevant (19, 75). Since LRRC8A:C/E activity can be affected by osmotic disruption, studies looking to identify or characterize cGAMP channels should carefully consider if transport could occur indirectly through LRRC8A:C/E. Particularly as over expression or knockout of ion channels could lead to disrupted osmotic homeostasis, a potential trigger for LRRC8A:C/E mediated cGAMP transport.




2.1.6 ABCC1, a cGAMP exporter

The ABC transporter family encompasses 49 members classified into 7 subfamilies (ABCA-G) (76). Each ABC transporter contains two cytosolic nucleotide bindings domains, which hydrolyze ATP to actively transport a broad range of substrates across the membrane. ABCC1 [also known as multidrug resistance protein 1 (MRP1)] contains 17 transmembrane domains forming a pore through which substrates are transported (25). ABCC1 exports a wide variety of endogenous substrates: Leukotriene C4, lipid species including S1P, glucuronides, glutathione conjugates and free glutathione [reviewed in (25)]. The physiological role of ABCC1 is ill defined. Some have suggested ABCC1 exports xenobiotics and toxic by-products of metabolism (77). This is in line with ABCC1’s polarized expression profile at barrier sites within the body such as choroid cells which maintain separation between the blood and cerebrospinal fluid; capillary endothelial cells forming the blood brain barrier; and syncytiotrophoblasts within the placenta, which separate mother from fetus (78–80).

ABCC1 was first implicated in cGAMP export by Maltbaek et al., who observed cGAMP export from cells after transfection with dsDNA and screened different classes of exporter to identify this transporter (81). ABCC1 has mainly been studied in the context of autoimmunity. TREX1 is a 3’ → 5’ exonuclease, which degrades any DNA that inadvertently reaches the cytosol under sterile conditions. Mutation of the TREX1 gene leads to the chronic interferonopathy Aicardi-Goutières syndrome due to activation of cGAS (42, 82, 83). In accord, Trex1 -/- mice have an average life span of ~110 days due to the associated severe inflammatory phenotype (21, 42). Maltbaek et al., show the type-I IFN signature and immunopathology seen in Trex1 -/- mice is exacerbated when ABCC1 is simultaneously knocked out. In vitro, ABCC1 was shown to export cGAMP in an ATP dependent manner. ABCC1 mediated cGAMP export negatively regulates IFN induction by preventing cGAMP binding to STING (21). Therefore, ABCC1 is the only cGAMP transporter shown to reduce IFN induction, since all the cGAMP importers are considered to function in a proinflammatory manner. Export of cGAMP leading to reduced STING activation aligns with the only known mechanism of cGAMP degradation - ENPP1 - being extracellular. Whether ABCC1 can also function to enhance cGAMP driven responses in settings of microbial invasion or cancer remains to be seen. Additionally, if cGAMP export through LRRC8A:C/E also acts to alleviate STING driven inflammation has not been investigated. A known substrate of ABCC1, S1P, is a known agonist of LRRC8A:C/E. Therefore, whether ABCC1 acts cooperatively with LRRC8A:C/E is an interesting possibility (18, 84). Another ABC family member - ABCG2 - has been proposed as a cGAMP exporter and chemical inhibition was previously shown to prevent cGAMP export (21). As ABCC1 and ABCG2 are the only ABC transporters known to export S1P, this further suggests a link between ABC and LRRC8A:C/E mediated cGAMP transport (84). However, ABCC1 has been shown to export cGAMP from “inside out” vesicles derived from insect cell lines devoid of LRRC8A:C/E, indicating that ABCC1 is likely a cGAMP conduit in its own right and not indirectly acting by opening LRRC8A:C/E via S1P (21).




2.1.7 LL-37

Antimicrobial defense peptides (AMP) are small cationic amphipathic molecules found across all kingdoms of life. They are split broadly into two classes: cathelicidins and defensins (85). The AMPs found in multicellular organisms resemble the offensive peptides released by prokaryotes to kill competing microorganisms and are likely one of the earliest forms of immune defense. LL-37 is the only human encoded member of the cathelicidin family and is only 4.4 kDa in size (86). It exists as a proprotein, hCAP-18, and is expressed by front line immune cells such as neutrophils, macrophages, dendritic cells, natural killer cells, mast cells and epithelial cells (87). LL-37 is released into the site of inflammation by exocytosis and is cleaved by serine proteases into its active form (88, 89). Within bacterial cell membranes, LL-37 forms a tetrameric pore leading to bacterial cell lysis (90–92). Host cell membranes are protected from pore formation due to elevated cholesterol levels, but high concentrations of LL-37 can still lead to membrane permeabilization (93). Alongside direct antibacterial activity LL-37 also acts as: a chemoattractant for macrophages, dendritic cells and neutrophils; a catalyst of NLRP3 inflammasome activation; a trigger for degranulation of mast cells; and is a cytokine signaling through EGFR, FPRL-1 and even P2X7 (87, 94, 95). Additionally, LL-37 can form a complex with extracellular dsDNA able to activate endosomal TLR9 in pDCs and drive STING activation through cytoplasmic DNA sensors in monocytes (96, 97). The LL-37-dsDNA complex reaches endosomes through lipid raft and proteoglycan dependent endocytosis, but how it crosses the endosomal membrane to reach cytosolic DNA sensors is unknown (98). However, it has been suggested that the cationic amphipathic complex might be able to passively diffuse through the phospholipid bilayer (87, 96).

A recent study has shown that LL-37 also transports cGAMP across the cell membrane, since in vitro treatment of cells with extracellular cGAMP and LL-37 enhances STING activation (22). In vivo, prophylactic treatment of mice with LL-37 and extracellular cGAMP has been shown to restrict HSV-1 replication and increase IFN driven responses (22). However, the mechanism by which exogenous LL-37 delivers cGAMP to the cytosol is unclear. cGAMP, like dsDNA, forms a complex with LL-37 potentially able to cross cell membranes (22). Equally, tetrameric pore formation could allow cGAMP to access the cytosol through nonspecific membrane disruption. Cells treated with LL-37 do not show increased permeability to propidium iodide (PI) suggesting that, in this context, cellular membranes are not disrupted (22). However, as PI is a positively charged molecule, it may be unable to move through the positively charged LL-37 pore (92, 99). Therefore, whether cGAMP passes through the LL-37 pore or moves through the membrane as a cGAMP-LL-37 complex remains uncertain. Future work assessing if endogenously expressed LL-37 enhances cGAMP mediated responses will be crucial to prove a physiological role for LL-37 during cGAS-STING signaling. Interestingly, dsDNA-LL-37 complexes are resistant to nuclease degradation (98). Therefore, it remains to be determined if LL-37 protects cGAMP from ENPP1 mediated hydrolysis.





2.2 Topological cGAMP transport

cGAMP can also be transported between cells via topologically contained mechanisms, meaning that it does not transit through the extracellular space and is therefore protected from ENPP1 hydrolysis. These mechanisms include the transfer to juxtaposed cells via GAP junctions and to neighboring or distant cells via incorporation into viral particles.



2.2.1 Local signaling through GAP-junctions

Gap junctions are intercellular channels which effectively link the cytoplasm of one cell to its neighbor. Their function is broad, playing a role in developmental signaling, electrical potentiation, cellular proliferation and differentiation (100). They are formed by connexins of which there are 21 known in humans. These form hexamers known as “hemichannels” (101). A hemichannel on one cell links to another on an adjacent cell forming a gap junction. These assemble in clusters to form hundreds of intercellular channels, allowing for the passage of small and hydrophilic species (<~1.2 kDa), including signaling molecules, between cells (e.g. ATP, cAMP, IP3, glucose, glutathione, glutamate, Ca2+, K+ and Na+) (102). This constant exchange of metabolites and signaling molecules is called gap junction intercellular communication (GJIC) and allows a tissue to act as a collective. GJIC is a basic mechanism of tissue homeostasis and explains GAP junction’s wide ranging physiological role.

It was known half a decade before the discovery of cGAS that GAP junctions facilitate IFN-β production in response to dsDNA. This was shown in HEK293 cells expressing GFP under the control of an IRF3 promoter. Upon dsDNA transfection, a striking visual pattern is seen where clusters of cells become GFP positive, suggesting stimulated cells might be instigating innate immune activation in their physically associated neighbors. This effect is lost on siRNA depletion of GAP junction components (103). Shortly after cGAMP discovery, it was identified as the messenger responsible, as knocking out the only two connexins present in HEK293 cells (CX43 and CX45) prevented cGAMP transfer. Upon cellular reconstitution with other known connexins (CX26, CX31, CX32, CX40, CX52a and CX50) all but CX50 rescued cGAMP transfer. This is in line with the notion that gap junctions form pores with limited cargo specificity so redundantly facilitate cGAMP transfer between cells (8). Remarkably, gap junctions can also transfer cGAMP between non-static cells. In coculture experiments, HEK293 cells could transfer cGAMP to primary human monocytes, a process dependent on expression of CX43 and CX45 (43). Additionally, in vivo, cGAMP coated in pulmonary surfactant mimetic liposomes (PS-cGAMP) can be taken up by alveolar macrophages and the cGAMP transferred to alveolar epithelial cells through GAP junctions (104). This passing of cyclic dinucleotides by non-static cells complicates interpretation of in vivo models since the cells reacting to cGAMP may not be directly importing the cGAMP from the extracellular space.

Hemichannels at the cell surface have also been shown to have central roles in autocrine and paracrine signaling, allowing exchange of small molecules between the cytoplasm and surrounding tissue fluid. This facilitates movement of small metabolites (e.g. ATP, glutamate, NAD+, IP3, prostaglandin E2, and cAMP) across the cell membrane (105–107). The cyclic dinucleotide cAMP has a similar size and structure to cGAMP (~0.7 KDa) (106). However, as of yet, the role hemichannels play in cGAMP export/import has not been investigated.




2.2.2 Long-range signaling: cGAMP incorporation into viral particles

In virus infected cells, viral particles assemble on cellular membranes. They are made up of viral proteins that encapsidate the viral genome to transport it into the next target cell. Extensive proteomic and lipidomic analyses of viral particles from different viruses have shown that they can also incorporate cellular proteins, lipids or RNAs (108). These host components are thereby transmitted to the next infected cell where they can affect both viral replication and cellular responses. cGAMP was recently shown to be among the small molecules known to be transported in this manner. The authors were initially investigating if cGAS, like other cellular proteins, could be packaged into lentiviral virions (10). They and others then observed that viruses [vaccinia virus (VACV), murine cytomegalovirus (MCMV) and human immunodeficiency virus 1 (HIV-1)] produced in cGAS expressing cells triggered STING activation upon viral entry into new cells (9, 10). Surprisingly, the IFN response in target cells was independent of dsDNA production in the target cells, ruling out cGAS packaging in the viral particles. Instead, they found that cGAMP was incorporated within virions and was being transferred between cells. These observations are remarkable when considering the very small volume of a viral particle relative to a cell. Therefore, it is astonishing that enough cGAMP can be delivered to activate STING.

Similar to virus particles, extracellular vesicles (EVs), including exosomes and microvesicles, are vesicular structures produced by most cells that are involved in intercellular communications (109). They can transport cellular proteins, lipids or RNA to neighboring cells but also very distant cells in other organs. They can be secreted by most cells and are therefore present in all organs and body fluids. They have known roles in key biological processes such as vascular biology, pregnancy, embryonic development, tissue repair, bone calcification, liver homeostasis, functions of the nervous system and immune responses (109). Changes in EVs composition are associated with various pathologies including cancer, which lead to their use as biomarkers. Moreover, they also play a direct role in pathogenesis in a variety of diseases depending on the cargo they transfer to neighboring cells. For example, EVs produced by tumor cells function to sustain the proliferative signaling, promote invasion and metastasis, induce angiogenesis and reduce the activity of immune cytotoxic cells in the tumor microenvironment (110). Interestingly, EVs have been shown to carry important soluble mediators such as cytokines. Therefore, as EVs are similar to virus particles it is interesting to speculate that they could also incorporate cGAMP. One study generated cGAMP-containing exosomes by incubating HEK293T cells-derived purified exosomes with free cGAMP for 16h (111). The cGAMP signal in the loaded exosomes was resistant to treatment with the cGAMP hydrolase snake venom phosphodiesterase (SVPDE), suggesting that cGAMP was indeed inside the exosomes. In this context, incorporation of cGAMP was independent of the known importer SLC19A1 but the authors did not exclude a contribution from other conduits. The incorporation of cGAMP into EVs released by cells where cGAS is activated and produces cGAMP was suggested by one study (9). Here, the authors found cGAMP in the EVs fraction of supernatant from DNA-transfected cells that were not producing viral particles. However, unlike supernatants containing viral particles, these cGAMP-EVs containing supernatants were not able to induce IFN responses in the PMA-treated THP-1 model of macrophages or in HEK293FT cells. Therefore, whether cGAMP-containing EVs can transfer cGAMP to new target cells requires further investigation and this represents an exciting area for future study.






3 cGAMP intercellular signaling in disease and potential for therapies

A role for the cGAS-STING pathway has been described in inflammation and anti-microbial response in many diseases [reviewed in (112)] and others are likely still unknown. In instances where cGAS is activated and produces cGAMP, cGAMP transport will likely participate in tissue inflammation via the mechanisms described in this review. However, the description of cGAMP transport between cells is recent and a role for cGAMP transport, topological or extracellular, in diseases remains largely unknown. This is important because, the revelation that cGAMP is transported between cells has particular therapeutic potential outlined in this section.



3.1 Cancer



3.1.1 cGAMP transport and immune responses to cancer

Many cancers have unstable nuclei due to incomplete chromosomal separation during mitosis (44). This leads to the formation of micronuclei, enclosing DNA within “leaky” membranes accessible by cGAS (113, 114), usually resulting in immune responses acting to suppress tumor growth. Indeed, cGAMP transport between cancer cells and the host cells induces an immune response able to reject the tumor in mice. This has been shown using different models of tumors where the cancer cells need to express cGAS and the host cells only need to express STING to initiate responses leading to tumor rejection (20, 26, 115, 116). However, cancer cells also express ENPP1 which promotes metastasis by hydrolyzing extracellular cGAMP in the tumor microenvironment (117). In this model, loss of ENPP1 in the tumor inhibited metastasis and restored immune infiltration and sensitivity to treatment with immune checkpoint inhibitors, which required cGAS in the tumor cells and STING in the host cells. cGAMP transport is therefore a key signal for the recruitment of immune cells to the tumor. Mechanistically, cGAMP was shown to be transferred between cancer and host cells via gap junctions or as extracellular cGAMP via currently unidentified transporters. Characterizing these transporters could guide the design of targeted cGAMP delivery to promote anti-tumoral immune responses. cGAMP transport via gap junctions was shown to have opposite effects in different models. Indeed, in a mouse model of colon cancer, tumor cells transferred cGAMP to tumor-associated dendritic cells and macrophages via gap junctions thereby inducing an anti-tumor CD8 T cells response (116). However, transfer of cGAMP via gap junctions was also shown to have a pro-tumoral effect in a model of brain-invading lung and breast cancer (45). In this model, the tumor cells transferred cGAMP via gap junctions (CX43) to astrocytes which led to astrocyte-driven production of IFN-α and TNF-α driving the growth and chemoresistance of the invading tumor. In line with these findings, the clinically approved inhibitors of GAP junctions (Meclofenamate and Tonastat) were able to significantly reduce invasive brain tumor growth in mice, thereby proving antagonist of cGAMP transport have clinical relevance for cancer treatment (45). The use of immunotherapies targeting cGAMP transport therefore needs to be carefully evaluated in different models.




3.1.2 ENPP1 inhibitors

Many tumors secrete cGAMP in the tumor microenvironment but, interestingly, cGAMP efflux from cancer cell lines can only be observed upon chemical inhibition or knockdown of ENPP1. In accord, Enpp1-/- mice unable to degrade cGAMP are resistant to tumor development in multiple models of cancer (26). Tumor resistance is also observed in mice treated with ENPP1 inhibitors, an effect enhanced by simultaneous radiotherapy, a treatment known to increase erroneous chromosomal segregation and so augmenting detection of self-DNA by cGAS (26, 44, 113, 114, 118, 119). Overall, ENPP1 potently suppresses the proinflammatory effects of extracellular cGAMP within the tumor microenvironment. Therefore, ENPP1 inhibition represents an exceptional therapeutic strategy as endogenous cGAMP production would then be localized to the tumor microenvironment. Systemic treatment with ENPP1 inhibitors sidesteps clinical concern regarding tumor disruption during intratumoral injection of therapeutic CDNs, which may physically dislodge cancerous cells encouraging metastasis. cGAMP and ATP degradation mediated by ENPP1 also contributes to the extracellular pool of adenosine, an immunosuppressant detected by the adenosine receptor. Extracellular adenosine produced by ENPP1 promotes both tumor growth and metastasis (117). Therefore, ENPP1 inhibitors would act to simultaneously augment STING activation and prevent adenosine’s anti-inflammatory properties. Additionally, since ENPP1 hydrolyses both ATP and cGAMP, ENPP1 inhibition may allow for accumulation of extracellular ATP and the activation of P2X7 pores. This raises the exciting possibility that ENPP1 inhibitors could act synergistically with MerTK blockade to clear cancer (see section I.1.4). The tremendous therapeutic promise of ENPP1 inhibitors is well illustrated by swift financial interest from pharmaceutical investors. Professor Lingyin Li, the true pioneer of extracellular cGAMP responses, recently raised a $11.3 million in funding to create Angarus, a company focused on the development of ENPP1 inhibitors, the first of which - AG-3132 - is about to enter phase 1 clinical trials (120).




3.1.3 Direct injection of CDNs into tumors

As an alternative strategy, direct injection of cGAMP in the tumors has been studied, especially in the context of cancer vaccines (see section II.2) but it is limited by the presence of ENPP1. Another way of triggering STING responses in the tumor-microenvironment while by-passing ENPP1 degradation is to use the recently developed modified CDNs that are resistant to ENPP1 degradation. Indeed, efforts have been made to produce non hydrolysable cGAMP analogues by replacement of phosphodiester linkages with phosphothioate linkages (e.g. 2’3’-cGSAMP, 2’3’-cGASMP, 2’3’-cGSASMP). This proved efficacious as phosphothioate analogues are 40 times more resistant to ENPP1 hydrolysis and induce more potent STING activation in cell culture (27). Additionally, 3’3’ linked species (e.g. 3’3’-cGAMP) produced by bacteria as secondary messengers have also shown resistance to ENPP1 mediated hydrolysis (27). This is the strategy adopted by companies developing CDN based immunotherapeutics, which are currently in clinical trials. Notably, the CDNs 2’3’CDAS (also known as ADU-S100) and MK-1454 are being tested for activity against advanced/metastatic solid tumors and lymphomas (trial IDs -NCT03172936 and NCT03010176) (12, 121). As these CDNs show different specificities for the cGAMP conduits, knowing which cell types express the different cGAMP conduits could allow for cell targeted CDN treatments based on CDN channel expression profiles (12). This is of particular importance for the development of these CDN-based therapies as CDN mediated STING activation can inhibit the proliferation of T cells required for effective tumor rejection. For example, 3’3’-cGAMP appears to be taken up better by dendritic cells and macrophages but not T cells, thereby stimulating antigen presentation and possibly providing the best therapeutic outcome. Collectively, injection of CDNs into tumors has shown therapeutic promise but its effects are largely hindered by poor induction of systemic T cell responses needed for cancer clearance.





3.2 Applications for vaccine development



3.2.1 Free cGAMP as a novel adjuvant

Many studies have tested the use of cGAMP as an adjuvant for anti-cancer or anti-microbial vaccines. These have been recently extensively reviewed in Van Herck, Feng (122) and Garland, Sheehy (123). In this review, we will mostly focus on the literature showing the advantage of exploiting cGAMP transport mechanisms for innovative vaccine design. When free cGAMP is co-administered with a vaccine, it enhances immune responses to the antigens and therefore is a potent adjuvant. This was demonstrated using different routes of administration (intra-muscular, intra-dermal, intra-veinous or intra-tumoral) and in very different disease context such as anti-tumor therapies and prophylactic anti-viral vaccines. All vaccine strategies that use free cGAMP as an adjuvant rely on cGAMP importers on the target cells in order for cGAMP to have an effect. The cell types expression profile of the channels might therefore determine the specificity of cell types targeted by the injected free cGAMP. However, the specific transporters required for the adjuvant effects and their cell type specificity have not been investigated. Some studies using free cGAMP as an adjuvant in the lungs found that it can induce unwanted responses such as asthma or increased viremia following challenge with porcine reproductive and respiratory syndrome virus (124, 125). Other studies using similar strategies did not find these adverse effects suggesting that these could be due to the specificities of the systems used (126–129). Moreover, in all these conditions, cGAMP needs to be used at high concentrations. This is due to a short half-life of this molecule in vivo depending on the route of injection (130). However, recent studies suggest that high doses of CDNs inhibit proliferation of T lymphocytes that are required for an efficient adaptive immune response (in this case, an anti-tumor response) (75). Collectively, these studies suggest that injecting free cGAMP lacks a certain specificity and could lead to detrimental outcomes. ENPP1 is likely responsible for the short life of free cGAMP in organs. Several solutions have been proposed to this problem (1): developing cGAMP analogs that are resistant to ENPP1 hydrolysis but would still use cGAMP transporters and activate STING (see section II.1.3) and (2) incorporating cGAMP in various delivery systems to protect it from ENPP1 hydrolysis.




3.2.2 Enhanced efficiency of cGAMP as an adjuvant in various delivery systems

Several studies formally comparing free cGAMP and cGAMP administered within nanoparticles show that encapsulating cGAMP increases its adjuvant potential and allows to reduce the dose of vaccine needed to achieve the same protection (104, 131, 132). Knowing that cGAMP can be incorporated into virus particles, our laboratory used viral vaccine vectors loaded with cGAMP in a mice model of vaccination and were able to show that incorporation of cGAMP in the viral particles can increase the systemic immune response to the target antigens compared to Empty-VLPs adjuvanted with free cGAMP (133). Associating the adjuvant cGAMP with viral proteins in the vector was therefore a successful antiviral vaccine strategy. A recent study associated cGAMP with mRNAs from Influenza in lipid nanoparticles and showed an increased innate and adaptive immune response to the vaccine in the presence of cGAMP (132). Similarly, pulmonary surfactant mimetic microsomes containing cGAMP used as an adjuvant alongside influenza vaccination and administered intra-nasally greatly enhanced humoral and CD8 T cell responses in mice (104). Interestingly, in this study, the cGAMP-containing microsomes were taken up by alveolar macrophages, and cGAMP was then transferred to neighboring alveolar epithelial cells via gap junctions and activated STING in both cell types. In contrast to the currently available flu vaccines, these last two vaccines provided cross protection against distant and heterosubtypic flu strains, a remarkable and long sought-after accomplishment. Packaging cGAMP in a delivery system also represents a promising strategy to target cGAMP to tumor-infiltrating dendritic cells. Indeed, as demonstrated in a recent study, intratumoral injection of cGAMP-containing virus-like particles (VLP) specifically activated STING in the dendritic cells (134). This led to systemic anti-tumor T cell responses able to synergize with immune checkpoint blockade or tumor Treg depletion to clear the tumor in multiple murine models. Direct comparison of cGAMP-VLP with the synthetic CDN ADU-S100 showed that this compound induced necrosis and cleared the tumors but failed to induce a systemic anti-tumor T cell response. The authors suggest that cGAMP loading into VLPs allows to reduce the dose of cGAMP injected which likely contributes to the lower tissue necrosis and to target cGAMP to dendritic cells.

Importantly, several systems using cGAMP as an adjuvant have shown enhanced protection in two populations that usually respond poorly to vaccines and are therefore difficult to protect against infections: early-life and aged mice (135–137). Collectively, these studies clearly illustrate the immense therapeutic potential of cGAMP containing vaccines.





3.3 cGAMP transport enhances anti-microbial responses

The relationship between bacterial infections and the cGAS/STING pathway are very complex (138). Depending on the bacteria, activation of the cGAS/STING pathway can either help fight the infection or increase susceptibility of the infected host. cGAS can be activated by bacterial DNA or via release of mitochondrial DNA following stress. Moreover, bacteria produce their own CDNs that are injected into the infected cell cytosol by bacterial secretion systems or following partial lysis in phagosomes (138). These bacterial CDNs are then directly sensed by STING in a cGAS-independent manner. This demonstrates that STING can act as a PRR in its own right. In vitro, CDNs can pass through the cellular membrane via the cGAMP conduits described in this review as detailed in Figure 3 but whether this occurs during a bacterial infection has not been studied. A role for 2’3’-cGAMP transfer in bacterial infection has also not been fully explored. One study showed that transfer of the cGAS-STING signal between cells is responsible for an IFN response in Chlamydia infection (139). Indeed, infecting cells depleted for cGAS or for STING does not lead to any IFN production, ruling out a role for an activation of STING by bacterial cyclic dinucleotides. However, when infecting a mix of cells depleted for cGAS (cGAS-/STING+) and cells depleted for STING (cGAS+/STING-), IFN is produced, probably via a transfer of cGAMP from the cGAS competent cells to the STING competent cells. Therefore, cGAMP produced during Chlamydia infection can be transferred between cells but the mechanism involved and the anti-microbial effect of this transfer were not investigated (139). Transfer of CDNs, including 2’3’-cGAMP, between cells and their effect on bacterial replication and cellular responses need to be further investigated to determine if they represent promising therapeutic targets.

As previously mentioned (see section I.2.2), the transport of cGAMP via viral particles was described for a number of viruses (e.g. VACV, MCMV and HIV-1) when they are produced in cGAS-competent cells (9, 10). Other enveloped viruses that activate the cGAS-STING pathway might therefore transfer cGAMP via this mechanism. Monocytes pre-treated with virus particles containing cGAMP were resistant to further infection with another virus, which demonstrates that cGAMP-loaded viral particles have the potential to induce an antiviral state in the recipient cells (9). However, whether cGAMP is really incorporated in viral particles in vivo and if this has an effect on viral replication is not known. In vitro, cells infected with vaccinia virus transfer cGAMP to neighboring cells via gap junctions which induces an antiviral state in bystander cells and limits viral spread (8). Further studies are required to investigate the significance of this mechanism in vivo. Extracellular cGAMP also plays a complex role in viral infections. It restricts replication of the DNA virus Herpes Simplex Virus 1 (HSV-1), as mice expressing the mutant ENPP1 (H362A) unable to degrade cGAMP have elevated extracellular cGAMP levels and are resistant to HSV-1 infection in a STING dependent manner (140). Similarly, mice lacking the anion channel LRRC8E, are more susceptible to HSV-1 infection (19). However, in the context of infection with the RNA virus Influenza A Virus (IAV), mice lacking the anion channel LRRC8C that drives cGAMP import into T cells, showed a lower level of viral replication associated with a higher IAV-specific antibody response (75). As LRRC8C drives import of cGAMP into T cells, resulting in inhibition of T cell function, this suggests that blocking LRRC8C might be beneficial in RNA virus infection. These two examples also show that, in mice, extracellular cGAMP transport through VRACs can have opposite effects on the antiviral immune response that might depend on the source of cGAS activation and on the cell types involved. Whether this is also the case in humans remains to be explored. More evidence for a direct role of inter-cellular cGAMP signaling in the context of other virus infections is also still required.

The arms race between immune responses and pathogens results in the development of microbial strategies to evade immune responses that impact their replication or spread. The existence of such a microbial strategy represents a clue pointing toward the importance of an immune mechanism in antimicrobial responses. Targeting cGAMP specifically might be an efficient strategy for viruses to both inhibit IFN production by the infected cell and limit the spread of the IFN response to neighboring cells. A few viruses have now been shown to directly degrade cGAMP to avoid antiviral signaling in the infected cell but also probably to limit cGAMP transfer to neighboring cells using the various mechanisms described in this review. Poxviruses such as vaccinia virus express an enzyme called poxvirus immune nuclease (poxin) (141). This enzyme degrades cGAMP in vitro, decreases cGAS-STING signaling in cells and is essential for vaccinia virus replication and spread in vivo. Similarly, the African swine fever virus encodes two proteins (C129R and EP364R) that degrade cGAMP in infected cells (142). Whether these virally encoded cGAMP degrading enzymes act extracellularly is unknown. Moreover, whether viruses have also evolved ways to inhibit the cGAMP channel activity remains to be seen but if cGAMP channels function within antiviral immunity, antagonists will likely exist.




3.4 Auto-immune, inflammatory and other diseases

Although operational DNA sensing is required for protection from microbial threats, overzealous responses drive chronic proinflammatory conditions. The prototypical examples of STING mediated autoimmune disease are the debilitating interferonopathies: Aicardi-Goutières syndrome (AGS), STING associated vasculopathy with onset in infancy (SAVI) and COPA Syndrome (1–3). These are all caused by chronic activation of the cGAS-STING pathway. AGS is caused by mutations in genes (SAMHD1, ADAR1, TREX1, IFIH1, RNASEH2A, RNASEH2B, RNASEH2C, LSM11, and RNU7-1) many of which lead to accumulation of DNA in the cytosol that activates cGAS signaling (143). SAVI is caused by gain of function mutations in the STING gene. COPA syndrome is a disease where mutations in COPA, a component of COP-1 vesicles, result in STING being unable to traffic back from ERGIC and so chronically signals (1). However, in both SAVI and COPA syndromes, if cGAMP is required for sustained activation of STING is still unknown. Moreover, in a wide range of more prevalent inflammatory and autoimmune disorders, cGAS-STING signaling is thought to contribute towards pathology summarized in Figure 1A (4–6). The role of cGAMP transport in most of these diseases has not yet been investigated.

In alcohol-related liver disease (ALD), the cGAS/STING pathway drives inflammation and ensuing liver injury (144). Mechanistically, cGAS is activated in hepatocytes and the inflammation signal is propagated by transfer of cGAMP to neighboring cells via gap junctions. In mice, small-molecule inhibition of the hepatic gap junction CX32 decreased hepatocyte injury, inflammation and oxidative stress showing that targeting gap junctions could be used as a therapy to treat ALD.

cGAMP conduits can also show anti-inflammatory effects in various models. In a Trex1 -/- model of AGS, knockout of the transporter ABCC1 enhances pathology as cGAMP is retained within cells enhancing STING activation (21). This demonstrates that ABCC1 export of cGAMP protects from pathogenesis in this model. Moreover, in a model of autoimmune encephalitis, the anion channel LRRC8A:C also limits pathogenesis. Indeed, Lrrc8c -/- mice showed normal T cell development but developed hyperactive T cell responses in experimental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis (75). Therefore, extracellular cGAMP uptake through LRRC8A:C limits T cell proliferation and survival in mice which is essential to suppress autoreactive T cells in auto-immune responses. In these examples, transfer of extracellular cGAMP via the conduits is actually beneficial to the host by reducing inflammatory and auto-immune responses. Therefore, the role of cGAMP transfer in inflammatory and auto-immune diseases is likely to be complex and represents a significant knowledge gap within the field that needs to be addressed. This is of particular importance as clinically approved inhibitors of cGAMP conduits already exist, making it possible to rapidly provide the rationale to broadly inhibit cGAMP transfer (Figure 3) in order to alleviate pathology of the many cGAS-STING associated diseases (Figure 1A).





4 Considerations for future research

Finally, we would like to highlight some considerations and interesting questions that are currently unanswered within the field.

The differences in cGAMP transport between humans and mice. In vivo studies on cGAMP conduit function are complicated by the vast differences seen in cGAMP transport between humans and mice. For example, murine SLC19A1 is not a cGAMP transporter, LRRC8A:C/E mediated transport appears to be limited to endothelial cells in humans but not mice, and murine SLC46A2 appears to transport cGAMP but does not function in murine monocytes and macrophages like human SLC46A2 (12, 13, 17–19). It is very important that future studies consider these differences as conclusions drawn solely from mice will likely be misleading. Many studies looking at cGAMP import have focused on the cell types and CDN species that move through the conduits ex vivo. Therefore, a shift in focus towards research on cGAMP conduits at the patient level could be crucial to understanding their physiological relevance. We suggest that the study of polymorphisms could allow conduit function to be correlated to cases of cancer or microbial disease in patient cohorts.

Is cGAMP export proinflammatory? The notion that cGAMP export by ABCC1 acts to dampen STING activation, as proposed by Maltbaek and co-workers, is in line with the only known degradative mechanism of cGAMP, ENPP1, being extracellular (21, 27). This also creates a contradiction as the proinflammatory cGAMP importers only have access to cGAMP if it has been delivered to the extracellular environment. Thus, depending on context, it is likely ABCC1 could act in both a proinflammatory and anti-inflammatory manner. Yet, a proinflammatory role for ABCC1 remains to be proven. It also remains to be seen if, like ABBC1, the only other known cGAMP exporter, LRRC8A:C/E, can act to suppress STING signaling, as it has only been shown to act in a proinflammatory manner (18, 19).

Are other immunological pores cGAMP transporters? P2X7 is thought to form a non-specific pore through which cGAMP enters monocytes (20). Interestingly other non-specific pores and proteins that rupture the cells membrane are well known and function within the immune response, notably: MLKL, perforin, granzyme B and ninjurin 1 (145–147). Cellular permeabilization would also likely lead to cGAMP export but it remains to be seen if these proteins function to enhance cGAS-STING signaling.

Can 2’-5’ oligoadenylate be transported between cells? The only cGAS homolog in humans is oligoadenylate synthase (OAS), which senses viral dsRNA and produces 2’5’-linked oligoadenylate (2-5A). 2-5A activates RNase-L to indiscriminately cleave RNA (148). This acts to restrict viral replication but whether 2-5A, like cGAMP, can be transported through conduits, within viral particles, or even spread between cells is an exciting possibility that has not yet been investigated.

Could other membrane enclosed compartments transport cGAMP? Aside from viral particles, other membrane enclosed compartments are known to traffic between cells and so potentially transport cGAMP; notably, exosomes which are known to signal between cells by ferrying metabolites and RNA species. Whether exosomes and microvesicles also function to transport cGAMP remains to be seen. Additionally, endogenous retroviruses that encode Gag homologs have recently been reported to form virus-like particles and traffic between cells, most notably Arc, HERVK and PEG10 (149–151). If these, like infectious lentiviruses, are also able to package cGAMP has not been investigated.

Could viroporin channels antagonize cGAMP packaging into virions? cGAMP is packaged into viral particles leading to IFN production upon infection of a new cell (9, 10). Intriguingly, some viruses (e.g. HIV-1, IAV and SARS-CoV2) encode channels termed viroporins that are incorporated into their envelope (152). It is interesting to speculate whether viroporins or host channels incorporated into the viral envelope could act to export cGAMP from virions and evade the antiviral effects of cGAMP packaging.




5 Conclusion

It is now clear cGAMP acts beyond the cell in which it is produced, acting as a travelling messenger via a variety of pathways (topological and extracellular) to drive type-I IFN production in the new cell. These new mechanisms which spread cGAMP broaden the impact of cytosolic DNA sensing by cGAS: it can now activate STING, IRF3 and NFkB in neighboring as well as distant cells. As these pathways have been discover over the last decade, still a lot of open questions remain to be addressed including the precise mechanisms involved, the existence of other similar proteins (enzymes like ENPP1 or transporters), and in particular their roles in the diseases where the cGAS-STING pathway is activated. This is a fast-evolving field that will undoubtedly yield exciting breakthroughs in the coming years with very interesting therapeutic applications for varied diseases.
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