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Abstract

Sepsis is a severe and complicated syndrome symbolized by dysregulation of host inflammatory 

responses and organ failure with high morbidity and mortality. The literature implies that 

autophagy is a crucial regulator of inflammation in sepsis. Here, we report that autophagy-related 

protein 7 (Atg7) is involved in inflammasome activation in Pseudomonas aeruginosa abdominal 

infection. Following intraperitoneal challenge with P. aeruginosa, atg7fl/fl mice showed impaired 

pathogen clearance, decreased survival, and widespread dissemination of bacteria into the blood 

and lung tissue compared to wild type mice. The septic atg7fl/fl mice also exhibited elevated 

neutrophil infiltration and severe lung injury. Loss of Atg7 resulted in increased production of 

IL-1β and pyroptosis, consistent with enhanced inflammasome activation. Furthermore, we 

demonstrated that P. aeruginosa flagellin is a chief trigger of inflammasome activation in the sepsis 

model. Collectively, our results provide insight into innate immunity and inflammasome activation 

in sepsis.
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Introduction

Sepsis, associated with systemic inflammation in response to infection (1), is a major 

medical problem blamed for approximately 215,000 annual deaths in United States (2, 3). 

This disease sequentially progresses from systemic inflammatory response syndrome 

(SIRS), sepsis, severe sepsis, to septic shock (4). In sepsis, inflammation is required to 

defeat bacterial infection when it is finely adjusted to cause minimal tissue damage (5), 

while severe inflammatory response leads to organ dysfunction or risk for secondary 

infection especially in excessive cytokine-induced cytokine storm or SIRS (6). Although 

sepsis has been studied intensively over the last decades, the mechanism underlying the 

significant pathophysiological alterations has remained elusive.

A major feature of sepsis-induced hyper-response is inflammasome dysfunction (5, 7, 8). 

Growing evidence reveals that inflammasomes play a critical role in Pseudomonas 
aeruginosa infection (9, 10). An inflammasome is an intracellular multiprotein complex that 

mediates the activation of caspase-1, which promotes maturation and release of 

proinflammatory cytokines, such as IL-1β and IL-18, and thus leading to phagocyte 

pyroptosis (11). In sepsis, induced pyroptosis releases a number of inflammatory factors to 

cause plasma-membrane rupture and release of proinflammatory intracellular contents (12). 

Transition from autophagy to pyroptosis is reported to be critical for progression of bacterial 

infection (13). The active inflammasomes, especially the non-canonical inflammasome 

caspase-11 with activated caspase-1, may induce pyroptosis, while autophagy appears to 

negatively regulate pyroptosis during P. aeruginosa infection (14, 15).

P. aeruginosa is an opportunistic Gram-negative human pathogen and responsible for a broad 

range of infections in individuals with cystic fibrosis, immunodeficiency, ventilation-

associated pneumonia, and skin integrity loss (severe burns and trauma) (9, 16). This 

bacterium has become increasingly resistant to various antibiotics, thus, further 

understanding of host-pathogen interaction may discover novel approaches to effectively 

preventing and treating its infection based on harnessing host processes, such as autophagy 

(17). Studies have recently demonstrated an important role for autophagy-related genes (atg) 

in host defense against pathogens including bacteria, parasites, and viruses (17–20). 

Autophagy may directly participate in elimination of pathogens, help deliver bacterial 

antigenic materials to the innate and adaptive immune system, and facilitate lymphocyte 

homeostasis (21). Autophagy-related protein 7 (Atg7) is an E1-like enzyme in the two 

ubiquitin-like conjugation systems essential for autophagosome biogenesis and is frequently 

implicated in innate immunity (22). For example, in HCV (hepatitis C virus)-infected 

hepatocytes, knockdown of Atg7 inhibited HCV growth by activating the interferon 

signaling pathway and inducing apoptosis (19). Atg7 also showed an antibacterial activity in 

host defense against S. typhimurium infection by mediating insulin signaling-mediated 

pathogen resistance (23), as well as pulmonary infection of Klebsiella pneumoniae (24). 

Because different infection models may involve distinct host response pathways, here we 

used Pseudomonas intraperitoneal injection to mimic a common clinical condition 

(peritoneal dialysis) afflicted by Pseudomonas infection (25). We hypothesize that Atg7 may 

be critical for inflammatory response to bacterial infection. Using a P. aeruginosa septic 

model, we investigated the role and underlying mechanism of Atg7 in host-pathogen 

Pu et al. Page 2

J Immunol. Author manuscript; available in PMC 2018 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interaction. Our results suggest that Atg7 may negatively regulate inflammasome activation 

as its deficiency resulted in uncontrolled activation of inflammasome in P. aeruginosa sepsis.

Materials and Methods

Mice

ER-Cre:atg7 fl/fl mice (thereafter atg7 fl/fl) were originally generated by Dr. Masaaki 

Komatsu at Tokyo Metropolitan Institute of Medical Science and our deficiency mice are a 

gift from Drs. Youwen He at Duke University. To generate atg7 fl/fl mice, exon 14 encoded 

regions were disrupted and the mice were bred with estrogen receptor cre mice. atg7 fl/fl 

mice and wild-type C57BL/6J mice (presumably expressing normal or WT levels of Atg7 in 

the lung) were bred in the same facility and injected with 0.1 mg/kg of tamoxifen (Sigma, 

St. Louis, MO) daily for 5 days prior to infection experiments to conditionally delete the 

target gene (26). Age- and sex-matched normal C57BL/6J mice were used as wild-type 

controls as the KO mice were based on C57BL/6J genetic background (after 7 generation 

backcrosses). Tamoxifen injection did not cause significant disturbance in the measured 

infection parameters (bacterial burdens, tissue damage, inflammation, and cytokine levels) in 

comparison with untreated controls. Animal care and experimental procedures were 

approved by the University of North Dakota institutional animal care and use committee 

(IACUC).

Cells

Alveolar macrophages (AMs) were isolated from bronchoalveolar lavage (BAL) (27, 28). 

MH-S cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). 

Bone marrow-derived macrophages (BMDM) were isolated from the femur of C57BL/6J 

wild-type (WT) mice and atg7fl/fl mice after challenged with tamoxifen (29), and cultured in 

DMEM+10% FBS+10 ng/ml GM-CSF (R&D systems, Minneapolis, MN, without 

tamoxifen) (12). AMs were isolated by BAL and maintained in RPMI 1640 (Invitrogen, 

Grand Island, NY) supplemented with 1% penicillin streptomycin glutamine and 10% fetal 

bovine serum (FBS).

Bacterial preparation and infection experiments

P. aeruginosa WT strain, PAO1 was kindly provided by Dr. S. Lory (Harvard Medical 

School). PA-Xen41 expressing bioluminescence was bought from Caliper Company 

(PerkinElmer, Waltham, MA). The fliC mutant of PAK strain was a gift from G. Pier 

(Channing Laboratory, Harvard Medical School, Boston, MA). PAO1 were grown for about 

16 h in LB broth at 37°C with shaking (220 rpm). OD595 of the bacterial suspension was 

measured with a spectrophotometer and the bacteria were enumerated using 1 OD unit = 

1×109 bacteria. The bacteria were centrifuged at 5,000g for 3 min and washed with PBS. 

Then mice were infected intraperitoneally with 5×106 colony forming units (CFU) of PAO1 

after anesthetized by ketamine (45 mg/Kg). Mice were monitored for symptoms and 

euthanized when moribund to generate survival curves using Kaplan-Meier methods (30) 

and perform other assessments.
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In vivo imaging

Mice were infected intraperitoneally with 1×107 CFU of PA-Xen41, at various time points 

after infection, the whole body of mice was imaged using IVIS XRII spectrum imaging 

system (PerkinElmer-Caliper) (31).

Inflammatory cell evaluation

Polymononuclear neutrophil (PMN) infiltration was measured by a Hema staining kit 

(Thermofisher Scientific, Waltham, MA) (32); and myeloperoxidase (MPO) activity in lungs 

was measured as previously described (30,33,34). Confocal microscopy for evaluating 

immune-stained cells was performed as previously described (31, 35).

Histological and immunohistochemistry analysis

Using H&E staining, tissue morphological damage was examined (30, 31). Lung samples 

underwent terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining 

with the DeadEnd™ Fluorometric TUNEL System (Promega kit).

Protein transfection

Flagellin (from P. aeruginosa) was purchased from InvivoGen (San Diego, CA). BMDMs 

were prestimulated with LPS (P. aeruginosa serotype 10, Sigma, 50 ng/ml) for 5 hours, then 

transfected with PAO1 flagellin by Profect P1 (EI Cajon, CA) for the indicated time 

points(36).

Cytotoxicity and cytokines

Cytotoxicity was measured with LDH cytotoxicity assay kit (Thermofisher Scientific). 

Cytokine concentrations were assessed by ELISA kits (eBioscience Company, San Diego, 

CA) (37).

RNA interference and labeling LC3

Cells were transfected with 50 nM siRNAs using LipofectAmine 2000 (Invitrogen), 

following manufacturer’s instruction. The siRNAs: ATG7 siRNA, sc-41448(m), ATG5 

siRNA, sc-41446(m) and AMBRA1 (Beclin-1) siRNA, sc-141039 (m) were purchased from 

Santa Cruz Biotechnology. AM cells were translated with RFP-LC3 plasmid using 

LipofectAmine 2000 reagent following the manufacturer’s instructions (38).

Immunoblotting

Cells were lysed with T-PER Tissue Protein Extraction Reagent, and all lysates were 

quantified by Bio-Rad protein assay. The samples were separated by electrophoresis on 12% 

SDS-PAGE gels and transferred to PVDF transfer membranes. Proteins were detected by 

immunoblotting using primary Abs (all Abs from Santa Cruz Biotechnology) at a 

concentration of 1/1000 and were incubated overnight. Specific interaction was detected 

using corresponding secondary Abs, and detected using ECL reagents (33).
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Confocal immunofluorescence imaging

MH-S cells were cultured onto glass cover slides in 24-well dishes. After washed 3 times by 

PBS, fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X-100 for 

15 min and blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature. 

Slides were incubated with ASC and caspase-1 antibodies (1:250 in 1% BSA in PBS) 

overnight at 4°C. The cells were stained with Alexa594-conjugated, FITC and Rhodamine 

red secondary antibody (molecular probes, diluted 1:1000) for 60 min at room temperature, 

Slides were visualized with Zeiss confocal microscope.

Statistical analysis

Data are presented as mean±SEM of the indicated times of experiments. Statistical analysis 

was done by Student t tests when appropriate (Data are normally distributed). A p value of < 

0.05 was considered significant. Statistical analysis was performed using GraphPad Prism 6 

(GraphPad Software).

Results

atg7fl/fl mice are susceptible to P. aeruginosa infection

To investigate whether Atg7 impacts immunity to P. aeruginosa infection, we challenged 

normal C57BL6J WT mice and ER-Cre:atg7 fl/fl mice (short as atg7 fl/fl) mice (both received 

tamoxifen injection) with PA-Xen 41 by i.p. injection (1×107 CFU per mouse) to investigate 

bacterial dissemination during infection. Results showed that atg7fl/fl mice exhibited wider 

dissemination of bioluminescence in the body than WT mice using an IVIS XRII imaging 

system (Figure 1A). We also examined survival using WT and atg7fl/fl mice after injecting 

5×106 CFU PAO1. In additional control assays, ER-Cre:atg7 fl/fl mice that did not receive 

tamoxifen injection showed similar phenotype as normal control C57BL6J WT mice 

(bacterial burdens and survival). We observed that 25% of the atg7fl/fl mice survived 

compared to 75% of WT mice at 6 d, indicating that Atg7 may be required for host defense 

against P. aeruginosa infection in our sepsis model.

Atg7 deficiency aggravates bacterial dissemination, PMN penetration, and lung injury in P. 
aeruginosa sepsis

Bacterial dissemination is an important pathogenesis feature of sepsis syndrome (39). At 24 

h post bacterial infection (psi), we evaluated the number of live bacteria in the blood of WT 

mice and atg7fl/fl mice, respectively. Atg7 loss resulted in profoundly elevated bacteremia 

(Figure 2A), and based on the hematogenous spread, bacteria were significantly 

disseminated to the lung tissue and BAL fluid (BALF) of septic atg7fl/fl mice (Figure 2B–C). 

Blood and BALF were Hema stained at the indicated time points to evaluate 

polymorphonuclear neutrophil (PMN) infiltration, which was increased in septic atg7fl/fl 

mice (Figure 2D–E). To corroborate the PMN filtration with subsequent tissue injury, we 

examined myeloperoxidase (MPO) activity as another measure of PMN presence in the 

lungs of septic WT and atg7fl/fl mice, which was significantly increased in septic atg7fl/fl 

mice at both 12 and 24 h psi (Figure 2F). We also assessed the extent of lung injury by H&E 

staining and found more severe histological alterations, indicating exacerbated lung injury in 
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septic atg7fl/fl mice (Figure 2G). Thus, these data collectively demonstrated that depletion of 

Atg7 resulted in increased bacterial dissemination, PMN penetration, and lung injury in P. 
aeruginosa-induced sepsis.

Loss of Atg7 results in hampered autophagosome formation and increased IL-1β 
production upon P. aeruginosa infection

Autophagy is a conserved cellular mechanism and may play a role in host defense during 

bacterial infection (40). To explore this notion, we quantified the number of autophagosomes 

in individual cells by counting LC3 puncta. We found that atg7fl/fl MHS cells manifested 

reduced autophagosomes compared to WT cells (Figure 3A), indicating that Atg7 deficiency 

inhibits autophagosome formation. Given the importance of autophagy in interplay with 

inflammatory cytokines in regulating inflammatory responses, we intraperitoneally infected 

WT mice and atg7fl/fl mice with PAO1, and assessed inflammatory cytokines in BALF and 

blood. In septic atg7fl/fl mice, IL-1β levels in BALF and blood were significantly elevated 

compared to those of septic WT mice (Figure 3B–C). However, other proinflammatory 

cytokines (i.e., TNF-α and IL-6) were not apparently altered in the BALF (Figure 3D–E). In 

vitro data again showed significantly elevated IL-1β in Atg7 knockdown MH-S cells, while 

TNF-α showed no obvious change (Figure 3F–G), indicating that Atg7 deficiency 

specifically impacts IL-1β production upon P. aeruginosa infection.

Atg7 deficiency increases inflammasome activation upon P. aeruginosa infection

Hypersecretion of IL-1β is a typical marker of inflammasome activation (41). We examined 

the effect of Atg7 knock-out on inflammasome activation by PAO1 infection using primary 

mouse BMDMs. Since IL-1β precursor is induced by activation of the NF-κB pathway in 

response to the stimuli of pathogen-associated molecular patterns (PAMPs) (42), we pre-

stimulated BMDMs with LPS for 5 hours with different doses, and infected the cells with 

PAO1 for another 4 hours. In Atg7 knock-out conditions, we found that inflammasome 

activation was markedly increased as shown by hypersecretion of the active forms of both 

IL-1β and caspase-1 by western blotting (Figure 4A). Concordant with these observations, 

IL-1β processing was increased under Atg7 knock-out conditions upon P. aeruginosa 
infection by ELISA assay (Figure 4B), but TNF-α and IL-6 were not (Figure 4C–D). We 

further knocked down Atg5 or Beclin1 with siRNA silencing in BMDM, and examined the 

production of caspase-1 and IL-1β (Figure S1). We also observed that reduction in 

autophagy due to Atg7 knock-out induces inflammasome hyperactivation, which was in 

agreement with other reports from defects of critical autophagy factor Atg5 and Atg16L1 

(43, 44).

Atg7 deficiency increases pyroptosis in macrophages upon P. aeruginosa infection

Hyperactivation of IL-1β signaling is associated with pyroptosis (41). Herein, we isolated 

AMs from WT and atg7fl/fl mice, and infected them with PAO1 at different MOI. Cell death 

was determined by lactate dehydrogenase (LDH) release (Figure 5A). In addition, to identify 

cell death relating to Atg7, we tested cell survival after infected with PAO1 and found that 

the Atg7 deficiency cells have lower viability (Figure 5B). To probe the cell death type, we 

performed western blotting and detected increased ASC and IL-18 in the lung of atg7fl/fl 

mice, indicating pyroptosis occurrence in the cells (Figure 5C). To verify the pyroptotic cell 
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death occurred in MH-S cells, we examined caspase-1 expression and ASC oligomerization 

in response to LPS/ATP stimulation and P. aeruginosa infection by immunofluorescence. 

Both caspase-1 specks and ASC pyroptosomes were low in unstimulated controls, but were 

induced over time by LPS/ATP stimulation and P. aeruginosa infection in Atg7 siRNA-

transfected MH-S cells (Figure 5D). These data showed that Atg7 deficiency increases 

pyroptosis in macrophages upon P. aeruginosa infection.

Flagellin is a potential mediator of inflammasome hyperactivation in Atg7 deficiency by P. 
aeruginosa infection

To establish the mechanistic relationship between IL-1β production and pyroptosis in Atg7 

depleted condition, we studied inflammasome activation phenotypes in AMs. We noted that 

in the absence of Atg7, there was an increase in the activation of the NLRC4 inflammasome 

following PAO1 infection with increased cleaved-IL-1β and caspase1P10 (Figure 6A). 

Inflammasome activation is critical for sepsis, and is associated with various forms of 

PAMPs potent for activating inflammasome (45). Flagellin, a conserved PAMP, has been 

shown to be the major stimulus for IL-1β production in acute P. aeruginosa pneumonia (46). 

To clarify whether flagellin is indeed involved in the inflammasome hyperactivation under 

Atg7-deficiency condition, BMDMs were transfected with PAO1 flagellin by Profect-P1. 

Atg7 depletion significantly elevated the expression of IL-1β and caspase-1 as determined 

by western blotting (Figure 6B). Similar effects were observed by ELISA assay (Figure 6C). 

However, TNF-α and IL-6 expression showed no apparent changes after Atg7 depletion 

(Figure 6D–E). We also performed H&E staining to assess the extent of lung injury and the 

results showed no significant histological alterations (Figure S2). Taken together, these 

findings suggest that Atg7 plays an essential role in the downregulation of inflammasome 

activation, and that flagellin may be a potential mediator of inflammasome hyperactivation 

in Atg7 deficient condition under P. aeruginosa infection.

Discussion

This study demonstrates that Atg7 deficiency profoundly impacts the progression of P. 
aeruginosa-induced sepsis. Atg7-deficient septic mice exhibited exacerbated bacterial 

dissemination and decreased survival, along with severe lung injury and enhanced 

inflammatory response. Furthermore, the autophagy-deficient setting appears to aggravate P. 
aeruginosa or flagellin-mediated hyperactivation of macrophage inflammasome. These 

results presented in this study offer insight into Atg7 functional relevance to host defense 

and disease pathogenesis in bacterial sepsis. We analyzed the involvement of flagellin in 

initiating inflammasome activation in Atg7 deficiency. However, we cannot exclude the 

possibility that other bacterial structural and virulence factors including type 3 secretion 

systems (T3SS), which may participate in the complex pathogenesis responsible for 

inflammation (47–49). A recent report demonstrated that lipopolysaccharide (LPS) was 

delivered from gram-negative bacteria by outer membrane vesicles to the host cell cytosol 

and triggered caspase-11 activation (50). Thus, LPS may be another factor for 

inflammasome activation on P. aeruginosa-induced sepsis progression.
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Sepsis is a complex disease involving inflammatory response that occurs during severe 

infection (6). Our understanding of autophagy relevance to sepsis indicates the critical role 

of Atg7 protein. Previous studies have shown that autophagy not only plays specific roles in 

functioning in a cell-autonomous manner to degrade intracellular pathogens (40), but also 

helps orchestrate the systemic immune response by serving as a regulator of innate 

immunity, adaptive immunity, and inflammation (51). In vitro study shows that silencing of 

autophagy-related genes leads to heavier bacterial burdens in macrophages (17, 23); and 

deletion of atg genes in plant and drosophila results in increased viral replication and 

increased mortality or more severe pathological phenotypes (52). Our in vivo data provide 

support for the hypothesis that in P. aeruginosa-induced sepsis progression, deficiency in 

Atg7 exacerbated infection outcomes. We found that Atg7-deficiency septic mice exhibited 

stronger dissemination of bacterial infection in the body and lower survival than WT septic 

mice. These observations seem to be consistent with previous studies (53). Furthermore, 

knockdown of Atg7 increased tissue injury and inflammatory responses, particularly IL-1β 
and pyroptosis by inflammasome activation. In addition, increasing studies explored the 

immune crosstalk between autophagy and inflammasome pathways in bacterial infection 

(54, 55), particularly the P. aeruginosa-induced sepsis progression. Extending the first report 

of P. aeruginosa-induced autophagy in alveolar cells, we have previously described the 

regulatory role of Atg7 in inflammatory response in Klebsiella pneumoniae pulmonary 

infections (24). We also found that Atg7 can augment immunity against P. aeruginosa in 

intranasal infection through activation of nitric oxide pathway (26) and enhancement of 

phagocytosis maturation (56). Note our previous studies were based on pulmonary models, 

different from the current sepsis model, which appears to be regulated through distinct 

cellular pathways following the same bacterial infection. Although intraperitoneal infection 

was used, surprisingly significant pulmonary infection (pneumonia) and lung injury were 

apparently induced. More recently, we observed that proinflammatory cytokine IL-17A(57) 

is related to P. aeruginosa-induced infection and inflammation. These studies suggest that 

infection-induced inflammatory response regulation is extremely important for infection 

control and the mechanism of the inflammatory regulation is very complex. Finally, Atg-7-

mediated autophagy mechanisms involve many other diseases including acute liver injury 

(58, 59).

P. aeruginosa is a ubiquitous environmental bacterium and is amongst the top three causes of 

opportunistic human infections (60). The role of inflammasome pathways in P. aeruginosa 
pathogenesis is rather complex. In previous studies, IL-1 receptor type 1 gene-deficient 

(il-1r−/−) mice that were intranasally infected with P. aeruginosa showed attenuated 

outgrowth of bacteria in lungs, and exhibited decreased influx of neutrophils in 

bronchoalveolar lavage fluids (26). Similarly, inflammatory responses in the lung were 

lower in il-1r−/− mice than those in WT mice. Furthermore, treatment of WT mice with 

IL-1R antibodies also diminished outgrowth of P. aeruginosa when compared to WT mice 

(61). In addition, other studies have indicated involvement of the caspase-1/inflammasome 

signaling pathway in P. aeruginosa infection (62, 63). These studies demonstrated that P. 
aeruginosa infection activates caspase-1 in macrophages in an IPAF (NLRC4)-dependent 

manner (64). Strategies that block inflammasome activation, such as deletion of IPAF, 

reduction of IL-1β production, and inhibition of caspase-1 lead to enhanced bacterial 
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clearance and alleviated pathology in P. aeruginosa pneumonia mice (9). These reports also 

suggest that some conserved PAMPs triggered inflammasome signaling; and as an example, 

flagellin, the basic structure protein that enables bacterial mobility, is a key stimulus for 

IL-1β production (9).

Recently, AIM2 (absent in melanoma 2) and NLRP3 (NLR family pyrin domain containing 

3) inflammasomes are also reported to be activated during P. aeruginosa infection in Atg7 

siRNA knockdown conditions (64, 65). These papers together with our study emphasize that 

multiple types of inflammasomes with diverse functions can be activated during P. 
aeruginosa infection. NLRC3 is recently shown in inhibiting tumorigenesis by suppressing 

mTOR and growth factor receptors (66), raising a possibility that some signaling regulators 

inhibit autophagy while others enhance it to tightly regulate inflammatory responses. The 

interplay between inflammasomes and autophagy varies greatly with pathogens, infection 

conditions, time points, host cells, animal models, etc. Hence, Atg7 deletion may contribute 

to elevated inflammatory responses and the underlying molecular mechanism in bacterial 

infection and sepsis progression merits further studies.

Autophagy has been considered crucial for inflammasome signaling. Following LPS 

stimulation, deficiency in Atg16L1 led to increased amounts of inflammatory cytokines 

(IL-1β and IL-18). Mice lacking Atg16L1 are highly susceptible to dextran sulphate sodium-

induced acute colitis, which can be alleviated by injection of anti-IL-1β and IL-18 antibodies 

(44). Other groups have also reported that in atherosclerotic progression, defective 

autophagy is associated with proatherogenic inflammasome activation and autophagy 

dysfunction promotes atherosclerosis in part through inflammasome hyperactivation (43). 

Likewise in our present study, we observed overproduction of IL-1β and intensified 

pyroptosis in septic Atg7-deficient mice compared to septic WT mice. Particularly, 

transfection of flagellin into Atg7-deficient macrophages also led to inflammasome 

hyperactivation, suggesting that autophagy can regulate host immune response to flagellin 

through some unknown mechanisms. This study mostly focuses on the role of immune cells 

(AM and BMDM) in inflammasome activation while other cell types, such as epithelial 

cells, may also participate in this inflammatory process, which can be a future topic.

In summary, our data have characterized an important role of Atg7 in host defense against P. 
aeruginosa-induced sepsis in mice, revealing the crosstalk between autophagy and 

inflammasome signaling. Given the importance of inflammasome hyperactivation caused by 

Atg7 deficiency in the progression of P. aeruginosa sepsis, further mechanistic studies are 

warranted to investigate the molecular mechanism of autophagy dysfunction in 

inflammasome hyperactivation.
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Figure 1. 
Infection progression of WT mice and atg7fl/fl mice after P. aeruginosa challenge. (A) Whole 

body imaging of infected WT mice and atg7fl/fl mice after i.p. injection of 1×107 CFU PA-

Xen41, respectively. Representative images of WT and atg7fl/fl mice (n=8) at different time 

points using IVIS XRII imaging (arrows indicating spread of infection). Data are 

representative of three experiments. (B) WT mice and atg7fl/fl mice were infected by i.p. 
injection of 5×106 CFU of PAO1, survival was represented by Kaplan-Meier curves. (*P 
<0.05, n=8, log-rank test).
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Figure 2. 
Disruption of Atg7 leads to severe bacterial dissemination, PMN penetration and oxidative 

lung injury in P. aeruginosa-induced sepsis. (A–C) Twenty-four hours after the onset of i.p. 
PAO1, blood, lung tissues and bronchoalveolar lavage fluid (BALF) of WT mice and atg7fl/fl 

mice were collected to detect bacterial dissemination by CFU assay. (*P<0.05; n=5, T tests.) 

(D–E) At 0, 12 and 24 hours after i.p. injection of PAO1, PMN infiltration levels in the 

blood and BALF were measured by Hema staining. (*P<0.05; n=5, T tests.) (F) MPO 

activity in lungs following i.p. PAO1 challenge in WT mice and atg7fl/fl mice. At 0, 12 and 

24 hours after i.p. infection with PAO1, lung tissues were collected to determine MPO 

activity. (*P<0.05; n=5, T tests.) (G) Representative histological views of lungs of WT mice 

and atg7fl/fl mice after 24 hour i.p. infection with PAO1 by H&E staining (Inset shows the 

enlarged view). Data are shown as mean ± SEM of three independent experiments (*P<0.05; 

n=3 mice; T tests.)
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Figure 3. 
Hampered autophagosome formation and increased IL-1β in Atg7-deficient macrophages 

and septic atg7fl/fl mice (A) AM cells were transfected with RFP-LC3 plasmid for 24 hours. 

Then the cells were infected with PAO1 at MOI of 10:1 for the indicated time periods. The 

number of LC3 puncta (arrows) within each cell was determined by confocal laser scanning 

microscopy. Arrows show RFP-LC3 punctation. WT mice and atg7fl/fl mice (*P<0.05; n=5, 

T tests.) were infected with 5×106 CFU of PAO1 for 24 hours. (B) IL-1β (eBioscience, Cat 

#, 88-7013) production in BALF of WT mice and atg7fl/fl mice. (C) IL-1β levels in blood of 

WT mice and atg7fl/fl mice. (D) TNF-α (88-7324) concentrations in BALF of WT mice and 

atg7fl/fl mice. (E) IL-6 (88-7064) levels in BALF of WT mice and atg7fl/fl mice. (*P<0.05; 

n=5, T tests.). (F) IL-1β (88-7013) concentrations in siRNA-transfected and WT MH-S cells 

at different times. (G) TNF-α (88-7324) concentrations in siRNA-transfected and WT MH-

S cells at different times. Cytokines were measured by ELISA. Data are representative of 

three independent experiments (*P<0.05; n=5, T tests.)
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FIGURE 4. 
Atg7 deficiency hyperactivates inflammasome in macrophages upon P. aeruginosa infection. 

(A–B) Bone marrow-derived macrophages (BMDMs) were isolated from atg7fl/fl mice and 

C57BL/6J WT mice, then pre-stimulated with LPS for 5 hours. (A) Cells were infected with 

PAO1 at different MOIs. 4 hours later, cell lysates and cell culture media were harvested for 

western blot analysis. Atg7, pro-caspase-1, pro-IL-1, caspase-1 (P10), and IL-1β (P17) were 

evaluated by Western blotting. Densitometric analysis of caspase-1 (P10), and IL-1β (P17) 

by quantity one (B–D). Cell culture media were also assayed for IL-1β, TNF-α, IL-6 

concentration by ELISA. (*P<0.05; n=3, T tests.)
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FIGURE 5. 
Exacerbated P. aeruginosa-induced pyroptosis in AM cells from atg7fl/fl mice and siRNA-

transfected MH-S cell. (A) Alveolar macrophages of WT mice and atg7fl/fl mice were 

infected with PAO1 at indicated MOI for 4 hours, cytotoxicity was determined by LDH 

release. (*P<0.05; n=3, T tests.) (B) MTT assay of MHS cells infected by PAO1. (*P<0.05; 

n=10, T tests.) (C) WT and Atg7 deficiency mouse lungs were tested by western blotting 

after infected for 5h, 10h and 20h, respectively. Caspase-1, IL-18, NLRC4, and ASC were 

evaluated. (D) WT and Atg7 siRNA-transfected MH-S cells were infected with PAO1 

(MOI=10:1) for 2 h or stimulated for 5 h with or without LPS (500 ng/ml) and ATP (5 

mmol). Cells were stained with FITC and Rhodamine secondary antibodies, caspase-1 speck 

and ASC cells were analyzed by immunofluorescence. Data are representative of three 

independent experiments. (*P<0.05; n=3, T tests.)
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Figure 6. 
Flagellin mediates inflammasome hyperactivation in Atg7 deficient condition by P. 
aeruginosa infection. (A) MH-S and Atg7 siRNA-transfected MH-S cells were infected with 

PAO1 at different times (MOI=10:1). Western blotting of Atg7, caspase1P10, NLRC4, 

cleaved IL-1β, LC3 and β-actin was performed with no infection and 2 hour –starved 

controls. (B–C) Cells were transfected with PAO1 flagellin by Profect-P1 for indicated time 

points. Atg7, pro-caspase-1, pro-IL-1β, caspase-1 (P10), and IL-1β (P17) were evaluated by 

Western blotting. Densitometric analysis of caspase-1 (P10), and IL-1β (P17) by quantity 

one (B–D). Cell culture media were also assayed for IL-1β concentration by ELISA (bottom 

panel). (D–E) Cells were transfected with PAO1 flagellin by Profect P1 for the indicated 

time points. TNF-α and IL-6 levels in culture media were analyzed by ELISA. Data are 

shown as mean ± SEM of three independent experiments (*P<0.05; n=3, T tests.)
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