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The STING1-MYD88 complex drives
ACOD1/IRG1 expression and function
in lethal innate immunity

Feng Chen,1,2 Runliu Wu,2 Jiao Liu,3 Rui Kang,2 Jinbao Li,1,* and Daolin Tang2,4,*

SUMMARY

ACOD1 (alsoknownas IRG1)has emergedasa regulatorof immunometabolismthat
operates by producing metabolite itaconate. Here, we report a key role of STING1
(also known as STING and TMEM173) in mediating ACOD1 expression in myeloid
cells in response to toll-like receptor (TLR) signaling. The activation of STING1
through exogenous cyclic dinucleotides (e.g., 3030-cGAMP) or endogenous gain-of-
function mutation (e.g., V155M) enhances lipopolysaccharide-induced ACOD1
expression and itaconate production in macrophages and monocytes, whereas the
deletion of STING1 blocks this process. The adaptor protein MYD88, instead of
DNA sensor cyclic GMP-AMP synthase (CGAS), favors STING1-dependent ACOD1
expression. Mechanistically, MYD88 directly blocks autophagic degradation of
STING1 and causes subsequent IRF3/JUN-mediated ACOD1 gene transcription.
Consequently, the conditional deletion of STING1 in myeloid cells fails to produce
ACOD1 and itaconate, thereby protecting mice against endotoxemia and polymi-
crobial sepsis. Our results, therefore, establish a direct link between TLR4 signaling
and ACOD1 expression through the STING1-MYD88 complex during septic shock.

INTRODUCTION

Sepsis is one of the oldest and most elusive syndromes in medicine that is defined by a dysregulated host

response to pathogen infection (Singer et al., 2016). Monocytes and macrophages are the main sources of

the production of immunemediators in septic shock, which can be activated by pathogen-associatedmolecular

patterns (PAMPs) using a set of receptors called pattern recognition receptors (Wiersinga et al., 2014). Several

metabolic processes in immune cells, including aerobic glycolysis, the tricarboxylic acid cycle, fatty acid meta-

bolism, and itaconate metabolism, promote the activation or quiescence of the inflammatory response (Jung

et al., 2019; O’Neill et al., 2016; Wu et al., 2022). Understanding the process, modulation, and function of immu-

nometabolism is critical for the development of therapies for sepsis (Koutroulis et al., 2019).

Lipopolysaccharide (LPS) is a component and PAMP of the outer membrane of the Gram-negative bacteria

that plays a strong role in host-pathogen interaction by activating toll-like receptor 4 (TLR4) on plasma

membranes (Poltorak et al., 1998) or caspase 11 in the cytoplasm (Shi et al., 2014). The activation of the

LPS-TLR4 pathway controls the expression of multiple genes involved in innate immunity (Guha and Mack-

man, 2001). In addition to cytokines and chemokines, the mitochondrial enzyme aconitate decarboxylase 1

(ACOD1, also known as IRG1), was identified as a highly LPS-induced gene in macrophages (Lee et al.,

1995). The biological effects of ACOD1 mainly depend on the generation of endogenous itaconate with

anti-inflammatory activity (Bambouskova et al., 2018, 2021; Cordes et al., 2016; Hooftman et al., 2020;

Lampropoulou et al., 2016; Nair et al., 2018; Swain et al., 2020). Itaconate also inhibits the function of

phagocytes to eliminate pathogens (Michelucci et al., 2013; Naujoks et al., 2016), indicating a dual role

of the ACOD1-itaconate axis in infection (Luan and Medzhitov, 2016; Wu et al., 2020).

Stimulator of interferon response CGAMP interactor 1 (STING1, also known as TMEM173 or STING) is a well-

knownregulatorof thecyclicGMP-AMPsynthase (CGAS)-dependentDNAsensorpathway,whichdrivesantiviral

immunity by producing type I interferons (IFNs) (Ishikawa andBarber, 2008; Ishikawa et al., 2009; Sun et al., 2009;

Zhong et al., 2008). Increasing evidence highlights that a dysfunctional STING1 pathway is implicated in sterile

inflammation and infection (Barber, 2015;Motwani et al., 2019; Zhang et al., 2022a).We and others have recently

demonstrated that excessive activation of the STING1 pathway contributes to cytokine storms, systemic
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coagulation, andmultiple organ failure in experimentalmodels of sepsis (Geet al., 2019; Heipertz et al., 2017; Hu

et al., 2019; Kangetal., 2017;Ningetal., 2020;Wuetal., 2020).However,whether STING1affectsACOD1-related

immunometabolism remains obscure.

In this study, we provide the first evidence that STING1mediates LPS-inducedACOD1 expression by binding to

adaptor protein myeloid differentiation marker 88 (MYD88), rather than through a CGAS-dependent signaling

pathway. The deletion of STING1 in macrophages and monocytes limits LPS-induced ACOD1 expression as

well as itaconate production, thereby preventing septic death in mice. These findings establish a framework

for understanding the interaction of STING1 and TLR signals in the control of immunometabolism.

RESULTS

STING1 is required for lipopolysaccharide-induced ACOD1 expression

The Acod1 gene was first cloned in RAW264.7 cells (a mouse macrophage-like cell line) following stimu-

lation with 5000 ng/mL LPS for 1.5 h (Lee et al., 1995). Subsequent studies showed that the peak of

ACOD1 expression in macrophages induced by LPS appears at 6 h (Li et al., 2013b). To determine the ef-

fects of STING1 on ACOD1 expression, we treated RAW264.7 cells with 50-5000 ng/mL LPS in the absence

or presence of 3030-cGAMP for 6 h. The 3030-cGAMP is a cyclic dinucleotide (CDN) produced by bacteria

and acts as a canonical STING1 ligand (Zhang et al., 2013). A qPCR analysis revealed that 3030-cGAMPalone

cannot triggerAcod1mRNAexpression, but significantly increases LPS-inducedAcod1mRNAexpression

(Figure 1A). This enhancement of LPS-induced ACOD1 gene expression by 3030-cGAMP was further

confirmed in humanmonocyte cell line THP1 (Figure 1B). Accordingly, LPS-induced production of intracel-

lular itaconate was enhanced in RAW264.7 and THP1 cells by 3030-cGAMP (Figures 1C and 1D). In addition

to 3030-cGAMP, other naturally occurring CDNs (2030-cGAMP, c-di-AMP, and c-di-GMP) or synthetic

STING1 ligand (2020-cGAMP) also increased LPS-induced Acod1/ACOD1 gene expression (Figure 1E)

and itaconate production (Figure 1F) in RAW264.7 and THP1 cells, highlighting a broad role of STING1 li-

gands in enhancing LPS-induced ACOD1 expression in myeloid cells.

Next, we examined whether the constitutive activation of STING1 enhances LPS-induced ACOD1 upregulation.

WefocusedonV155M,which isagain-of-functionmutation that leads to theconstitutiveactivationofSTING1and

subsequent immune-mediated inflammatorydisease inhumans (Jeremiahetal., 2014; Liuetal., 2014).Compared

towild-type cells, V155M-THP1 cells had an increased basic expression of interferon-alpha 1 (IFNA1, best known

as IFNa) (Figure 1G) andNF-kB target gene interleukin 6 (IL6) (Figure 1H), rather than the basicmRNAexpression

of ACOD1 (Figure 1I). However, V155M-THP1 cells became more sensitive to LPS-induced ACOD1 expression

(Figure 1I) and itaconate production (Figure 1J). Importantly, LPS-induced ACOD1 protein expression and itac-

onateproductionwereblocked inSTING1�/� THP1 cells and this phenotypewas rescuedby the re-expression of

STING1 (Figures 1K and 1L). Collectively, these findings strongly support the conclusion that STING1 plays a key

role in regulating ACOD1 expression in LPS-activated monocytes and macrophages.

MYD88, but not cyclic GMP-AMP synthase, mediates lipopolysaccharide-induced ACOD1

expression

The cytosolic DNA sensor CGAS recognizesmicrobial or host DNA to catalyze the synthesis of cGAMP, thereby

promoting the dimerization and activation of STING1 (Li et al., 2013a). However, the deletion of CGAS failed to

block LPS-inducedACOD1mRNAexpression inCGAS�/� THP1 cells in the absence or presence of 3030-cGAMP

(Figure 2A). G3-YSD is a 26-mer DNA sequence derived from the HIV-1 RNA genome (Herzner et al., 2015).

Although G3-YSD is flanked with guanosine trimers (G3) that confer its CGAS agonist activity, G3-YSD control

Figure 1. STING1 is required for LPS-induced ACOD1 expression

(A–D) RAW264.7 and THP1 cells were treated with LPS (50-5000 ng/mL) in the absence or presence of 3030-cGAMP (10 mg/mL) for 6 h, and thenAcod1/ACOD1

mRNA and intracellular itaconate concentration were assayed (Data are presented as meanG SD; n = 3 biologically independent samples; two-way ANOVA

with Tukey’s multiple comparisons test).

(E and F) RAW264.7 and THP1 cells were treated with LPS (500 ng/mL) in the absence or presence of 2020-cGAMP, 2030-cGAMP, c-di-AMP, or c-di-GMP at

10 mg/mL for 6 h, and then Acod1/ACOD1 mRNA and intracellular itaconate concentration were assayed (Data are presented as mean G SD; n = 3 bio-

logically independent samples; p < 0.01 versus LPS along group; two-way ANOVA with Tukey’s multiple comparisons test).

(G–J)WT andV155M-THP1 cellswere treatedwith indicated LPS for 6 h, and then IFNA1mRNA, IL6mRNA,ACOD1mRNA, and intracellular itaconate concentration

were assayed (Data are presented as meanG SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test).

(K) Western blot analysis of protein expression in indicated THP1 cells following treatment with LPS (500 ng/mL) for 6 h.

(L) In parallel, intracellular itaconate concentration was assayed (Data are presented as mean G SD; n = 3 biologically independent samples; two-way

ANOVA with Tukey’s multiple comparisons test).

ll
OPEN ACCESS

iScience 25, 104561, July 15, 2022 3

iScience
Article



is flanked with cytidine trimers that abrogate CGAS activation (Herzner et al., 2015). Both G3-YSD and G3-YSD-

Ctrl (but not cationic lipid-based transfection reagent LyoVec) enhancedLPS-inducedACOD1expression inwild-

typeandCGAS�/�THP1cells (Figure 2B).G3-YSDandG3-YSD-control alone failed to induceACOD1expression

(Figure 2B). As a positive control, the effect of G3-YSD (but not G3-YSD control) on the upregulation of IFNA1

mRNA was blocked in CGAS�/� cells (Figure 2C). Thus, CGAS is likely dispensable for STING1-mediated

ACOD1 upregulation.
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Figure 2. MYD88, but not CGAS, mediates LPS-induced ACOD1 expression

(A–C) Indicated THP1 cells were treated with LPS (500 ng/mL) in the absence or presence of 3030-cGAMP (10 mg/mL), G3-YSD (1 mg/mL), G3-YSD-Ctrl (1 mg/

mL), or LyoVec for 6 h, and then ACOD1 or IFNA1mRNA was assayed (Data are presented as mean G SD; n = 3 biologically independent samples; two-way

ANOVA with Tukey’s multiple comparisons test).

(D and E) Indicated THP1 cells were treated with LPS (500 ng/mL) in the absence or presence of 3030-cGAMP, 2020-cGAMP, 2030-cGAMP, c-di-AMP, or c-di-

GMP at 10 mg/mL for 6 h, and then ACOD1 mRNA and intracellular itaconate concentration were assayed (Data are presented as mean G SD; n = 3

biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test).

(F) Western blot analysis of protein expression in indicated V155M-THP1 cells following treatment with LPS (500 ng/mL) for 6 h.

(G and H) Analysis of ACOD1 mRNA and intracellular itaconate concentration in indicated V155M-THP1 cells following treatment with LPS (50-5000 ng/mL)

for 6 h (Data are presented as mean G SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test).
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MYD88 is an adaptor protein for inflammatory signaling pathways downstream of multiple types of TLRs

(Deguine and Barton, 2014). We, therefore, examined whether MYD88 is involved in the regulation of

STING1-dependent ACOD1 expression. Unlike CGAS�/� cells, the enhancement of LPS-induced ACOD1

expression by G3-YSD or G3-YSD-Ctrl was inhibited inMYD88�/� cells (Figure 2B). However, the induction

of IFNA1byGS-YSD requiredCGAS, but notMYD88 (Figure 2C).Moreover, as in the response of STING1�/�

cells, in the absence or presence of STING1 ligands (303’-cGAMP, 2020-cGAMP, 2030-cGAMP, c-di-AMP, or

c-di-GMP),MYD88�/� THP1 cells lose the ability to produce ACOD1 and itaconate in response to LPS stim-

ulation (Figures 2D and 2E). The suppression of MYD88 expression by shRNA in V155M-THP1 cells also

blocked LPS-induced ACOD1 upregulation and itaconate production (Figures 2F-2H). Together, these

data confirm the role of MYD88 in promoting STING1-mediated ACOD1 expression and function.

The MYD88-STING1 protein complex prevents the autophagic degradation of STING1

As both MYD88 and STING1 are adaptor proteins in innate immunity, we hypothesized that STING1 and

MYD88 may form a protein complex to regulate signal transduction. Indeed, immunoprecipitation analysis

revealed that the STING1-MYD88 protein complex was present in THP1 cells, and this complex was mildly

increased by stimulation with LPS/3030-cGAMP (Figure 3A). Image analysis confirmed the colocalization be-

tween STING1 and MYD88 in RAW264.7 cells (Figure 3B). However, the deletion of MYD88 increased LPS/

3030-cGAMP-induced STING1 protein degradation in MYD88�/� cells, whereas the depletion of STING1

had no effects on the level of MYD88 protein in STING1�/� cells (Figures 3C and 3D). Thus, the STING1-

MYD88 complex prevents STING1 protein degradation in activated THP1 cells.

To further define the mechanism of STING1 protein degradation inMYD88�/� cells, we treatedMYD88�/� cells

with chloroquine (an autophagy inhibitor) or MG132 (a proteasome inhibitor). Chloroquine, instead of MG132,

blocked LPS/3030-cGAMP-inducedSTING1degradation inMYD88�/� cells (Figure 3E). The hypothesis that auto-

phagy mediates STING1 protein degradation was further confirmed inMYD88�/� cells after the knockdown of

autophagy-related 5 (ATG5) (Figure 3F), a key driver of autophagosome formation. Accordingly, LPS/

3030-cGAMP-induced production of microtubule-associated protein one light chain three beta (MAP1LC3B)-II,

a marker of autophagosomes (Klionsky et al., 2021), was inhibited by the knockdown of ATG5 (Figure 3F).

Although chloroquine increased STING1 expression in activatedMYD88�/� cells, chloroquine failed to restore

LPS/3030-cGAMP-induced ACOD1 expression inMYD88�/� cells (Figure 3G). In contrast, the inhibition of auto-

phagy by chloroquine increased LPS/3030-cGAMP-induced ACOD1 upregulation in wild-type THP1 cells (Fig-

ure 3G). These findings further confirm that the lack of STING1 or MYD88 leads to the suppression of inducible

ACOD1 expression.

STING1 and MYD88 selectively mediate toll-like receptor signaling to induce ACOD1

expression

The TLR family contains different members and their activation can be divided into MYD88-dependent (e.g.,

TLR1, TLR2, TLR4, TLR5, TLR6, TLR7, TLR8, and TLR9) and -independent (e.g., TLR3) pathways (Deguine and Bar-

ton, 2014). We next asked whether the STING1-MYD88 protein complex also contributes to inducible ACOD1

expression in response toother TLR ligands. THP1andRAW264.7 cellswere stimulatedwithclassical TLR ligands,

including Pam3CSK4 (a ligand for TLR1/2), HKLM (TLR2), poly (I:C) (TLR3), LPS (TLR4), FTS (TLR5), FSL-1 (TLR6),

imiquimod (TLR7), ssRNA40 (TLR8), and ODN2006 (TLR9). Although many TLR ligands have been reported

to induce ACOD1 expression under different conditions (Wu et al., 2020), we found that only Pam3CSK4

(TLR1/2), HKLM (TLR2), LPS (TLR4), FTS (TLR5), or FSL-1 (TLR6) had activity to trigger ACOD1 expression in

THP1 cells (Figure 4A). Poly (I:C) (TLR3), imiquimod (TLR7), ssRNA40 (TLR8), andODN2006 (TLR9) did not induce

ACOD1 expression in THP1 cells (Figure 4A). As a positive control, these TLR ligands inducedmRNAexpression

of the classical pro-inflammatory cytokine tumor necrosis factor (TNF) in THP1 cells (Figure 4B).

Notably, comparedwithotherTLR ligands, the synthetic bacterial triacylated lipopeptidePam3CSK4showed the

strongest activity in inducing ACOD1 expression (Figure 4A). The deletion of MYD88 or STING1 blocked

Pam3CSK4 (TLR1/2), HKLM (TLR2), LPS (TLR4), FTS (TLR5), or FSL-1 (TLR6)-induced ACOD1 upregulation (Fig-

ure 4A). In contrast, treatment with 3030-cGAMP or a gain-of-function mutation of STING1 (V155M) increased

inducible expression of ACOD1 in THP1 cells following stimulation with Pam3CSK4, HKLM, LPS, FTS, or FSL-1,

which did not occur during stimulation by poly (I:C), imiquimod, ssRNA40, or ODN2006 (Figures 4C and 4D).

Based on these analyses, we concluded that the activation of the STING1 pathway sensitizes LPS-induced

ACOD1 expression.
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The IRF3-JUN transcription factor complex favors ACOD1 upregulation

Wenext sought to identify the transcription factor responsible for STING1-dependentACOD1upregulation.We

focusedon interferon regulatory factor 3 (IRF3) and nuclear factor-kappaB (NF-kB), twowell-known transcription

factors that regulate STING1-dependent cytokine expression (Barber, 2015; Motwani et al., 2019). Western blot

analysis revealed that the phosphorylation of NF-kB p65was not affected by the depletion of STING1orMYD88

in THP1 cells in response to 3030-cGAMP/LPS (Figure 5A). In contrast, 3030-cGAMP/LPS-induced phosphorylation

of IRF3 was diminished in STING1�/� orMYD88�/� cells (Figure 5A). Transcription factor activity assays further

confirmed the effect of STING1andMYD88 inmediating IRF3activation (Figure 5B), rather thanNF-kBactivation

(Figure 5C), in THP1 cells following stimulation with 3030-cGAMP/LPS.

To define the direct role of IRF3 in regulating ACOD1 expression, we used IRF3-deficient cells. The depletion

of IRF3 in THP1 (Figure 5D) and RAW264.7 (Figure 5E) cells inhibited 3030-cGAMP/LPS-induced ACOD1

mRNAexpression. These results support a significant role for IRF3 inmediating inducible ACOD1expression

in macrophages and monocytes.
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Figure 3. The MYD88-STING1 protein complex prevents autophagic degradation of STING1

(A) IP analysis of the MYD88-STING1 protein complex in THP1 cells following treatment with LPS (500 ng/mL) and 3030-cGAMP (10 mg/mL) for 6 h.

(B) Representative colocalization images of MYD88 and STING1 in RAW264.7 cells in the presence or absence of LPS (500 ng/mL) and 303’-cGAMP (10 mg/mL)

for 6 h. Bar = 10 mm.

(C–F) Western blot analysis of protein expression in indicated THP1 cells following treatment with LPS (500 ng/mL) and 3030-cGAMP (10 mg/mL) in the absence

or presence of chloroquine (50 mM) or MG132 (5 mM) for 6 h.

(G) qPCR analysis of ACOD1 mRNA expression in indicated THP1 cells following treatment with LPS (500 ng/mL) and 3030-cGAMP (10 mg/mL) in the absence

or presence of chloroquine (CQ; 50 mM) for 6 h (Data are presented as mean G SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s

multiple comparisons test).
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It isworth noting that 3030-cGAMPalone increased IRF3activation (Zhanget al., 2013), but did not triggerACOD1

expression (Figure 1A), indicating that IRF3-mediatedACOD1expression requiresother co-regulators. This pos-

sibility was examined using a human phospho-kinase antibody array. We identified that the phosphorylation of

transcription factor JUN at Ser63 was upregulated by 3030-cGAMP/LPS and this process was impaired in

STING1�/� cells (Figure 5F). Immunoprecipitation analysis revealedan increase in the IRF3-JUNprotein complex

formation in response to3030-cGAMP/LPS (Figure5G).As JUN is anLPS-induciblegene, the total JUNexpression

was also upregulated by 3030-cGAMP/LPS (Figure 5G). Chromatin immunoprecipitation (ChIP) analysis further

showed that IRF3 and JUN bind directly to the promoter of ACOD1 in activated THP1 cells (Figures 5H and

5I). Functionally, the suppression of JUN expression by shRNA blocked 3030-cGAMP/LPS-induced ACOD1

expression in THP1 cells (Figure 5J). Altogether, these findings identify the activation of the IRF3-JUN transcrip-

tion factor complex favors STING1-dependent ACOD1 expression.

STING1-mediated itaconate production promotes experimental sepsis

To determine the significance of STING1-mediated ACOD1 expression in vivo, we used two mouse

models, including one for endotoxemia as well as polymicrobial sepsis induced by cecum ligation and

puncture (CLP). Consistent with our previous studies (Zhang et al., 2020), the conditional deletion of

STING1 in myeloid cells (termed Sting1Mye�/� mice) prevented the animal death caused by endotoxemia

(Figure 6A) or CLP (Figure 7A), and the production of circulating damage-associated molecular patterns

A

A
C

O
D

1 
m

R
N

A
 (

A
U

)

Ctrl

Pam
3C

SK4

HKLM

poly
(I:

C)
LPS

FTS

FSL-1

Im
iq

uim
od

ss
RNA40

ODN20
06

0

50

100

150

WT STING1-/- MYD88-/-

p<0.0001

p<0.0001
p<0.0001

p<0.0001

p<0.0001

Ctrl

Pam
3C

SK4

HKLM

poly
(I:

C)
LPS

FTS

FSL-1

Im
iq

uim
od

ss
RNA40

ODN20
06

0

20

40

60

80

T
N

F
 m

R
N

A
 (

A
U

)

B

Ctrl

Pam
3C

SK4

HKLM

poly
(I:

C)
LPS

FTS

FSL-1

Im
iq

uim
od

ss
RNA40

ODN20
06

0

50

100

150

200
Ctrl 3'3'-cGAMP

C

A
C

O
D

1 
m

R
N

A
 (

A
U

)

Ctrl

Pam
3C

SK4

HKLM

poly
(I:

C)
LPS

FTS

FSL-1

Im
iq

uim
od

ss
RNA40

ODN20
06

0

50

100

150

200

250
WT V155M

A
C

O
D

1 
m

R
N

A
 (

A
U

)

D

p<0.0001
p<0.0001

p<0.0001

p<0.0001

p<0.0001

p<0.0001

p<0.0001
p<0.0001

p<0.0001

p<0.0001

Figure 4. STING1 and MYD88 selectively mediate TLR signaling to induce ACOD1 expression

(A) Indicated THP1 cells were stimulated with pam3CSK4 (1 ng/mL), HKLM (107 cells/mL), poly (I:C) (10 mg/mL), LPS (500 ng/mL), FLA-ST (100 ng/mL), FSL1

(0.1 ng/mL), imiquimod (5 mg/mL), ssRNA40 (5 mg/mL), or ODN2006 (10 mg/mL) for 6 h and the mRNA level of ACOD1 was assessed (Data are presented as

mean G SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test).

(B) Wild-type THP1 cells were stimulated with indicated TLR ligands for 3 h and themRNA level of TNF was assessed (Data are presented asmeanG SD; n = 3

biologically independent samples).

(C) Wild-type THP1 cells were stimulated with indicated TLR ligands in the absence or presence of 3030-cGAMP (10 mg/mL) for 6 h and the mRNA level of

ACOD1 was assessed (Data are presented as meanG SD; n = 3 biologically independent samples; two-way ANOVAwith Tukey’s multiple comparisons test).

(D) Wild-type and V115M THP1 cells were stimulated with indicated TLR ligands for 6 h and the mRNA level of ACOD1 was assessed (Data are presented as

meanG SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test). The TLR ligand concentration used in panels

B-D is the same as for panel A.
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(DAMPs; e.g., high-mobility group box 1 [HMGB1] (Wang et al., 1999) and sequestosome 1 [SQSTM1] (Zhou

et al., 2020)), tissue-dysfunction markers (e.g., alanine aminotransferase [ALT] and blood urea nitrogen

[BUN]), and blood clotting marker D-dimer (Figures 6C-6F and 7C-7F), supporting that STING1 is a medi-

ator of septic shock. Subsequent analysis of isolated peritoneal macrophages confirmed that STING1 is

required for inducible ACOD1 expression and itaconate production in the setting of experimental endo-

toxemia or polymicrobial sepsis (Figures 6G, 6H, 7G, and 7H).
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Figure 5. The IRF3-JUN transcription factor complex is required for ACOD1 upregulation

(A) Western blot analysis of p-p65 and p-IRF3 in indicated THP1 cells following stimulation with 303’-cGAMP/LPS for 6 h.

(B and C) In parallel, the activity of IRF or NF-kB was assayed by luciferase reporter gene assay (Data are presented as mean G SD; n = 3 biologically

independent samples; two-way ANOVA with Tukey’s multiple comparisons test).

(D and E) Analysis of ACOD1 mRNA in indicated THP1 or RAW264.7 cells following stimulation with 3030-cGAMP/LPS for 3 and 6 h (Data are presented as

mean G SD; n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test).

(F) Heatmap of kinase phosphorylation changes in indicated THP1 cells following 303’-cGAMP/LPS stimulation for 6 h.

(G) IP analysis of IRF3-JUN protein complex in THP1 cells following stimulation with 3030-cGAMP/LPS for 6 h.

(H and I) ChIP-qPCR analysis of the binding of IRF3 and JUN on the promoter of ACOD1 in THP1 cells following stimulation with 3030-cGAMP/LPS for 3 and 6 h

(Data are presented as mean G SD; n = 3 biologically independent samples; t test).

(J) Western blot analysis of ACOD1 in indicated THP1 cells following stimulation with 3030-cGAMP/LPS for 6 h.
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Figure 6. STING1-mediated itaconate production promotes endotoxemia

(A) Analysis of animal survival in indicated mice with or without repeated intraperitoneal administration of 4OI (50 mg/kg) at 2, 24, 48, and 72 h after LPS (15

mg/kg) treatment (n = 15 mice/group; Kaplan-Meier survival analysis).

(B–H) In parallel, indicated plasma biomarkers (C-F), as well as Acod1 mRNA (G) and itaconate (H) in peritoneal macrophages, were assayed (Data are

presented as mean G SD; n = 5 mice/group; one-way ANOVA with Tukey’s multiple comparisons test).

(I–K) Peritoneal macrophages were treated with 4OI (1 mM) for 24 and 48 h, and cell death and the release of HMGB1 and SQSTM1 were assayed (Data are

presented as mean G SD; n = 5 biologically independent samples; one-way ANOVA with Tukey’s multiple comparisons test).
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Figure 7. STING1-mediated itaconate production promotes polymicrobial sepsis

(A) Analysis of animal survival in indicated mice with or without repeated intraperitoneal administration of 4OI (50 mg/kg) at 2, 24, 48, and 72 h following CLP

procedure (n = 15 mice/group; Kaplan-Meier survival analysis).
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We next evaluated the impact of itaconate on an antiseptic phenotype of Sting1Mye�/� mice. We adminis-

tered 4-octyl itaconate (4OI), the cellular permeable derivate of itaconate, to Sting1flox/flox (control group)

and Sting1Mye�/� mice. Unlike previous studies that showed that 50 mg/kg of 4OI can protect against en-

dotoxemia (Mills et al., 2018), we did not observe any statistical difference in 4OI on animal deaths in con-

trol mice during endotoxemia or CLP-induced sepsis (Figures 6A and 7A). However, the protection against

septic death experienced by Sting1Mye�/�mice was reversed by the administration of itaconate (Figures 6A

and 7A). Accordingly, plasma HMGB1, SQSTM1, ALT, and BUN in septic Sting1Mye�/� mice were elevated

following 4OI treatment (Figures 6C-6F and 7C-7F). In vitro study further revealed that 4OI at a superphy-

siologic level directly induced cell death and the release of DAMPs (HMGB1 and SQSTM1) in peritoneal

macrophages (Figures 6I-6K). Overall, these studies indicate that STING1-mediated itaconate production

promotes, rather than inhibits, the development of sepsis.

DISCUSSION

TLRs are evolutionally conserved pattern recognition receptors that detect specific PAMPs to active innate

immune responses (Akira and Takeda, 2004). In this study, we found a regulatory mechanism for ACOD1

expression by coupling TLR and STING1 signals (Figure 7I). The activation of STING1 alone by ligands

or a gain-of-function mutation is not sufficient to trigger ACOD1 expression. However, activated

STING1 leads to increased sensitivity and response to inducible ACOD1 expression and itaconate produc-

tion following stimulation with several TLR ligands, including LPS. Our findings not only provide insights

into the regulation mechanism of immunometabolism (Jung et al., 2019; O’Neill et al., 2016), but also chal-

lenge current views on the anti-inflammatory activity of itaconate in vivo (Liao et al., 2019; Mills et al., 2018).

Although ACOD1was originally described as an LPS-inducing gene in 1995 (Lee et al., 1995), the key function of

ACOD1 inmediating itaconateproduction has not been studied until recently (Wu et al., 2020). ACOD1 is amito-

chondrial protein, mainly expressed in myeloid cells, and its inducible expression can be used as a marker and

regulatorof inflammationduringvarious infections (Wuetal., 2020).Weproved that theSTING1-MYD88complex

is a signal hub that mediates inducible ACOD1 expression in response to ligands of TLR1, TRL2, TRL4, TRL5, or

TLR6. The function of STING1 in mediating LPS-induced ACOD1 expression depends on MYD88, rather than

CGAS, which indicates that the STING1 signal pathway contributes to gene expression under different

stimulations.

Signal transduction is a complex process that depends on stimuli and environment. Although CGAS was

originally found to be required for STING1 activation during viral infection, recent studies have also re-

ported a CGAS-independent STING1 pathway in response to different stimuli, including viral infection

(Holm et al., 2016; Suschak et al., 2016; Unterholzner and Dunphy, 2019). Our current study suggests

that MYD88 plays an alternative role in mediating STING1 activity in response to TLR ligands. cGAMP

or other ligands of STING may also be produced in a CGAS-independent manner (Carozza et al.,

2020; Wan et al., 2020). In fact, Sting�/� and Cgas�/� mice have overlapping and distinct phenotypes

in disease models of infection and immunity (Suschak et al., 2016; Yum et al., 2021). An increasing num-

ber of natural or synthetic STING1 ligands have been discovered. It is still not excluded that CGAS may

be involved in STING1-dependent ACOD1 expression under certain conditions, especially in patholog-

ical DNA damage situations (Motwani et al., 2019).

Weprovide experimental evidence that STING1 forms a protein complexwithMYD88,which is necessary for the

inducible expression of ACOD1. These findingsmay also establish amodel to explain the interaction of STING1

and TLR signaling in the production of pro-inflammatory cytokines during infection (Tesser et al., 2021; Zeng

et al., 2017). Although previous studies have shown that ACOD1 is implicated in the antiviral response (Daniels

et al., 2019; Ren et al., 2016), wedid not observe that TLR3, TLR7, TLR8, and TLR9 ligands induceACOD1expres-

sion in humanmonocytes. Thus, the production of ACOD1 in virus infection may not come directly from nucleic

acid ligands. In contrast, viral infection-related cytokines, such as IFNs, likely are a stimulator of ACOD1 upregu-

lation (Degrandi et al., 2009). Regardless, the STING1-MYD88 complex plays a major role in mediating ACOD1

expression during bacterial infection, especially in response to TLR1/2/4/5/6 signals.

Figure 7. Continued

(B–H) In parallel, indicated plasma biomarkers (C-F), as well as Acod1 mRNA (G) and itaconate (H) in peritoneal macrophages, were assayed (Data are

presented as mean G SD; n = 5 mice/group; one-way ANOVA with Tukey’s multiple comparisons test).

(I) Schematic summary of the role of STING1 in driving ACOD1 expression and itaconate production for sepsis.
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The degradation of STING1 protein is a posttranslational modification mechanism that can inhibit an excessive

innate immunity response (Pokatayev et al., 2020; Prabakaran et al., 2018). Our current study highlights the

mechanism by which the formation of the STING1-MYD88 complex prevents STING1 degradation through

an autophagic pathway, instead of the ubiquitin-proteasome system. Consequently, inhibiting the autophagic

degradation of STING1 increases the level of STING1, providing a priming signal for subsequentMYD88-medi-

atedACOD1expression. As STING1 also promotes autophagy (Gui et al., 2019; Zhang et al., 2021), itmay estab-

lish negative feedback to control the expression and activation of STING1 during infection (Zhang et al., 2022b).

Using the 303’-cGAMP/LPS stimulation model, we further investigated the downstream transcription fac-

tors responsible for ACOD1 expression. Our data suggest that the transcription factor IRF3 coupled

with JUN contributes to 3030-cGAMP/LPS-induced ACOD1 expression. In contrast, NF-kB (a well-known

pro-inflammatory transcription factor in TLR signaling) is not required for this process. It is important to

further identify the nuclear cofactors that facilitate the activation of IRF3 and JUN in controlling

3030-cGAMP/LPS-induced ACOD1 expression. Under different immune signal stimulation, the expression

of inducible ACOD1 may depend on different transcription factors (Wu et al., 2020).

Our animal study raiseda concern about theapplicationof4OI in infectiousdiseases.An initial study showed that

4OI has amild protective effect on LPS-induced lethality inmice (Mills et al., 2018). The anti-inflammatory activity

of itaconate or 4OI involves multiple mechanisms, such as the blocking of succinate dehydrogenase activity to

reduce succinate-mediated inflammatoryprocesses (Lampropoulouet al., 2016), upregulationof activating tran-

scription factor 3 (ATF3) expression to limit IkBz-mediatedpro-inflammatory cytokineproduction (Bambouskova

et al., 2018), or increasing nuclear factor erythroid 2-like 2 (NFE2L2) protein stability to induce anti-inflammatory

geneexpression (Mills et al., 2018).However, our sepsismousemodel did not find theprotective activity of 4OI in

a lethal infection.Onepossible explanation for this discrepancy couldbeowing todifferent infectionmodels and

timing of 4OI administration. Of note, 4OI treatment reversed the protection against septic death experienced

by Sting1Mye�/� mice. Although the mechanism is not clear, we demonstrated that itaconate causes cell death

andDAMP (HMGB1andSQSTM1) release,which is consistentwith recent studieson the cytotoxicity of itaconate

on cancer cells (Belosludtsev et al., 2020;Qu et al., 2021). HMGB1and SQSTM1are potential therapeutic targets

for infection as well as sterile inflammation caused by tissue damage (Kang et al., 2014; Wang et al., 1999; Zhou

et al., 2020; Zou et al., 2020).

In summary, the activation of the STING1 pathway in monocytes and macrophages can synergize with the

MYD88 pathway to drive LPS-induced ACOD1 expression and itaconate production, which favors the

development of septic death by the release of DAMPs. This innate immunity pathway may enhance our un-

derstanding of the immunopathological mechanisms of lethal infections.

Limitations of the study

A limitation of our work is the use of cell lines rather than primary cells to study the relationship between

MYD88 and STING1 in innate immunity. We also cannot rule out whether the MYD88-STING1 pathway is

required for ACOD1-related inflammatory responses in other infectious diseases or tissue damage.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell culture

B Animal models and treatment

d METHOD DETAILS

B ELISA and itaconate analysis

B RNAi and gene transfection

B qPCR

B Western blot analysis

ll
OPEN ACCESS

12 iScience 25, 104561, July 15, 2022

iScience
Article



B Immunoprecipitation analysis

B ChIP

B Proteome profiler antibody array analysis

B Transcription factor activity assay

B Cytotoxicity assays

B Immunofluorescence analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

ACKNOWLEDGMENTS

We thank Dave Primm (Department of Surgery, University of Texas Southwestern Medical Center) for his

critical reading of the article. J.L. is supported by a grant from the National Natural Science Foundation

of China (81830048).

AUTHOR CONTRIBUTIONS

F.C., J.L., and D.T. designed the experiments. F.C., R.W., J.L., R.K., and D.T. conducted the experiments.

D.T. wrote the article.

DECLARATION OF INTERESTS

The authors declare no conflicts of interest or financial interests.

Received: March 17, 2022

Revised: April 29, 2022

Accepted: June 2, 2022

Published: July 15, 2022

REFERENCES
Akira, S., and Takeda, K. (2004). Toll-like receptor
signalling. Nat. Rev. Immunol. 4, 499–511. https://
doi.org/10.1038/nri1391.

Bambouskova, M., Gorvel, L., Lampropoulou, V.,
Sergushichev, A., Loginicheva, E., Johnson, K.,
Korenfeld, D., Mathyer, M.E., Kim, H., Huang,
L.H., et al. (2018). Electrophilic properties of
itaconate and derivatives regulate the IkBz–ATF3
inflammatory axis. Nature 556, 501–504. https://
doi.org/10.1038/s41586-018-0052-z.

Bambouskova, M., Potuckova, L., Paulenda, T.,
Kerndl, M., Mogilenko, D.A., Lizotte, K., Swain, A.,
Hayes, S., Sheldon, R.D., Kim, H., et al. (2021).
Itaconate confers tolerance to late NLRP3 in-
flammasome activation. Cell Rep. 34, 108756.
https://doi.org/10.1016/j.celrep.2021.108756.

Barber, G.N. (2015). STING: infection,
inflammation and cancer. Nat. Rev. Immunol. 15,
760–770. https://doi.org/10.1038/nri3921.

Belosludtsev, K.N., Belosludtseva, N.V.,
Kosareva, E.A., Talanov, E.Y., Gudkov, S.V., and
Dubinin, M.V. (2020). Itaconic acid impairs the
mitochondrial function by the inhibition of
complexes II and IV and induction of the
permeability transition pore opening in rat liver
mitochondria. Biochimie 176, 150–157. https://
doi.org/10.1016/j.biochi.2020.07.011.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

SQSTM1 ELISA kit Enzo ADI-900-212

HMGB1 ELISA kit Shino-Test Corporation 326054329

D-dimer ELISA kit MyBioSource MBS723281

iScript cDNA Synthesis Kit Bio-Rad 1708890

BCA Protein Assay Kit Thermo Fisher Scientific 23225

Protein A Magnetic Beads Millipore LSKMAGA10
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GAATGCCAGATCAA-30 and 50-GGT

TTTCTCCAGTGCCCATA-30

Sigma-Aldrich N/A

Mouse Acod1 primers: 50-GGTATCAT

TCGGAGGAGCAAGAG-30 and 50-AC

AGTGCTGGAGGTGTTGGAAC-30

Sigma-Aldrich N/A

Human TNF primers: 50-CTCTTCTGCC

TGCTGCACTTTG-30 and 50-TGGGCT

ACAGGCTTGTCACTC-30

Sigma-Aldrich N/A

Human IFNA1 primers: 50-AGAAGG

CTCCAGCCATCTCTGT-30 and 50-T

GCTGGTAGAGTTCGGTGCAGA-30

Sigma-Aldrich N/A

Human IL6 primers: 50-AGACAGCC

ACTCACCTCTTCAG-30 and 50-TTC

TGCCAGTGCCTCTTTGCTG-30

Sigma-Aldrich N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact Dr. Daolin Tang (daolin.

tang@utsouthwestern.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: The authors declare that all data supporting the findings of this study are available within the article or

available from the corresponding author upon reasonable request.

Code: This study did not generate any code.

Other items: Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Wild-type THP1 (TIB-202; female) and RAW264.7 (TIB-71; female) cell lines were obtained from the Amer-

ican Type Culture Collection (ATCC). The STING1�/� (thpd-kostg), IRF3�/� (thpd-koirf3; rawl-koirf3),

STING1-V155M (thpd-m155), CGAS�/� (thpd-kocgas), and MYD88�/� (thpd-komyd) THP1 or RAW264.7

cell lines were obtained from InvivoGen. These cells were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM; 11995073, Thermo Fisher Scientific) or RPMI 1640 (11875119, Thermo Fisher Scientific) supple-

mented with 10% heat-inactivated fetal bovine serum (TMS-013-B, Millipore) and 1% penicillin and strep-

tomycin (15070-063, Thermo Fisher Scientific) at 37�C, 95% humidity, and 5% CO2. All cells used were

authenticated using STR profiling, and mycoplasma testing was negative.

Animal models and treatment

C57BL/6J WT (000664), Sting1flox/flox (031670), and Lyz2Cre (004781) mice were obtained from the Jackson

Laboratory. Myeloid cell-specific Sting1-deficient mice (Sting1Mye�/�) were generated by crossing the

Sting1flox/flox mice with Lyz2Cre mice. Mice were housed with their littermates in groups of 4 or 5 animals

per cage and kept on a regular 12-h light and dark cycle (7:00-19:00 light period). Food and water were

available ad libitum. Experiments were carried out under pathogen-free conditions with randomly chosen

littermates of the same sex (female or male [1:1]), matched by age (8–10 weeks old) and body weight (22–

26 g weight). The health status of mouse lines was routinely checked by veterinary staff. We conducted all

animal care and experimentation in accordance with the Association for Assessment and Accreditation of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Rn18s RNA primers: 50-GCAA

TTATTCCCCATGAACG-30 and 50-GG

CCTCACTAAACCATCCAA-30

Sigma-Aldrich N/A

Human RNA18S RNA primers: 50-CTACC

ACATCCAAGGAAGCA-30 and 50-TTTTTC

GTCACTACCTCCCCG-30

Sigma-Aldrich N/A

STING1 cDNA OriGene Technologies SC321845

Software and algorithms

Image Lab software version 6.1 Bio-Rad http://www.bio-rad.com/en-us/product/image-lab-

software?ID=KRE6P5E8Z

CFX Manager software version 3.1 Bio-Rad http://www.bio-rad.com/en-us/sku/1845000-cfx-

manager-software?ID=1845000

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Quick Spots Image Analysis Software Western Vision Software http://www.wvision.com/QuickSpots.html
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Laboratory Animal Care guidelines (http://www.aaalac.org) and with approval from institutional animal

care and use committees.

Poly-microbial sepsis model

Sepsis was induced in male or female C57BL/6J mice (8–10 weeks old, 22 to 26 g weight, female or male

[1:1]) using a surgical procedure termed CLP (Chen et al., 2019; Deng et al., 2018; Kang et al., 2016,

2018; Zeng et al., 2017; Zhang et al., 2020). Briefly, anesthesia was induced with ketamine (80–100 mg/

kg/i.p.) and xylazine (10–12.5 mg/kg/i.p.). A small midline abdominal incision was made and the cecum

was exteriorized and ligated with 4-0 silk immediately distal to the ileocecal valve without causing intestinal

obstruction. The cecum was then punctured once with a 22-gauge needle. The abdomen was closed in two

layers and mice were injected subcutaneously with 1 mL Ringer’s solution, including analgesia (0.05 mg/kg

buprenorphine). Then 4OI (50 mg/kg) or vehicle were repeatedly administered intraperitoneally to mice at

2, 24, 48, and 72 h after CLP.

Endotoxemia model

LPS (E. coli 0111:B4, L4391, Sigma-Aldrich) was dissolved in PBS.Male or female C57BL/6Jmice (8–10 weeks

old, 22 to 26 g weight, female or male [1:1]) were intraperitoneally administered a single dose of LPS

(15 mg/kg). Then 4OI (50 mg/kg) or vehicle were repeatedly administered intraperitoneally to mice at 2,

24, 48, and 72 h after LPS.

Survival was observed for up to 10 days. Blood was collected from anesthetized mice by cardiac puncture

using heparinized syringes. Plasma was further obtained from anticoagulated whole blood after removing

the blood cells by a centrifugation (2000 g 3 15 min) at 4�C.

METHOD DETAILS

ELISA and itaconate analysis

Commercially available ELISA kits were used to measure the concentrations of D-dimer (MBS723281,

MyBioSource), HMGB1 (ST51011, IBL International), and SQSTM1 (ADI-900-212, Enzo) in the indicated

samples. Measurement of ALT and BUN in the plasma was performed using a Catalyst Dx Chemistry

Analyzer (IDEXX). Intracellular itaconate concentration was assayed by a liquid chromatography-tandem

mass spectrometry (LC-MS/MS) method (Tan et al., 2020). In short, to minimize the chance of cell metab-

olite degradation, cells were lysed by adding ice-cold 80% methanol/water (v/v). The internal standard

solution (13C5-itaconate; sc-495554, Santa Cruz) was also prepared in 80% methanol/water. Samples and

standards were analyzed using a Triple Quad 5500 LC-MS/MS system (SCIEX).

RNAi and gene transfection

All pre-designed shRNA constructs in a lentiviral format were purchased from Sigma-Aldrich, as described

in Key resources table. We seeded 13 105 cells in each well of a 12-well plate in 500 mL of completemedium

and transduced them by lentiviral vectors at anMOI of 10:1. Transduction was carried out in the presence of

polybrene (8 mg/mL; TR-1003-G, Sigma-Aldrich). After recovering with complete culture medium, puromy-

cin (5 mg/mL; ant-pr-1, InvivoGen) was used for the selection of transduced cells. STING1 expression

plasmid (SC321845, OriGene Technologies) was transfected into THP1 cells (1 3 106) using Lipofectamine

3000 reagent (L3000-015, Invitrogen) according to manufacturer’s instruction. LyoVec (lyec-12, InvivoGen)

was used as a nucleic acid complexing agent to facilitate the cellular entry of RNA or DNA-based

oligonucleotides.

qPCR

Total RNA was extracted using an RNeasy Plus Kit (74134, QIAGEN) according to the manufacturer’s in-

structions. First-strand cDNA was synthesized from 1 mg of RNA using the iScript cDNA Synthesis kit

(1708890, Bio-Rad). Briefly, 20 mL reactions were prepared by combining 4 mL of iScript Select reaction

mix, 2 mL of gene-specific enhancer solution, 1 mL of reverse transcriptase, 1 mL of gene-specific assay

pool (203, 2 mM), and 12 mL of RNA diluted in RNase-free water. Quantitative real-time PCR was carried

out using synthesized cDNA, with primers described in Key resources table, and SsoFast EvaGreen Super-

mix (172-5204, Bio-Rad). The data were normalized to Rna18s and the fold change was calculated via the

2�DDCt method (Deng et al., 2018). The relative concentrations of mRNA were expressed in arbitrary units

based on the untreated group, which was assigned a value of 1.
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Western blot analysis

Cells were lysed in Cell Lysis Buffer (9803, Cell Signaling Technology) with protease inhibitor cocktail

(G6521, Promega) and phosphatase inhibitor cocktail (P0044, Sigma-Aldrich) (Chen et al., 2022; Li et al.,

2021b; Liu et al., 2022). Cleared lysates were resolved by SDS-PAGE (3450124, Bio-Rad) and then trans-

ferred onto PVDF membranes (1704273, Bio-Rad). The membranes were blocked with Tris-buffered saline

Tween 20 (TBST; 9997, Cell Signaling Technology) containing 5% nonfat dry milk (9999, Cell Signaling Tech-

nology) for 1 h at room temperature and then incubated with the indicated primary antibodies (1:1000)

overnight at 4�C. After being washed with TBST, the membranes were incubated with an HRP-linked

anti-mouse IgG secondary antibody (1:1000; 7076, Cell Signaling Technology) or HRP-linked anti-rabbit

IgG secondary antibody (1:1000; 7074, Cell Signaling Technology) for 1 h at room temperature. The mem-

branes were washed three times in TBST and then visualized and analyzed with a ChemiDoc Touch Imaging

System (1708370, Bio-Rad).

Immunoprecipitation analysis

Cells were lysed at 4�C in ice-cold RIPA buffer (9806, Cell Signaling Technology) with protease inhibitor

cocktail (G6521, Promega), and cell lysates were cleared by a brief centrifugation (12000g, 10 min) (Tang

et al., 2010). Concentrations of proteins in the supernatant were determined by a BCA Protein Assay Kit

(7780, Cell Signaling Technology). Prior to immunoprecipitation, samples containing equal amounts of pro-

teins were pre-cleared with protein A agarose beads (9863, Cell Signaling Technology) at 4�C for 3 h, and

subsequently incubated with various irrelevant IgG or specific antibodies (3–5 mg/mL) in the presence of

protein A agarose beads for 2 h or overnight at 4�C with gentle shaking (Li et al., 2021c; Zhu et al.,

2017). Following incubation, protein A agarose beads were washed extensively with phosphate-buffered

saline and proteins were eluted by boiling in 2 3 sodium dodecyl sulfate sample buffer (LC2676, Thermo

Fisher Scientific) before electrophoresis of the sodium dodecyl sulfate polyacrylamide gel.

ChIP

ChIP was performed using a SimpleChIP Enzymatic Chromatin IP Kit (9003, Cell Signaling Technology) ac-

cording tomanufacturer’s instructions (Deng et al., 2018). Briefly, THP1 cells (13 107) were cross-linked with

1% fresh formaldehyde and incubated for 10 min at room temperature. Cells were lysed and chromatin was

digested to obtain DNA fragments from 150 to 900 bp. Chromatin fragments were immunoprecipitated

with anti-JUN or anti-IRF3 antibodies (1:50) at 4�C overnight with rotation and then incubated with protein

G magnetic beads at 4�C for 2 h. After eluting chromatin from antibodies and reversing formaldehyde-

induced cross-linking, the DNA was purified using a QIAquick PCR Purification Kit (28104, QIAGEN).

One-20th of the immunoprecipitated DNAwas used in qPCR. Results were shown as a percentage of input.

Proteome profiler antibody array analysis

We used a Human Phospho-Kinase Array Kit (ARY003B, R&D Systems), which has membrane-based sand-

wich immunoassays, to assay the effects of 3030-cGAMP (10 mg/mL) and LPS (500 ng/mL) on kinase activation

at 6 h. Captured antibodies spotted in duplicate on nitrocellulose membranes bond to specific target pro-

teins present in the sample (step 1). Captured proteins were detected with biotinylated detection anti-

bodies (step 2) and then visualized using chemiluminescent detection reagents (step 3). The signal pro-

duced was proportional to the amount of analyte bound. The intensities of bands were analyzed with

Quick Spots Image Analysis Software (Zeng et al., 2017).

Transcription factor activity assay

THP1-Dual cells (InvivoGen) express a Lucia luciferase gene under the transcription control of IFN and a

secreted embryonic alkaline phosphatase (SEAP) reporter gene under the transcription control of NF-

kB. They were used to simultaneously measure the activity of NF-kB and IRF pathways. Indicated THP1-

Dual cells (WT, STING1�/�, and MYD88�/�) in a 96-well plate (1 3 105/well) were treated with 3030-cGAMP

(10 mg/mL) and LPS (500 ng/mL) for 6 h. The cell culture supernatant was collected and then the activity of

NF-kB and IRF were measured using QUANTI-Blue (a SEAP detection reagent) and QUANTI-Luc (a lucif-

erase detection reagent), respectively.

Cytotoxicity assays

Cells were seeded at 53 104 cells per well into 96-well plates and incubated with the indicated treatments.

Subsequently, 100 mL of fresh medium was added to cells containing 10 mL of Cell Counting Kit-8 solutions
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(B34304, Bimake) and incubated for 1.5 h in 5% CO2 at 37
�C. Absorbance at 450 nm was measured using a

microplate reader.

Immunofluorescence analysis

Cells were cultured on glass coverslips and fixed in 3% formaldehyde for 30 min at room temperature prior

to detergent extraction with 0.1% Triton X-100 for 10 min at 25�C (Dai et al., 2020; Li et al., 2021a, 2021c).

Coverslips were saturated with 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h at

room temperature and processed for immunofluorescence with primary antibodies, followed by Alexa

Fluor 488- or Cy3-conjugated secondary antibodies. Nuclear morphology was analyzed with the fluores-

cent dye Hoechst 33258. Images were taken with a ZEISS LSM 800 confocal microscope (ZEISS, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8.4.3 was used to collect and analyze data. Unpaired Student’s t tests were used to

compare the means of two groups. A one-way or two-way analysis of variance (ANOVA) with Tukey’s mul-

tiple comparisons test was used for comparisons among the different groups. Log-rank tests were used to

compare differences in mortality rates between groups. A p value of <0.05 was considered statistically sig-

nificant. The exact value of n within the figures is indicated in the figure legends. We did not exclude sam-

ples or animals. No statistical methods were used to predetermine sample sizes, but our sample sizes are

similar to those generally employed in the field.
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