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and Min Wu2,5,*

Summary

Cyclic GMP-AMP synthase (cGAS) is reported essential for detecting intracellular
bacteria. However, it remains to be determined whether and how cGAS is
involved in extracellular bacterial infection. Here, we report that cGAS is essen-
tial for mediating type I interferon (IFN) production in infection bymultiple extra-
cellular pathogens, including Pseudomonas aeruginosa, Klebsiella pneumoniae,
and Staphylococcus aureus. In addition, the canonical cGAS-stimulator of inter-
feron gene (STING)-IFN axis is required for protecting mice from P. aeruginosa-
induced mouse acute pulmonary infection, confirmed in cGAS pathway-specific
gene deficiency mouse models. cGAS�/� and STING�/� mice exhibited reduced
type I IFNs production, excessive inflammatory response accompanied with
decreased resistance to P. aeruginosa challenge. Unfolded protein response
was also modulated by cGAS through IRF3 and type I IFNs under P. aeruginosa
infection. Collectively, these findings uncover the importance of cGAS in initi-
ating immune responses against extracellular bacterial infection.

Introduction

Nucleic acids are integral parts of pathogens for replication, survival, and invasion and have also been

shown as pathogen-associated molecular patterns to trigger innate immune response (Barbalat et al.,

2011; Wu and Chen, 2014). To date, various DNA sensors are discovered for the recognition of self- or

non-self-nucleic acids, including the endosomal TLR9, and the cytosolic DNA sensors AIM2, cyclic GMP-

AMP synthase (cGAS), and IFI16 (Wu and Chen, 2014). Of which, cGAS has recently been identified as a

novel DNA sensor responsible for sensing infection of DNA viruses, retroviruses, and intracellular bacteria

(Li et al., 2013; Sun et al., 2013; Wu et al., 2013). Upon binding with double-strandedDNA, cGAS is activated

and then catalyzes the nucleotide second messenger cyclic AMP-GMP generation, which in turn activates

the stimulator of interferon gene (STING) (Gao et al., 2013; Sun et al., 2013). Activated STING is translo-

cated from endoplasmic reticulum (ER) to ER–Golgi intermediate compartment (ERGIC) and Golgi com-

plex triggering TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3) activation and

type I IFN production, serving as the important defense mechanism against microbial infection (Wu

et al., 2013).

Pseudomonas aeruginosa is an important gram-negative extracellular opportunistic pathogen, which dis-

tributes widely in the world. People with immunodeficiency, like cystic fibrosis, burn wounds, chronic

obstructive pulmonary disorder, pneumonia, or sepsis, are highly susceptible to P. aeruginosa (Cachia

and Hodges, 2003; Curran et al., 2018; Miyoshi-Akiyama et al., 2017). Additionally, growing multi-drug

resistance makes P. aeruginosa extremely difficult to treat (Pang et al., 2019), which has become a signifi-

cant global public health issue. Neutrophils and macrophages are key components of innate immunity

against P. aeruginosa attack by promoting inflammatory cytokine production and phagocytosis (Lovewell

et al., 2014). It is worth mentioning that that type I IFNs are important for host defense against P. aeruginosa

infection by modulating multiple innate immune responses such as phagocytosis and RANTES production

(Carrigan et al., 2010; Parker et al., 2012; Parker and Prince, 2011). However, little is known about the inter-

action between cGAS and extracellular bacterium P. aeruginosa.

ER is a dynamic intracellular organelle with multiple functions, for instance, maintaining cell homeostasis in

response to pathogenic infection (Bettigole and Glimcher, 2015; Grootjans et al., 2016). Currently, three

transmembrane proteins (ATF6, PERK, and IRE1) located in the ER lumen are known to detect ER stress,
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activating unfolded protein response (UPR). Once activated, these ER stress initiators are dissociated with

BiP, a chaperone and master regulator of the UPR, to elicit the UPR process. Although studies indicate that

UPR is involved in innate immunity against P. aeruginosa infection (Richardson et al., 2010; van ’tWout et al.,

2015), it remains largely unknown about the underlying mechanisms of UPR activation.

Here, we demonstrate that DNA sensor cGAS serves as an important sensing mechanism for detecting

extracellular bacterial infection. P. aeruginosa infection also induced cGAS-STING-IRF3 activation to

initiate UPR. To verify that this sensing is a common mechanism, we also tested this phenomenon in other

species including Klebsiella pneumoniae and Staphylococcus aureus and confirmed that cGAS indeed

senses a variety of extracellular bacteria in infection. Taken together, we delineate a critical role of cGAS

signaling in host immunity against extracellular pathogens.

Results

cGAS is required for P. aeruginosa-induced type I IFN response in macrophages

In order to determine the role of cGAS in the infection of the P. aeruginosa strain PAO1, the widely used

human macrophage cell line THP-1 was infected with PAO1 at different multiplicity of infection (MOI) (1, 2,

and 10) and different time points (1 h, 2 h, and 4 h). It is clearly observed that phosphorylation of TBK1 was

significantly induced (Figure S1A and S1B). Importantly, p-TBK1 was also activated under UV radiation or

heat-killed PAO1 infection (Figure S1C). To solidify our above observation, a mouse macrophage cell

line, RAW264.7, was then transfected with RNAi to knockdown the target cGAS and STING genes (Figures

S1D–S1G). We observed that transfection of cGAS siRNA or STING siRNA almost abolished the p-IRF3 in

RAW264.7 cells following PAO1 infection (Figures S1F and S1G). Reduced p-TBK1 was further confirmed in

STING�/� RAW264.7 cells (Figure S1I). Immunofluorescence assay showed that cGAS siRNA reduced

p-IRF3 nuclear translocation (Figure S1H). Meanwhile, transcription of IRF3 targeted genes (IFN-b and

IFIT1) and production of IFN-b were suppressed in cGAS siRNA- or STING siRNA-treated RAW264.7 cells

after PAO1 infection or interferon-stimulatory DNA (ISD) transfection (Figures S2A–S2D). To seek addi-

tional evidence, we next used mouse alveolar macrophage (MH-S) cells and observed similar role of

cGAS for host detection PAO1 after transfection with cGAS siRNA (Figure S2E). Since primary cells from

genetic deficient mice would demonstrate the unequivocal role of cGAS in sensing pathogens, we isolated

primary cGAS�/� mouse bone marrow-derived macrophages (BMDMs) and found reduced p-IRF3

compared to wild-type (WT) counterparts after PAO1 infection (Figure S2F). Likewise, type I IFN response

was also blocked in primary cGAS�/� alveolar macrophages and peritoneal macrophages following PAO1

infection (Figures 1A, 1B, S2G, and S2H). To further characterize the roles of cGAS and STING in response

to P. aeruginosa infection in human macrophages, we utilized CRISPR-Cas9 technique to construct cGAS�/

�, STING �/�, and cGAS/STING�/� THP-1 cells. Consistent with the results observed in mouse macro-

phages, cGAS or STING deficiency in THP-1 significantly reduced p-IRF3, transcription of IFN-b, or reduced

p-TBK1 (Figures 1C–1F). Additionally, we observed that MyD88 deficiency and phagocytosis inhibitor

latrunculin A blocked the activation of IFN signal pathway of IRF3 under PAO1 infection (Figures 1G and

1H). Together, these findings reveal the critical roles of cGAS and STING in promoting type I IFN response

under P. aeruginosa infection.

The cGAS signaling pathway is responsible for detecting extracellular bacteria Klebsiella

pneumoniae and Staphylococcus aureus

To expand the concept and examine whether cGAS can sense extracellular bacteria in general, we deter-

mined whether other extracellular bacteria (Klebsiella pneumoniae and Staphylococcus aureus) also acti-

vate cGAS pathway. Compared with PAO1 infection, deficiency in cGAS or STING also inhibited p-IRF3 in

THP-1 cells (Figure 1I) and type I IFN response in BMDMs (Figures 1J–1L) under K. pneumoniae or S. aureus

infection. Reduced type I IFN response was also noted in STING siRNA-transfected BMDMs (Figures S3A

and S3B) under K. pneumoniae or S. aureus infection and IRF3 siRNA-transfected RAW264.7 cells under

PAO1 infection or ISD transfection (Figures S3C and S3D). Therefore, these results indicate that extracel-

lular pathogens P. aeruginosa, K. pneumoniae, and S. aureus are capable of activating type I IFN response

in macrophages in a cGAS-pathway-dependent manner.

cGAS is required for sensing P. aeruginosa-derived DNA

Next, we set out to perform immunofluorescence assay to elucidate whether the DNA sensor cGAS directly

senses P. aeruginosa or its genomic DNA. Immunofluorescence assay revealed the colocalization between
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cGAS and PAO1-GFP in macrophages (Figure 2A). Colocalization between cGAS and PAO1 genomic DNA,

which was pre-labeled with a thymidine analog 5-ethynyl-20-deoxyuridine, was also observed in the BMDM

cytoplasm (Figure 2B). To further confirm the role of DNA in activating cGAS under P. aeruginosa infection,

P. aeruginosa genomic DNA was isolated, and we found that P. aeruginosa genomic DNA transfection is

capable of activating type I IFN response which was abolished in cGAS siRNA-transfected RAW264.7 cells

and cGAS�/� BMDMs (Figures 2C–2E). Critically, DNase pretreatments were found to block the type I IFN

response induced by PAO1 infection and genomic DNA transfection, respectively (Figures 2F and 2G), indi-

cating that direct contact of bacterial DNA is critical to initiate host defense via cGAS sensing.We next used

co-immunoprecipitation (Co-IP) to determine whether cGAS could bind PAO1 genomic DNA directly

Figure 1. cGAS is required for Pseudomonas aeruginosa-induced type I IFN response in macrophages

(A) WT and cGAS�/� alveolar macrophages were treated with 10 multiplicity of infection (MOI) PAO1 for 4 h. Cytokine levels of IFN-b in the cell culture

supernatant were detected using enzyme-linked immunosorbent assay (ELISA) .

(B) WT and cGAS�/� peritoneal macrophages were treated with 10 MOI PAO1 for 4 h. Cytokine levels of IFN-b in the cell culture supernatant were detected

using ELISA.

(C and D) cGAS�/� and STING�/� THP-1 cells were treated with 10 MOI PAO1 for 4 h. Immunoblot analysis of cGAS signaling pathways.

(E) WT and cGAS�/� STING�/� THP-1 cells were treated with 10 MOI PAO1 or ISD for 4 h. qPCR measuring mRNA levels of IFN-b in WT and cGAS�/�

STING�/� THP-1 cells.

(F) WT and cGAS�/� THP-1 cells were treated with 10 MOI PAO1, UV-PAO1, and PAO1 DNA for 4 h. qPCR was performed to measure mRNA levels of IFN-b.

(G) WT and MyD88�/� THP-1 cells were treated with 10 MOI PAO1 for 4 h. Immunoblot analysis of cGAS signaling pathways.

(H) WT THP-1 cells were pre-treated with phagocytosis inhibitor latrunculin A and then treated with 10 MOI PAO1, K. pneumoniae, and S. aureus for 4 h.

qPCR was performed to measure mRNA levels of IFN-b.

(I) WT and cGAS�/� STING�/� THP-1 cells were treated with 10 MOI PAO1, K. pneumoniae, and S. aureus for 4 h. Immunoblot analysis of cGAS signaling

pathways.

(J) WT and cGAS�/� BMDMs were treated with 10 MOI PAO1, K. pneumoniae, and S. aureus for 4 h. Cytokine levels of IFN-b in the cell culture supernatant

were detected using ELISA.

(K) WT and cGAS�/� BMDMs were treated with 10 MOI PAO1, K. pneumoniae, and S. aureus for 4 h. qPCR measuring mRNA levels of cGAS in WT and

cGAS�/� BMDMs.

(L) WT and cGAS�/�BMDMswere treated with 10MOI PAO1, K. pneumoniae, and S. aureus for 4 h. qPCRwas performed tomeasuremRNA levels of IFN-b or

IFIT1.

ELISA and qPCR data (mean G standard error of mean (SEM)) are representative of three independent experiments (*p % 0.05, **p % 0.01, ***p % 0.001

one-way analysis of variance (ANOVA) with Tukey post hoc test).
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Figure 2. cGAS is required for sensing P. aeruginosa-derived DNA

(A) Colocalization of PAO1-GFP (green) with cGAS (red) in BMDMs. Scale bar, 5 mm.

(B) Colocalization of PAO1 genomic DNA (red) with cGAS (green) in BMDMs. Scale bar, 5 mm.

(C) WT and cGAS�/� BMDMs were transfected with PAO1 genomic DNA for 4 h. qPCR was performed to measure mRNA levels of IFN-b.

(D) WT and cGAS�/� BMDMs were transfected with PAO1 genomic DNA for 4 h. Cytokine levels of IFN-b in the cell culture supernatant were detected using

ELISA.

(E) RAW264.7 cells were transfected with control siRNA or cGAS siRNA for 48 h and then transfected with PAO1 genomic DNA for 4 h. mRNA levels of IFN-b

were detected.

(F) BMDMs were infected with 10 MOI PAO1 for 4 h with or without DNase I or heated DNase I. qPCR was performed to measure mRNA levels of IFN-b.

(G) BMDMs were transfected with PAO1 DNA with or without DNase I or heated DNase I for 4 h. qPCR was performed to measure mRNA levels of IFN-b.

(H) Immunoblotting of lysates of RAW264.7 cells infected by PAO1 or PBS, then immunoprecipitated with IgG or cGAS antibody, assessed with anti-cGAS.

Total cell lysates (TCLs) were applied for immunoblotting analysis as a control.

(I) qPCR of PAO1 genes and mouse b-Actin from DNA samples isolated from cGAS IPs in uninfected or infected RAW264.7 cells. PAO1 gene levels were

normalized to inputs.

(J) qPCR of PAO1, K. pneumoniae, or S. aureus genes and human b-actin from DNA samples isolated from cGAS IPs in uninfected or infected THP-1 cells.

Gene levels were normalized to inputs.

(K) EMSA for binding of mcGAS to PAO1 rrs probe.

(L) EMSA for binding of hcGAS to PAO1 rrs probe.

ELISA and qPCR data (meanG SEM) are representative of three independent experiments (*p% 0.05, **p% 0.01, ***p% 0.001 one-way ANOVAwith Tukey

post hoc test).
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during infection. RAW264.7 cells infected with PAO1 were immunoprecipitated with cGAS antibody (Fig-

ure 2H). The abundance of several PAO1 genes including dnaA, dnaG, and rrs, which are important for

bacterial DNA replication, was measured by quantitative polymerase chain reaction (qPCR). Interestingly,

we observed that these DNA sequences were significantly enriched by cGAS in infected cells compared

to the uninfected controls (Figure 2I). In contrast, no significant change in the abundance of host-derived

DNA sequence of b-actin was observed (Figure 2I). Additional data indicated that cGAS is capable of bind-

ing PAO1, K. pneumoniae, and S. aureus-derived DNA in THP-1 cells, while cGAS cannot bind PAO1 DNA

under heat-killed PAO1 infection (Figure 2J). To further investigate the direct binding affinity of cGAS and

PAO1-derived DNA, we then purified His-tagged mcGAS protein using pet-28a expression system. PAO1

rrs probe was obtained by PCR. cGAS was shown to bind the probe as determined by an electrophoretic

molecular shift assay (EMSA) (Figure 2K). Similar results were also observed using hcGAS protein (Fig-

ure 2L). Taken together, these studies illustrate that cGAS is involved in sensing extracellular bacteria-

derived DNA under infection.

cGAS deficiency impairs the activation of ER stress after P. aeruginosa infection

It is known that UPR is involved in innate immunity against P. aeruginosa infection. To unveil the mechanism

by which cGAS senses and initiates host immunity against PAO1 infection, we speculate that UPR may be

involved in the process as they are linked to the PAO1 infection in previous studies (Richardson et al., 2010;

van ’t Wout et al., 2015). In agreement with previous studies, PAO1 infection was capable of activating UPR

pathway (Figure S4A). Intriguingly, activation of UPR was impaired in cGAS siRNA-transfected RAW264.7

cells in response to infection of PAO1 and transfection of ISD (Figure 3A). cGAS deficiency decreased

the transcription of BiP, ATF4, and XBP1-S (Figures S4B–S4D). To further define the biological relevance,

we next investigated the role of cGAS in primary BMDMs and lung samples isolated from WT and

cGAS�/� mice. cGAS�/� BMDMs and lung samples showed reduced UPR after PAO1 infection (Figures

3B and 3C). Furthermore, a similar immunoblotting pattern was observed in IRF3 siRNA-treated

RAW264.7 cells (Figure 3D). Furthermore, we found that activation of UPR following PAO1 infection was

significantly blocked in the lung of IFNAR�/� mice (Figure 3E). Together, cGAS impacts ER stress through

sensing PAO1.

cGAS-IRF3-IFN axis is required for P. aeruginosa-induced unfolded protein response

Although cGAS is important for mediating PAO1-induced UPR, the detailed mechanism is still unclear. In

view of that cGAS is dependent on IRF3-modulated downstream signals, we hypothesized that IRF3, which

is known as the dominant transcription factor for induction of numerous genes (Yanai et al., 2012), may be

involved in the process of UPR activation. To elaborate the role of IRF3 in modulating UPR, we performed

analysis of the public chromatin immunoprecipitation sequencing (ChIP-seq) data set using bioinformatics

approaches. Enriched IRF3 binding sites were found in the promoter region of BiP (�700 to�400) andATF4

(�590 to �290) (Figures 4A and 4B). To this end, we posit that transcription of BiP and ATF4 may be regu-

lated by IRF3. To assess the binding affinity of IRF3 to BiP and ATF4 promoters, we performed ChIP assay

with IRF3-specific antibody and normal rabbit IgG as a control under PAO1 infection. Our ChIP-PCR data

showed that the promoter regions of BiP and ATF4 were significantly enriched in the IRF3 antibody group

but not in the IgG isotype group, providing direct proof of the recruitment of IRF3 to BiP and ATF4 pro-

moters (Figures 4C and 4D). To further assess the molecule mechanism of IRF3-mediated transcription

of BiP and ATF4, we constructed luciferase vectors containing BiP and ATF4 promoters. Our analysis

showed that luciferase expression in RAW264.7 cells was inhibited in IRF3 siRNA-treated groups (Figure 4E,

4F and S5A), indicating that mRNA transcription of BiP and ATF4 was regulated by IRF3. We also noted

reduced expression of BiP and ATF4 in IRF3 siRNA-transfected RAW264.7 cells compared to siNC-trans-

fected RAW264.7 cells (Figures 4G and 4H). Comparable results were also observed in STING KO

RAW264.7 cells (Figures S5B–S5D). Mechanistically, we delineate that transcription of UPR-related mole-

cules BiP and ATF4 was enhanced by IRF3 by directly binding to their promoters.

Now that type I IFNs are downstream of cGAS-STING, we next investigated whether type I IFNs, especially

IFN-a and IFN-b, influence the activation of UPR. We found that the ER chaperone protein BiP was strongly

induced in response to type I IFNs treatment in both BMDMs and RAW264.7 cells (Figures 4I, 4J, and S6A–

S6D). Critically, immunoblotting also showed that type I IFN treatment not only activated ATF4 pathway but

also induced additional signaling pathways in a time-dependent manner (Figures S6D, 4I, and 4J). More-

over, we showed that IFN-g also activated all 3 UPR pathways similar to type I IFNs (Figures S6E, S6F, 4I, and

4J). Our data also suggest that ATF6, ATF4, and XBP1 were activated and translocated into the nucleus
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after IFN treatment, which was comparable to Tg treatment (Figure S6G). We then used siRNA to knock

down STAT1, STAT2, and IRF9, respectively (Figure S6H). Immunoblotting analysis showed that silencing

of STAT1, STAT2, and IRF9 significantly blocked IFN-induced UPR (Figure 4K). To further elucidate whether

interferon-stimulated gene factor 3 (ISGF3) may function in modulating the UPR directly, we analyzed

STAT1-ChIP-seq data and noticed that there was no binding affinity between STAT1 to BiP and ATF4 pro-

moters (Figures S6I and S6J), indicating that ISGF3 may not directly regulate the transcription of BiP and

ATF4. Although the detailed mechanism remains to be studied, these data confirm that type I IFNs play

important roles in modulating UPR.

cGAS protects against P. aeruginosa in pulmonary infection

Increasing evidence supports that cGAS is involved in intracellular bacterial infection both in vitro and

in vivo (Hansen et al., 2014; Wassermann et al., 2015; Watson et al., 2015). The cGAS signaling pathway

is also important for restricting infection of multiple intracellular pathogens to maintain host homeostasis.

To elaborate the protective role of cGAS in extracellular bacterial infection in vivo, an acute pulmonary

infection model was established through intranasal instillation of 0.5 3 107 CFU PAO1 in C57BL/6J WT,

cGAS�/� and STING�/� mice. We noticed that PAO1-infected cGAS�/� and STING�/� mice exhibited

increased lethality (Figures 5A and 5B) and increased bacterial burdens compared to WT mice (Figures

S7A and S7B). To further define how cGAS functions in limiting PAO1 pathogenesis, lung pathological

changes were detected in both cGAS�/� and STING�/� mice. Lungs of cGAS�/� STING�/� mice showed

severe tissue injury compared to WT mice (Figure 5C). Additionally, infection of PAO1 in cGAS�/� mice

led to decreased type I IFN levels compared to WT mice, indicating that IFN pathways were partially

Figure 3. cGAS deficiency impairs the activation of ER stress induced by P. aeruginosa infection

(A) RAW264.7 cells were transfected with control siRNA or cGAS siRNA and then treated with 10 MOI PAO1 or ISD for 4 h. Immunoblotting analysis of UPR

signaling pathways.

(B) WT and cGAS�/� BMDMs were treated with 10 MOI PAO1 or ISD for 4 h. Immunoblotting analysis of UPR signaling pathways.

(C) WT and cGAS�/� mice were infected with PAO1 for 24 or 48 h. Immunoblotting analysis of UPR signaling pathways in mouse lung samples.

(D) RAW264.7 cells were transfected with control siRNA or IRF3 siRNA and then treated with 10 MOI PAO1 or ISD for 4 h. Immunoblotting analysis of UPR

signaling pathways.

(E) WT and IFNAR�/� mice were infected with PAO1 for 48 h. Immunoblotting analysis of UPR signaling pathways in mouse lung samples.

ELISA and qPCR data (meanG SEM) are representative of three independent experiments (*p% 0.05, **p% 0.01, ***p% 0.001 one-way ANOVAwith Tukey

post hoc test).
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blocked (Figures 5D and 5E). cGAS�/� and STING�/�mice also showed higher production of non-type I IFN

inflammatory cytokines than those in WT mice (Figures 5F and 5G). Moreover, IFNAR�/� mice also ex-

hibited severe lung injury compared to WT mice (Figure 5C). Collectively, these findings affirm that

cGAS has an essential role in defending against extracellular pathogens such as P. aeruginosa in the acute

pulmonary infection model.

Figure 4. cGAS-IRF3-IFN axis is required for P. aeruginosa-induced unfolded protein response

(A and B) Chromatin immunoprecipitation sequencing (ChIP-seq) for IRF3 binding in BiP, ATF4 normalized by input. Red arrows indicate the IRF3 binding

region. Blue arrows indicate transcription start site (TSS) of BiP or ATF4. Scale bar, 1000 bp.

(C and D) ChIP-qPCR detecting the BiP or ATF4 promoters in BMDMs.

(E and F) Control siRNA or IRF3 siRNA-treated RAW264.7 cells were pre-transfected with BiP or ATF4 luciferase vectors for 24 h and then treated with 10 MOI

PAO1 or ISD for 4 h. Luciferase activity was detected using Dual-Luciferase Reporter Assay System.

(G and H) RAW264.7 cells were transfected with control siRNA or IRF3 siRNA and then treated with 10 MOI PAO1 or ISD for 4 h. qPCR measuredmRNA levels

of BiP or ATF4.

(I) RAW264.7 cells were treated with IFN-a, IFN-b, IFN-g, and Tg for 6 h. Immunoblotting analysis of UPR signaling pathways.

(J) BMDMs were treated with IFN-a, IFN-b, IFN-g, and Tg for 6 h. Immunoblotting analysis of UPR signaling pathways.

(K) RAW264.7 cells were transfected with control siRNA, STAT1 siRNA, STAT2 siRNA, or IRF9 siRNA and then treated with IFN-b for 6 h. Immunoblotting

analysis of UPR signaling pathways.

ELISA and qPCR data (meanG SEM) are representative of three independent experiments (*p% 0.05, **p% 0.01, ***p% 0.001 one-way ANOVAwith Tukey

post hoc test).
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Discussion

Viral and intracellular bacterial pathogens are well established to be sensed by cGAS-mediated immune

defense (Hansen et al., 2014; Lahaye et al., 2013; Ma et al., 2015; Wassermann et al., 2015; Watson et al.,

2015). Although a previous study has confirmed that group B streptococcus promoted the activation of

cGAS (Andrade et al., 2016), the entire cGAS sensing pathways and molecular mechanisms have not

been postulated and confirmed systematically in sensing extracellular bacteria. Here, our data demon-

strate systemically the key role of cGAS signaling pathway in sensing extracellular bacterium

P. aeruginosa invasion.

While P. aeruginosa is early considered an extracellular bacterium (Sadikot et al., 2005), multiple studies

confirmed the penetration of P. aeruginosa into host cells, which has been maintained over the course

of P. aeruginosa evolution. P. aeruginosa may be able to enter nonphagocytic cells, which relies on the

interaction between T6SS effector VgrG2b and gTuRC (Chi et al., 1991; Sana et al., 2012, 2015). After injec-

tion into cells, invading P. aeruginosa may be sensed by DNA sensor cGAS directly via targeting

P. aeruginosa genomic DNA, which was supported by our cGAS Co-IP assay. Additionally, our immunoflu-

orescence data also indicated the significant colocalization between cGAS and P. aeruginosa genomic

DNA, despite not overwhelming, suggesting that the process of signaling is dynamic and spatial tempo-

rarily imbalanced. Additionally, phagocytosis inhibitors blocked the activation of TBK1, which indicates

Figure 5. cGAS protects mice against P. aeruginosa in pulmonary infection

(A) C57BL/6J WT and cGAS�/� mice were challenged with 0.5 3 107 CFU PAO1. Survival of mice was monitored up to 7 days. Kaplan-Meier survival curves

were obtained using GraphPad. p = 0.0242.

(B) C57BL/6J WT and STING�/� mice were challenged with 0.5 3 107 CFU PAO1. Survival of mice was monitored up to 8 days. Kaplan-Meier survival curves

were obtained using GraphPad. p = 0.0273.

(C) Pathology ofWT, cGAS�/�, STING�/�, and IFNAR�/�mice in response to PAO1 infection. H&E staining of lung sections frommice. Original magnification

3200.

(D) ELISA analyzes cytokine levels of IFN-a in WT and cGAS�/� mice lung.

(E) ELISA analyzes cytokine levels of TNF-a, IL-1b, and IL-6 in in WT and cGAS�/� mice lung BALF.

(F) ELISA analyzes cytokine levels of IFN-b in WT and cGAS�/� mice BALF, lung, and blood.

(G) ELISA analyzes cytokine levels of TNF-a and IL-1b in WT and STING�/� mice lung.

ELISA and qPCR data (meanG SEM) are representative of three independent experiments (*p% 0.05, **p% 0.01, ***p% 0.001 one-way ANOVAwith Tukey

post hoc test).
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that P. aeruginosa internalization may be essential for mediating type I IFN response. However, the

detailed mechanism is not clear and warrants further investigation whether P. aeruginosa internalization

effectors and T6SS are involved in cGAS activation. Based on these studies, we suggest that

P. aeruginosa be considered a unique quasi extracellular bacterium. It is worth mentioning that outer mem-

brane vesicles (OMVs) derived frommultiple gram-negative bacteria are important in host-pathogen inter-

actions and also contain nucleic acids (Bitto et al., 2017). Hence, it is interesting to further investigate the

interaction of OMVs and cGAS signal pathway. Additionally, release of mtDNA was confirmed capable of

activating cGAS pathway under several microbe infection models (Aguirre et al., 2017; McArthur et al.,

2018; Sun et al., 2017; Zheng et al., 2018). Though our evidence suggests that cGAS binds to bacterial

DNA during P. aeruginosa infection, we cannot rule out the involvement of other host DNA agonists,

like mtDNA.

Apart from cGAS, many pattern recognition receptors (PRRs) were reported to be involved in type I IFN

response, such as membrane and endosome Toll-like receptors (TLRs), cytoplasmic RNA sensor RIG-I and

MDA5, and novel nuclear DNA sensor hnRNPA2B1 (Anthoney et al., 2018; Wang et al., 2019; Wu and

Chen, 2014). Of the various PRRs, TLRs were the most characterized to be involved in detecting bacterial

infection. It is known that membrane TLR2 mainly functions by sensing gram-positive bacterial diacylated

lipopeptides, while TLR4 recognizes the gram-negative bacterial LPS, and TLR5 senses bacterial flagellin.

Endosomal TLR9 serves as cellular PRRs by detecting bacterial unmethylated CpG-containing DNA,

whereas TLR3 and TLR8 are involved in responding to double-stranded RNA and single-stranded RNA,

respectively. These studies support that the sensing pathways for TLRs may be extremely heterogenic

and varied with pathogen strains and species, as well as their particular components. Hence, we propose

that the recognition of pathogens may be not solely dependent on one pathway, complementary and

somewhat redundant mechanisms may serve to strengthen the innate immunity to achieve robust and dy-

namic response. Here, we also found that type I IFN response induced by P. aeruginosa infection is signif-

icantly but only partially blocked in cGAS�/� mice and cells, supporting that cGAS and TLR (TLR4 or

TLR9)/MYD88 pathways may also be involved in host defense together against P. aeruginosa by inducing

type I IFN production (Huang et al., 2005; Parker et al., 2012).

P. aeruginosa is shown capable of activating UPR, which is reported to be essential for host defense against

P. aeruginosa infection (Richardson et al., 2010; van ’t Wout et al., 2015). To date, different studies demon-

strate that activation of ER stress promotes the type I IFN response mediated by STING (Liu et al., 2012;

Petrasek et al., 2013). Here, we observed that P. aeruginosa infection-induced UPR is associated with the

cGAS signaling pathway, supporting the data that STING is shown to influence UPR (Guimaraes et al.,

2019; Moretti et al., 2017; Wu et al., 2019). Additionally, we reveal that cGAS was necessary for

inducing UPR in an IRF3-dependent fashion as a potentially upstream regulator of UPR. IRF3 was shown

to interact with BiP and ATF4 promoters using ChIP-seq analysis. We then reasoned that type I IFNs

may mediate UPR activation under P. aeruginosa infection. We noticed that type I IFNs were able to acti-

vate UPR. Furthermore, IFNAR�/� deficiency blocked the activation of UPR in response to P. aeruginosa

infection in mice.

It is well accepted that type I IFN is key in antiviral replication. However, the interaction of type I IFNs

with bacteria seems somewhat pleiotropic and unpredictable (Boxx and Cheng, 2016; Manzanillo

et al., 2012; Yamashiro et al., 2020). Here, by using multiple KO mice lacking cGAS or its related signals,

we clearly identified an important role of cGAS signaling pathway against P. aeruginosa infection. Crit-

ically, we revealed that cGAS�/� and STING�/� mice exhibited heightened mortality, severe lung injury,

impaired type I IFNs, and increased inflammatory cytokines in lungs compared to WT mice. In particular,

IFNAR�/�associated lung injury, as well as cGAS and STING KO phenotypes, also reflects that the cGAS-

STING-IFN axis is critical for host defense in extracellular pathogens, supporting the role of type I IFNs in

restricting the attack of P. aeruginosa infection (Carrigan et al., 2010; Parker et al., 2012; Parker and

Prince, 2011).

The cGAS signaling pathway was shown to positively modulate inflammatory response through NF-kB.

However, STING has been previously shown as an anti-inflammatory molecule by inhibiting p38, JNK,

ERK, and NF-kB activity in a keratitis model (Chen et al., 2018). Here, our studies further investigated the

role of the cGAS-STING axis in inflammatory responses and confirmed that cGAS�/� and STING�/� mice

exacerbated enhanced inflammatory response under P. aeruginosa infection, indicating that the cGAS
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signaling axis acted as a negative regulator of inflammatory function in this particular P. aeruginosa infec-

tion mouse model.

In summary, we identified cGAS as a DNA sensor for detecting and restricting extracellular pathogen

P. aeruginosa by promoting the production of type I IFNs, which may be a general mechanism in a variety

of bacterial infections. IRF3 and type I IFNs are shown to trigger the activation of UPR pathways. Our study

expands the list of pathogens to be sensed by cGAS and identified the related mechanism involving UPR in

protective processes occurring in both cell and mouse infection models.

Limitations of the study

In this study, we identify the cGAS as an important DNA sensor for recognizing and restricting P. aeruginosa

infection. However, we also made a number of interesting observations remaining further investigation.

How does P. aeruginosa release or inject its genomic DNA into cell plasma for cGAS recognition? Is it

dependent on T6SS? Furthermore, is endosomal DNA receptor TLR9 involved in sensing P. aeruginosa

infection? Whether mtDNA is recognized by cGAS under P. aeruginosa infection? Answering those ques-

tions is important for understanding DNA sensor and P. aeruginosa interaction, providing a basis for future

research.
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Transparent Methods  

Ethics statement 

This study followed the recommendations of the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health. All mice protocols were approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of North Dakota (Assurance Number: 

A3917-01). 

Mice   

C57BL/6J mice and STING-/- mice (8-12 weeks) were obtained from Jackson Laboratory (Bar 

Harbor, ME). cGAS-/- mice (C57BL/6J background) were kindly provided by H. W. Virgin (WASH 

U) and Charles M Rice (Rockefeller Univ.). Mice were anesthetized using ketamine and xylazine 

(45 mg/kg and 10 mg/kg). For lung infection model, mice were instilled intranasally with 0.5 × 

107 CFU P. aeruginosa (six mice/group). Mice were monitored for symptoms every day. Mice 

were maintained in a specific pathogen free animal facility at the University of North Dakota and 

Wuhan University.  

Primary cells and cell lines  

MH-S, RAW264.7, THP-1 cells were kept in our laboratories. BMDMs, AMs and PMs were 

generated from wild-type C57BL/6 and cGAS-/- mice. Macrophages were cultured in RMPI 1640 

+ 10% FBS + 20 mM HEPES + 2 mM L-glutamine. Primary BMDMs were grown for 10 days 

stimulated with 25 ng/ml M-CSF. Epithelial cells were cultured in DMEM. The differentiation of 

THP-1 monocytes into macrophages is conducted at a concentration of 100ng/ml PMA for 48 

hours. 

Plasmids construction 

To construct the mouse BiP and ATF4 promoter luciferase plasmids, the BiP (-700 to -400) 

and ATF4 (-590 to -290) promoter fragments were amplified from the RAW264.7 cell genome by 

PCR, then sub-cloned into the KpnI and HindIII sites of pGL3-Enhancer Vector (Promega, WI). 

To construct pET-28a-mcGAS plasmids, cDNA fragments were amplified from BMDMs cDNA 

with its specific primer and cloned into SaII and XhoI sites of the pET-28a vector (Millipore, MA). 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=100&term=Rice+CM&cauthor_id=24284630


Constructed plasmids were transformed into Escherichia coli BL21(DE3) (New England Biolabs, 

MA). PCR primers were shown in Supplemental Table 1. 

Generation of gene knockout cell lines 

For targeting with CRISPR/Cas9, we used a lentiCRISPR v2 to construct cGAS and STING 

KO cells. Guide RNA sequences (cGAS: 5′ - CACCG GCTGGAGCCTCCTGCGGCT -3′; STING: 

5′ - CACCGCAGGCACTCAGCAGA ACCA -3′). The cGAS or STING lentiCRISPR v2 plasmid 

and packaging plasmids pVSVg and psPAX2 were co-transfected into HEK293T cells. The 

cellular supernatants were collected to generate “lentiCRISPR v2” lentivirus. cGAS and STING 

KO cells were selected with 1 μg/ml puromycin for 7 days followed by 24 h lentivirus treatment. 

Bacterial strains 

Pseudomonas aeruginosa PAO1, PAO1-GFP, PAO1-mCherry, K. pneumoniae and S. aureus 

were cultured in LB broth and agar plates at 37°C. As for invitro infection, bacteria were cultured 

for 16 h in LB broth medium and then pelleted by centrifugation at 5000g. Cells were then cultured 

to antibiotic-free medium and infected with bacteria at MOI of 10 for 1 to 4 hours.  

RNA isolation and quantitative real-time PCR  

Cells were collected in Trizol and RNA was isolated following the manufacturer’s 

instructions. cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit 

(Thermo, MA). qPCR was performed using SYBR Green qPCR Master Mix (Thermo) and gene-

specific primers (Supplemental Table 1). mRNA levels were normalized to β-actin. 

Isolation and transfections of P. aeruginosa DNA  

P. aeruginosa was grown in LB broth with or without 1.2mM EdU. P. aeruginosa genomic 

DNA was isolated using GeneJET Genomic DNA Purification Kit (Thermo). ISD oligos were 

annealed in 5 mM Tris + 25 mM NaCl buffer at 98°C for 5 min and then cooling to room 

temperature for 1 h. Cells were transfected with 2 μg of annealed ISD oligos or P. aeruginosa DNA 

using lipofectamine 3000 (Invitrogen). Cells were harvested after 8 h transfection. 

ChIP-PCR 

ChIP-PCR was performed using Pierce™ Agarose ChIP Kit (Thermo) following the 



manufacturer’s instructions. BMDMs were crosslinked with 1% formaldehyde for 10 min at room 

temperature. Samples were then washed with cold PBS and lysed in the lysis buffer with protease 

inhibitors. DNA was lysed into the desired fragment length (200 to 600bp) using Micrococcal 

Nuclease for 15 min at 37°C water bath. Equal amounts of DNA were immunoprecipitated using 

IgG, IRF3 antibodies. Immunoprecipitated and input DNA was eluted and amplified with primers 

for UPR molecules (Supplemental Table 1). To relate our studies to the existing data, we 

downloaded BED files containing the enrichment of IRF3-ChIP binding sites and STAT1-ChIP 

binding sites from GEO database (GEO Accession number: GSM2698322, GSM925279, 

GSM1356204, GSM1356222) (Mancino et al., 2015; Purbey et al., 2017). ChIP data were 

visualized by Integrative Genomics Viewer. 

cGAS protein purification 

BL21(DE3) transformed with pET-28a-cGAS was cultured in LB medium with kanamycin 

at 37°C. The cGAS protein was induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

at 16°C for 16 h. The His-tagged protein was purified using Ni-NTA beads. The protein was 

identified by SDS-PAGE and immunoblotting. hcGAS protein was ordered from NOVUS 

Biologicals (CO). 

Electrophoretic molecular shift assay (EMSA) 

Pseudomonas rrs gene probes were amplified by PCR and purified using GeneJet Gel 

Extraction and DNA Cleanup Micro Kit (Thermo). Briefly, cGAS proteins were mixed with these 

probes following the EMSA kit (Thermo) manufacturer’s instructions and incubated at room 

temperature for 20 min. The cGAS-probe mixtures were then analyzed by 5% native PAGE gel 

and electrophoresed in 0.5X TBE buffer at 90V for 90 min. The gels were then stained with SYBR 

Green EMSA Nucleic Acid Gel Stain. 

Co-immunoprecipitation 

RAW267.4 cells were infected with P. aeruginosa, washed with cold PBS, fixed in 4% PFA 

and then quenched with 1 M Tris (pH 7.4). Next, cells were lysed using lysis buffer followed by 

sonication using sonicator in water bath. Samples were then immunoprecipitated with protein A/G 



Magnetic Beads pre-cross-linked with cGAS antibody. IP efficiency was detected with Western 

blot analysis. Samples were de-crosslinked at 65°C for 16 h and then treated with proteinase K. 

DNA was isolated using Trizol and resuspended in 10 mM Tris. qPCR was then performed to 

measure the abundance of relevant genes (Watson et al., 2015). All primers were shown in 

Supplemental Table 1. 

Western blotting  

Primary antibodies using for immunoblotting: antibodies against cGAS, STING, TBK1, IRF3, 

p-IRF3, BiP, PERK, ATF4, CHOP, IRE1, XBP1, STAT1, p-STAT1, Histone H3, IRF9 and STAT2 

were obtained from Cell Signaling Technology, p-STAT2 (Millipore, MA), p-PERK, ATF6, and β-

actin were purchased from Santa Cruz. p-IRE1, mouse and rabbit second antibodies using for 

immunoblotting were ordered from Invitrogen. Briefly, the cell or tissue samples were lysed in 

RIPA with protease inhibitor (Roche Diagnostics, IN) for 30 min on ice and then quantitated. SDS 

Loading Buffer was added into the sample supernatants and then boiled for 10 min at 95°C. 20 μg 

proteins of each sample were loaded and separated by 10-15% SDS-PAGE gels and transferred 

onto nitrocellulose and blocked for 1 h at room temperature using 5% nonfat milk. After that, the 

membranes were incubated using primary Abs overnight at 4°C and second antibody for 2 h. 

Protein bands were visualized using an enhanced chemiluminescence detection kit and quantified 

by Quantity One software. 

ELISA 

IFN-α, IFN-β levels in cell culture supernatants, lung tissues, BALFs, and bloods were 

detected using mouse IFN-α, IFN-β ELISA Kit (R&D Systems, CO). Briefly, precoated ELISA 

plates were incubated with 100µL diluted samples, antibody solution, and HRP Solution 

respectively. PBST was used as wash buffer, each incubation was followed by PBST for 4 times. 

Lastly, 100 μl of the TMB Substrate Solution was added to each well, incubated 15 min in the dark, 

and blocked by 100 μl of Stop Solution. Microplate reader was used to determine the absorbance 

at 450 nm within 5 minutes after the addition of the Stop Solution. 

Bacterial burden assay  



AMs from BALF, and tissues were homogenized with PBS. CFU were measured using LB 

agar plates (Guo et al., 2012). 

Immunofluorescence 

The cells were washed with PBS, fixed in 4% paraformaldehyde for 20 min and then 

permeabilized with 0.5% Triton X-100 for 20 min. After blocked with 5% non-fat milk for 30 min, 

the cells were incubated with first antibody and second antibody (diluted by 2% BSA) at 4°C. 

Nuclear was stained using DAPI. Images were observed under an LSM 510 Meta Confocal 

Microscope. 

Histological analysis  

Tissues were fixed in 10% formalin for 24 hours, embedded in paraffin and then processed 

for H&E staining (AML laboratories, FL). 

Statistical analysis 

Most experiments were performed for 3 times. One-way ANOVA (Tukey post hoc test) was 

used for data analysis in GraphPad Prism 7. Besides, survival rates were calculated using Kaplan–

Meier curve. ChIP-seq data reported in this paper are from GEO database: IRF3 ChIP (GEO 

Accession number: GSM2698322, GSM925279), STAT1 ChIP (GEO Accession number: 

GSM1563689, GSM1563692). 



Supplemental Figures and legends  

S1 Fig. P. aeruginosa activated cGAS signaling pathways, related to Figure 1 

(A) THP-1 cells were treated with 10 MOI P. aeruginosa for 1, 2, or 4 h. Immunoblot analysis 

of cGAS signaling pathways. 

(B) THP-1 cells were treated with 1, 2, or 10 MOI P. aeruginosa for 4 h. Immunoblot analysis 

of cGAS signaling pathways. 

(C) THP-1 cells were treated with 10 MOI P. aeruginosa, UV-P. aeruginosa, or Heated- P. 

aeruginosa for 4 h. Immunoblot analysis of cGAS signaling pathways.  

(D) RAW264.7 cells were transfected with control siRNA or cGAS siRNA for 48 h, and qPCR 

analysis of mRNA levels of cGAS. 



(E) RAW264.7 cells were transfected with control siRNA or cGAS siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. Immunoblot analysis of cGAS signaling pathways. 

(F) RAW264.7 cells were transfected with control siRNA or STING siRNA for 48 h, and 

qPCR analysis of mRNA levels of STING. 

(G) RAW264.7 cells were transfected with control siRNA or STING siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. Immunoblot analysis of cGAS signaling pathways. 

(H) STING-/- RAW264.7 cells were treated with 10 MOI P. aeruginosa for 4 h. Immunoblot 

analysis of cGAS signaling pathways. 

(I) RAW264.7 cells were transfected with control siRNA or cGAS siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. Immunofluorescence detecting nuclear translocation of 

IRF3. Scale bar, 5 μm. 

qPCR Data (mean ± SEM) are representative of three independent experiments. (*p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 



 

S2 Fig. P. aeruginosa activated cGAS signaling pathways in macrophages, related to 

Figure 1 

(A) RAW264.7 cells were transfected with control siRNA or cGAS siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. qPCR was performed to measure mRNA levels of IFN-

β or IFIT1. 

(B) RAW264.7 cells were transfected with control siRNA or cGAS siRNA or STING siRNA 

and then treated with 10 MOI P. aeruginosa or ISD for 4 h. Cytokine levels of IFN-β in cell culture 

supernatant were detected using ELISA. 



(C) RAW264.7 cells were transfected with control siRNA or STING siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. qPCR was performed to measure mRNA levels of IFN-

β or IFIT1. 

(D) RAW264.7 cells were transfected with control siRNA or STING siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. Cytokine levels of IFN-β in cell culture supernatant 

were detected using ELISA. 

(E) MH-S cells were transfected with control siRNA or cGAS siRNA and then treated with 

10 MOI P. aeruginosa or ISD for 4 h. Cytokine levels of IFN-β were measured by ELISA. 

(F) WT and cGAS-/- BMDMs were treated with 10 MOI P. aeruginosa or ISD for 4 h. 

Immunoblotting analysis of cGAS signaling pathways. 

(G) WT and cGAS-/- alveolar macrophages were treated with 10 MOI P. aeruginosa or ISD for 

4 h. qPCR was performed to measure mRNA levels of IFN-β or IFIT1. 

(H) WT and cGAS-/- peritoneal macrophages were treated with 10 MOI P. aeruginosa or ISD 

for 4 h. qPCR was performed to measure mRNA levels of IFN-β or IFIT1. 

qPCR and ELISA Data (mean ± SEM) are representative of three independent experiments. 

(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 



S3 Fig. cGAS signaling pathway is responsible for detecting extracellular bacteria, related to 

Figure 1 

 (A) BMDMs were transfected with control siRNA or STING siRNA for 48 h and then 

infected with 10 MOI P. aeruginosa, K. pneumoniae, and S. aureus for 4 h in BMDMs. qPCR 

analysis of mRNA levels of STING. 

(B) BMDMs were transfected with control siRNA or STING siRNA for 48 h and then infected 

with 10 MOI P. aeruginosa, K. pneumoniae, and S. aureus for 4 h in BMDMs. qPCR analysis of 

mRNA levels of IFN-β or IFIT1. 



(C) RAW264.7 cells were transfected with control siRNA or IRF3 siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. Cytokine levels of IFN-β in cell culture supernatant 

were detected using ELISA. 

(D) RAW264.7 cells were transfected with control siRNA or IRF3 siRNA and then treated 

with 10 MOI P. aeruginosa or ISD for 4 h. qPCR was performed to measure mRNA levels of IFN-

β or IFIT1. 

qPCR and ELISA Data (mean ± SEM) are representative of three independent experiments. 

(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 

 

S4 Fig. UPR is activated under P. aeruginosa infection, related to Figure 3 

(A) WT alveolar macrophages were infected with 20 MOI P. aeruginosa for 0.5, 1, or 2h, and 

Immunoblot analysis of UPR signaling pathways.  

(B-D) RAW264.7 cells were transfected with control siRNA or cGAS siRNA for 48 h, and 

then treated with 10 MOI P. aeruginosa or ISD for 4 h. qPCR measuring mRNA levels of BiP, 

ATF4, and XBP1-s. 

qPCR Data (mean ± SEM) are representative of three independent experiments. (*p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 



 

S5 Fig. P. aeruginosa activated IFN-dependent UPR, related to Figure 4 

(A) Control siRNA or IRF3 siRNA-treated RAW264.7 cells were pre-transfected with IFN-β 

luciferase vectors for 24 h and then treated with 10 MOI P. aeruginosa or ISD for 4 h. Luciferase 

activity were detected using Dual-Luciferase Reporter Assay System. 

(B) STING-/- RAW264.7 cells were were pre-transfected with BiP, ATF4 and IFN-β luciferase 

vectors for 24 h and then treated with 10 MOI P. aeruginosa for 4 or ISD for 4 h. Luciferase 

activity were detected using Dual-Luciferase Reporter Assay System. 

 

S6 Fig. P. aeruginosa activated IFN-dependent UPR, related to Figure 4 



(A) RAW264.7 and MH-S cells were treated with IFN-α or IFN-β at different time points and 

then detected mRNA levels of IFIT1. 

(B) RAW264.7 cells were treated with IFN-β at different time points. Immunoblotting analysis 

of JAK-STAT signaling pathways. 

(C) RAW264.7 cells were treated with IFN-β or Tg for 6h. Immunoblotting analysis of STAT1, 

STAT2 and IRF9 in cytoplasmic and nuclear fractions of RAW264.7 cells. 

(D) RAW264.7 cells were treated with IFN-β at different time points. Immunoblotting analysis 

of UPR signaling pathways. 

(E) RAW264.7 cells were treated with IFN-α, IFN-β, IFN-γ and Tg for 6h. Immunoblotting 

analysis of JAK-STAT signaling pathways. 

(F) BMDMs were treated with IFN-α, IFN-β, IFN-γ and Tg for 6h. Immunoblotting analysis 

of JAK-STAT signaling pathways. 

(G) RAW264.7 cells were treated with IFN-β or Tg for 6h. Immunoblotting analysis of ATF6, 

ATF4 and XBP1 in cytoplasmic and nuclear fractions of RAW264.7 cells. 

(H) RAW264.7 cells were transfected with control siRNA, STAT1 siRNA, STAT2 siRNA and 

IRF9 siRNA IFN-β for 48h and then treated with IFN-β for 6h. Immunoblotting analysis of JAK-

STAT signaling pathways. 

(I, J) Chromatin immunoprecipitation sequencing (ChIP-seq) for STAT1 binding in BiP, ATF4 

normalized by input. Blue arrows indicate transcription start site (TSS) of BiP or ATF4. Scale bar 

1000bp. 

qPCR Data (mean ± SEM) are representative of three independent experiments. (*p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 



 
S7 Fig. The cGAS signaling pathway modulates bacterial burdens under P. aeruginosa 

infection, related to Figure 5 

(A) Bacterial burdens of P. aeruginosa in BALF, blood and lung were detected after 24 h post 

P. aeruginosa infection in cGAS-/- mice compared with WT mice. 

(B) Bacterial burdens of P. aeruginosa in blood and lung were detected after 24 h post P. 

aeruginosa infection in cGAS-/- mice compared with WT mice. 

CFU (mean ± SEM) are representative of three independent experiments. (*p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001 one-way ANOVA with Tukey post hoc test) 
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