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Abstract:  

Inflammatory disorders are major health issues in which immune function and metabolic 

homeostasis are concertedly altered. Yet, how innate and metabolic pathways are coordinated, in 

homeostatic conditions, is poorly understood. Here, we demonstrate that the Stimulator of 

interferon genes (Sting) inhibits the Fatty acid desaturase 2 (Fads2) rate limiting enzyme in 

polyunsaturated Fatty acid desaturation, thereby controlling both Fatty acid (FA) metabolism and 

innate immunity. Indeed, we show that Sting activation increased Fads2 activity, while decreasing 

Fads2 levels enhanced Sting activation, establishing an anti-viral state. Remarkably, the cross-

regulation between Sting and Fads2 is mediated by the cyclic GMP-AMP (cGAMP) Sting agonist 

and PUFAs. Indeed, PUFAs inhibit Sting activation, while cGAMP binds Fads2 and promotes its 

degradation. Thus, our study identifies Sting as a master regulator of the interplay between FA 

metabolism and inflammation. 

One Sentence Summary: Sting inhibits polyunsaturated fatty acid metabolism.  

Main Text:  

The endoplasmic-reticulum (ER)-resident Stimulator of interferon genes (Sting) adaptor 

protein is central to the mounting of inflammatory responses in the presence of pathological 

nucleic acid species, including cytosolic dsDNA (1). Indeed, aberrant dsDNA accumulation under 

stress conditions (2, 3) or following pathogen infections (4) can be detected by the cyclic GMP-

AMP (cGAMP) synthase (cGAS) (5), that catalyzes the production of cGAMP (6, 7). This second 

messenger interact with Sting (8), promoting its activation through the recruitment of the Tank 

binding kinase 1 (Tbk1), which mediates phosphorylation-dependent activation of transcription 

factors, such as the Interferon regulatory factor 3 (Irf3) (9). This signaling pathway triggers the 

production of inflammatory cytokines and type I Interferons (IFNs) (1). Dysregulations of Sting-

associated signaling have been reported in a vast array of human pathologies. However, Sting 

function in absence of inflammatory challenge is unknown. 

Because homeostasis requires tight regulation of metabolic and immune pathways (10, 11), 

we questioned the impact of Sting ablation on metabolic parameters, at steady-state. Under normal 

diet, wild-type (WT) and Sting-/- mice do not exhibit spontaneous inflammation (Fig. S1A), nor 

differences in body weight (Fig. 1A) and composition (Fig. S1B). Yet, Sting-/- mice present 

increased food intake (Fig. 1B) and improved insulin-independent glucose management as 

compared to WT mice (Fig. 1C and Fig. S1C-F), coupled to decreased hepatic gluconeogenesis 

(Fig. 1D and Fig. S1G). Indirect calorimetry measurements, using metabolic chambers, showed 

that Sting-/- mice have higher energy expenditure during the light phase (Fig. 1E and Fig. S1H), in 

absence of change in circadian rhythm (Fig. S1I) or spontaneous locomotor activity (Fig. S1J). 

Finally, Sting-/- mice, display increased thermogenesis (Fig. 1F), together with increased mRNA 

levels of the Uncoupling Protein 1 (Ucp1), that drives thermogenic activity in the adipose tissue 

(Fig. S1K) in agreement with recent published data (12). Importantly, metabolic phenotyping of 

cGas-/- and conditional myeloid cell-specific Sting-/- mice showed no significant alteration of 

measured metabolic parameters (Fig. S2). Therefore, our data demonstrate that absence of Sting 

leads to global metabolic improvement in vivo, independently of its canonical role in innate 

immunity. This further implies that non-immune cells likely drive metabolic changes observed in 

the absence of Sting. 

To identify the molecular mechanism through which Sting regulates metabolic 

homeostasis, we performed tandem-affinity purification of Flag- and HA-tagged Sting (F/HA-

Sting) stably expressed in mouse embryonic fibroblasts (MEF) knockout of Sting (MEFSting-/-). 

After migration on SDS-PAGE, immunopurified material was either silver-stained (Fig. 2A) or 
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Coomassie-stained for Mass spectrometry-based identification of Sting protein partners. Besides 

known Sting partners, such as Tbk1, this approach revealed a large number of proteins involved 

in metabolic pathways (Fig. S3A), notably including the RE-resident Fatty acid desaturase 2 

(Fads2). Fads2 is the first, rate-limiting enzyme in the desaturation of linoleic acid [LA (18:2n-6, 

or Omega-6)] and α-linolenic acid [ALA (18:3n-3, Omega-3)] precursors (13), to generate 

polyunsaturated fatty acids (PUFAs) (Fig. S3B). Precisely, Fads2 catalyses the desaturation of 

ALA into eicosapentaenoic acid (EPA), and subsequently into docosahexaenoic acid (DHA). 

Desaturation of LA into dihomo-γ-linolenic acid (DGLA) also requires Fads2 (13), while further 

desaturation into arachidonic acid (AA) is catalysed by the Fatty acid desaturate 1 (Fads1) (14). 

Dedicated enzymes further process these PUFAs into Oxylipins that influence numerous 

physiological processes (15). The interaction between Fads2 and Sting was verified by Western 

blot (WB) analysis of Flag-immunoprecipitated F/HA-Sting (Fig. 2B). Conversely, Flag-

immunoprecipitation of Flag-tagged Fads2 (F-Fads2) allowed co-immunoprecipitation of Sting, 

but not of Tbk1 (Fig. 2C). Thus, we show that Fads2 is a protein partner of Sting and that the 

interaction between Fads2 and Sting is independent of Tbk1. This further implies that recruitment 

of Fads2 to Sting does not require assembly of the Sting signalosome and therefore does not rely 

on pro-inflammatory stimulation. 

We next questioned whether Sting influences Fads2 activity. Indeed, genetic association 

map analysis support a functional interaction between Fads2 and Sting (Fig. S3C). We used liquid 

chromatography coupled to mass spectrometry (LC-MS) to quantify PUFAs and their derivatives 

in liver samples from WT and Sting-/- mice. Partial least squares discriminant analysis (PLS-DA) 

of LC-MS data showed that WT and Sting-/- liver samples are significantly different (Fig. S4A). 

Correlation analysis showed a shift in PUFA content (Fig. S4B). Similar changes were observed 

upon quantification of PUFAs in WT and Sting-/- mice adipose tissue (Fig. S4C-D) or MEF (Fig. 

S4E-F). Although no significant shift in the total Omega-6/Omega-3 ratio was measured (Fig. 2D), 

calculating the total amount of derivatives from the main PUFAs families in liver samples, showed 

that absence of Sting leads to significantly increased levels of DGLA and DHA derivatives (Fig. 

2E), that both result from Fads2 activity (16). Moreover, calculating the activity of Fads1 and 

Fads2 showed increased Fads2 activity in Sting-/- mice (Fig. 2F). Thus, absence of Sting leads to 

increased Fads2 activity in vivo and in vitro, establishing Sting as a negative regulator of Fads2. 

Importantly, the measured enrichments in Omega-3 PUFAs and derivatives are consistent with 

those from previous reports (17-19), and are sufficient to drive the metabolic improvements 

witnessed in Sting-/- mice (Fig. 1 and Fig. S1).  

Because Sting activation leads to its degradation (20, 21), we next hypothesized that 

following activation, the Sting-dependent block to Fads2 activity would be alleviated. To test this 

hypothesis, we used dsDNA transfection to activate Sting-dependent signalling and consequent 

Sting degradation (Fig. 3A), prior to analysis of PUFAs. Similar to what was observed in the 

context of Sting ablation (Fig. 2), we observed an increase in PUFAs deriving from Fads2 activity, 

including DHA (Fig. 3B), without significant shift in the Omega-6/Omega-3 balance (Fig. 3C). 

Surprisingly, we observed that Fads2 protein levels are decreased following Sting activation (Fig. 

3A). Similarly, infection with the Herpes Simplex Virus type I (HSV-1) DNA virus in vitro (Fig. 

S5A) and in vivo (Extended Data Fig. 5b-d), that induces Sting activation and degradation, also 

led to decreased Fads2 protein levels. Such decreased Fads2 levels have been previously reported 

as a consequence of its activation (22). Using cells knock-out of the IRF3 transcription factor 

downstream of STING, we verified that decreased FADS2 levels is not a consequence of type I 
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IFN production (Fig. S5E-F). Taken together, these data suggest that acute activation-dependent 

decrease of Sting levels promote Fads2 activity.  

To assess the impact of chronic Sting activation on Fads2 activity, we used MEF knockout 

of the Three prime exonuclease 1 (MEFTrex1-/-) that present with accumulation of endogenous 

cytosolic nucleic acid species and chronic Sting activation (23) (Fig. 3D). Surprisingly, Western 

blot analysis of whole cell extracts from WT-MEF and MEFTrex1-/- showed that absence of Trex1 

correlates with a drastic decrease of Fads2 protein levels, despite no significant change in Sting 

protein levels (Fig. 3D). Analysis of PUFAs and derivatives in WT and Trex1-/- MEFs showed 

increased DGLA and DHA levels, supporting increased Fads2 activity (Fig. 3E). Increased levels 

of AA were also measured in this context (Fig. 3E), together with an increased Omega-6/Omega-

3 ratio (Fig. 3F). Such accumulation of Omega-6 derivatives are expected to promote Sting-

independent inflammatory processes (24). While this supports our model whereby Sting activation 

promotes increased Fads2 activity, this also indicates Sting degradation is not the sole parameter 

modulating Fads2 activity upon chronic Sting activation.  

We thus investigated additional mechanisms that control Fads2 activity upon Sting 

activation. Because Sting activation requires its interaction with dinucleotides such as the cGAMP 

second messenger, and cGAMP levels are increased in Trex1-/- cells (Fig. S5G), we hypothesized 

that cGAMP may participate to control Fads2 activation. We assessed the validity of this 

hypothesis in silico by docking cGAMP and the 5,6-dimethylxanthenone-4-acetic acid (DMXAA) 

Sting agonist into Fads2. We used the resolved crystal of Sting in complex with cGAMP (PDB 

ID: 6WD4) and the molecular model of Fads2 as starting biological systems. This predicted that 

cGAMP and DMXAA can dock into Fads2, adopting similar conformation (Fig. 4a, left and central 

panels), achieving analogous interactions (Fig. S6) and docking energies (Table SI). We verified 

the interaction between cGAMP and Fads2 in vitro, using bead-immobilized biotinylated cGAMP 

and Flag-immunoprecipitated F-Fads2 or F/HA-Sting. Western blot analysis of bound proteins 

showed an enrichment of Fads2 to cGAMP (Fig. 4B). Next, we treated cGas-/-, Sting-/-, and WT-

MEF with DMXAA, or performed dsDNA transfection to induce cGAMP production, prior to 

analysis of Fads2 levels by Western blot (Fig. 4C). This showed that Fads2 protein levels are 

decreased in presence of DMXAA, regardless of the expression of cGas and Sting, while dsDNA 

transfection led to significantly decreased Fads2 levels only in presence of cGas. These data 

confirm that Fads2 is a target of dinucleotides targeting Sting. 

Intriguingly, molecular docking analysis between PUFAs (ALA, LA, DGLA, DHA, EPA 

and AA) and Sting, predict that PUFAs can dock to the cGAMP-binding domain of Sting (Fig. 

4A, right panels). Indeed, we observed that cGAMP, DMXAA and PUFAs, adopt similar 

conformations in in silico docking experiments performed with Sting or Fads2 (Fig. S6 and S7A), 

achieving analogous binding energies (Table SI). Furthermore, Sting and Fads2 showed strong 

structural similarity, both with regards to the 3D arrangement of the docking site anatomy, and in 

terms of hydrophobicity, electrostatics and solvent accessibility (Fig. S6), suggesting that PUFAs 

are potential ligands of Sting. This prompted us to test the impact of administrating ALA (Omega-

3) and LA (Omega-6) precursors to cells prior to assessment of DMXAA-induced Sting activation. 

Treatment with both ALA and LA led to decreased DMXAA-dependent stimulation of Interferon 

responses (Fig. 4D and Fig. S7B), establishing PUFAs are inhibitors of Sting. Consistently, knock-

down of Fads2 led to increased Ifn expression (Fig. 4E and Fig. S7C), while antagonizing Fads2 

using shRNAs or the sc26196 Fads2 inhibitor led to decreased infection by HSV-1 (Fig. 4F). This 

demonstrates that decreased Fads2 levels or activity contributes to endowing cells with an antiviral 
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status. Thus, we establish that PUFAs and cGAMP cooperate to regulate PUFA metabolism and 

Sting-dependent type I Interferon responses (Fig. S7E).  

Altogether, we uncover a central role of Sting in the regulation of metabolic homeostasis, 

independently of its reported innate immune function. Indeed, we show that Sting is a negative 

regulator of Fads2 activity that thereby alters the desaturation of PUFAs. This process triggers 

cellular countermeasures to decreased Fads2 levels, likely to mitigate the potential deleterious 

impacts of imbalanced PUFAs pools and derivatives (24). We also demonstrate that Sting agonists 

can directly interact with Fads2 and promote its degradation, establishing Fads2 as a direct target 

of cGAMP. Thus, in chronic inflammatory pathologies, Sting-dependent modulation of Fads2 

activity may feed metabolic comorbidities such as cachexia (25), while accumulation of AA and 

its derivatives can be expected to sustain Sting-independent pro-inflammatory processes (26). 

Furthermore, in therapeutic strategies targeting Sting (27, 28), alterations of Fads2 activity can be 

expected as a side effect. In parallel, that PUFAs can inhibit Sting, provides a previously 

unappreciated link between fatty acid metabolism and innate immune responses. Dietary habits, 

which impact the substrates provided to Fads2 for desaturation (16, 29), may therefore directly 

alter Sting activation and immune functions. Finally, we demonstrate that the crosstalk between 

Sting and Fads2 is regulates antiviral responses. Altogether, our findings offer unprecedented 

insight into the crosstalk between innate immune processes and metabolic regulation. Targeting 

this crosstalk in pathologies presenting with chronic inflammation, bears the promise to alleviate 

associated comorbidities. 
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Fig. 1. Sting deficiency leads to global metabolic improvement.  

(A) The body weight of Sting+/+ (n=32) and Sting-/- (n=34) mice fed normal chow diet was 

measured at 8 weeks age. (B) Food intake of Sting+/+ (n=8) and Sting-/- (n=9) mice. (C) Glucose 

tolerance test (GTT) was performed in Sting+/+ (n=25) and Sting-/- (n=24) mice. (D) Pyruvate 

tolerance test (PTT) was performed in Sting+/+ (n=7) and Sting-/- (n=7) mice. (E) The energy 

expenditure during day (white) and night (grey) per kg of lean mass of Sting+/+ (n=6) and Sting-/- 

(n=6) mice was determined in metabolic chambers. P-value was determined by One-way Anova. 

(F) Rectal temperature of Sting+/+ (n=13) and Sting-/- (n=14) mice. All graphs present means ± 

Standard Error of the Mean (SEM). P-value was determined by Student’s t-test, unless otherwise 

stated. ns: not significant, *: P < 0.05, **P: < 0.01, ***P: < 0.001. 
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Fig. 2: Sting interacts with Fads2 and modulates polyunsaturated fatty acids pools. 

(A) Left: Experimental scheme. Right: silver-staining of immunopurified Flag- and HA-tagged 

Sting (F/HA-Sting) separated on SDS-PAGE. Numbers on the left indicate the molecular weight 

in kDa. (B) Inputs and eluates from Flag-immunoprecipitated F/HA-Sting were analyzed by 

Western Blot (WB) using indicated antibodies. (C) Inputs and eluates from Flag-

immunoprecipitated Flag-Fads2 were analyzed by WB using indicated antibodies. (D) Ratio 

between total Omega-6 and Omega-3 PUFAs and derivatives in liver samples (n=5). (E) PUFAs 

and derivatives were measured in Sting+/+ (n=5) and Sting-/- (n=5) mice liver using LC-MS. Graph 

represents the sum of the indicated PUFA and their respective derivatives. In red are Omega-6 

derivatives (LA) and in green are Omega-3 (ALA) derivatives. (F) Fads1 and 2 enzyme activity in 

livers of Sting+/+ and Sting-/- mice was estimated by calculating the substrate/product ratio of 

PUFAs measured in (E). All graphs present means ± SEM. P-value was determined by Student’s 

t-test. ns: not significant, *: P < 0.05. 
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Fig. 3: Activation-dependent Sting degradation promotes Fads2 activity.  

(A) Left: Whole cell extracts of 293T cells transfected or not with 2µg dsDNA for 6 or 24h were 

analyzed by WB using indicated antibodies. Right: Ifnβ and Cxcl10 mRNA levels were measured 

by RT-qPCR (n=3). (B) Omega-6 and Omega-3 PUFAs and derivatives were measured in 293T 

cells transfected or not with 2µg dsDNA. Graph represents the sum of the indicated PUFA and 

their derivatives (n=5). (C) Ratio between total Omega-6 and Omega-3 PUFAs and derivatives in 

samples from (B). (D) Left: Whole-cell extracts from WT-MEF or MEFTrex1-/- were analyzed by 

WB using indicated antibodies. Right: Ifnβ and Cxcl10 mRNA levels were measured by RT-qPCR 

in WT-MEF (n=3) and MEFTrex1-/- (n=3) MEFs. (E), n-6 and n-3 PUFAs and derivatives were 

measured in WT-MEF or MEFTrex1-/-. Graph represents the sum of the indicated PUFA and their 

derivatives (n=5). (F) Ratio between total Omega-6 and Omega-3 PUFAs and derivatives in 

samples (n=5) treated as in (E). All graphs present means ± SEM. P-value was determined by 

Student’s t-test. *: P < 0.05, **P: < 0.01, ***P: < 0.001. 
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Fig. 4: cGAMP and PUFAs Orchestrate the Crosstalk between Fads2 and Sting.  

(A) Molecular docking of cGAMP, DMXAA, and 6 PUFAs to STING (top) or FADS2 (bottom). 

Color coding for ligand is: LA in blue, ALA in green, AA in orange, DHA in turquoise, DGLA in 

brown and EPA acid in magenta. (B) Binding of Flag-purified F-Fads2 or F/HA-Sting to 

Streptavidin beads-immobilized biotinylated cGAMP was analysed by WB using anti-Sting or 

anti-Fads2 antibodies. (C) Whole cell extracts from WT, Sting-/-, or cGas-/- MEF stimulated or not 

dsDNA (2µg) for 24 h were analyzed by WB using indicated antibodies. (D) WT-MEF were 

stimulated with DMXAA (100µM) in combination or not with ALA (50µM) or LA (50µM) for 2 

h prior to RNA extraction and RT-qPCR analysis of Ifnβ mRNA levels. Graphs present fold 

increase Ifnβ as compared to unstimulated cells (n=3). (E) Ifnβ mRNA levels were measured by 

RT-qPCR in cells expressing Scramble (scr) or Fads2-targeting shRNAs after stimulation or not 

with dsDNA for 6 h (n=3). (F) WT-MEF were infected with HSV-KOS64 in presence of not of a 

Fads2 inhibitor (sc26196) for 90 min. Forty-eight h post infection, cells were fixed and stained 

with crystal violet and plaques counted. Plaques are presented as lysis area per cm2. All graphs are 

means ± SEM from at least 3 independent experiments. P-value was determined by Student’s t-

test. *: P < 0.05, **: P < 0.01, ***: P < 0.001. 
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