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Inflammasome signaling can contribute to host innate immune defense against 

bacterial pathogens such as Pseudomonas aeruginosa or Salmonella typhimurium. 

In most studies, the activation of inflammasome caused by bacterial infection has 

been studied in host cells after engulfing bacteria. However, the inflammasome 

activation by bacterial-secreted molecules is not well elucidated. 

In part 1, the results regarding quorum sensing (QS) and inflammasome 

signaling are described. Quorum sensing means bacterial communication that 

improves the toxicity of bacteria by promoting the expression of many QS-related 

genes, such as those related to toxic factors. Although quorum sensing plays an 

important role in the toxicity of P. aeruginosa, little is known about the molecular 

effects of QS that affect the host innate immune response. Here, I showed that P. 
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aeruginosa restrains inflammasome signaling by releasing QS-dependent 

molecules in mouse bone marrow-derived macrophages (BMDMs). Secreted 

flagellin in bacterial secretant from QS-defective strain ∆lasR/rhlR mutant, but not 

from wild type P. aeruginosa triggers robust activation of the NLRC4 

inflammasome. In this situation, bacterial secretant from WT P. aeruginosa impairs 

activation of NLRC4 inflammasome by degrading extracellular flagellin via 

secreted proteases. Furthermore, secreted-proteases from WT P. aeruginosa also 

degrade inflammasome components in extracellular space to inhibit the 

propagation of inflammasome-mediated responses. Additionally, both QS-related 

virulence factor pyocyanin and QS autoinducer 3-oxo-C12 homoserine lactone 

directly inhibit activation and assembly of NLRC4 and NLRP3 inflammasome. 

Collectively, these results indicate that P. aeruginosa evades the host 

inflammasome defense system through QS-dependent mechanisms. 

In part 2, the results regarding the outer membrane vesicles (OMVs), one kind 

of the bacterial secretant, and activation of inflammasome signaling are described. 

OMVs are produced by commensal and pathogenic gram-negative bacteria. OMVs 

are known as a cargo carrier that allows bacterial cell to communicate with each 

other, but also it interacts with host cells. But the molecular mechanism of how 

OMVs affect the activation of host inflammasome is not fully elucidated. Here, I 

present evidences that OMVs in bacterial secretant from S. typhimurium, 

intracellular bacteria, can induce host inflammasome signaling in BMDMs. First, 

bacterial secretant from S. typhimurium promotes the activation of inflammasome, 

and this result is dependent on NLRC4. Furthermore, OMVs trigger NLRC4 

inflammasome activation because of the presence of flagellin and type Ⅲ 
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secretory system (T3SS) component prgJ protein on the surface of isolated OMVs. 

The activation of inflammasome signaling by OMVs was mediated by clathrin-

dependent endocytosis. When OMVs from flagellin-deficient S. typhimurium were 

used, it was confirmed that flagellin played an important role in the OMVs of S. 

typhimurium by observing that activation of NLRC4-dependent inflammasome did 

not occur. In addition, OMVs from P. aeruginosa, flagellated bacteria, promoted 

NLRC4-mediated inflammasome activation, but not from non-flagellated E. coli 

strain. Taken together, these data suggest that the OMVs of S. typhimurium can 

cause activation of NLRC4 inflammasome by transporting flagellin to host cells as 

a cargo carrier. 
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I. INTRODUCTION 

Inflammasomes are multi-protein complexes, including NOD-like receptor (NLR) 

family, pyrin domain-containing 3 (NLRP3), NLR family, CARD-containing 4 (NLRC4) 

and absent in melanoma 2 (AIM2). They work immunological sensor to recognize many 

stimuli that include damage-associated molecular patterns (DAMPs) or pathogen-

associated molecular patterns (PAMPs).1 When inflammasomes perceive stimuli, it is 

assembled after that it has been activated. Activated inflammasomes induce activation of 

caspase-1 which processes pro-inflammatory cytokines such as pro-interleukin-1β (Pro-IL-

1β) and pro-interleukin-18 (Pro-IL-18) into active IL-1β and IL-18 and releases 

extracellular spaces. Especially, this process provides host with an innate immune defense 

against direct or indirect sensing of bacterial components in the cytoplasm upon invading 

bacterial pathogens.2,3 The cytosolic presence of bacterial flagellin or type 3 secretory 

system (T3SS)-associated proteins can promote the activation of the NLRC4 

inflammasome with the engagement of neuronal apoptosis inhibitory protein (NAIP), a 
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direct sensor of bacterial proteins.4-6 Moreover, bacterial double-stranded DNA (dsDNA) 

from phagocytosed bacteria is recognized in the cytoplasm by binding directly AIM2, 

which then assembles into the AIM2 inflammasome complex using dsDNA as a 

platform.7,8 Furthermore, diverse bacterial toxins including pore-forming toxins (e.g., 

hemolysin, pneumolysin) and Clostridium difficile toxin B (TcdB) stimulate activation of 

NLRP3 and Pyrin inflammasomes, respectively, by inducing intracellular alterations such 

as an efflux of potassium or the inactivation of Rho GTPases.9-11 Upon bacterial infections, 

these inflammasome sensor components assemble the inflammasome complex with ASC 

and procaspase-1 leading to caspase-1-dependent pyroptotic cell death through cleavage of 

gasdermin-D (GSDMD) and IL-1β or IL-18 secretion for efficient clearance of invading 

bacteria. 

Pseudomonas aeruginosa, described in Part 1, is a gram-negative, extracellular and 

flagellated opportunistic pathogen that is able to cause acute and chronic infectious 

diseases such as pneumonia, sepsis and cystic fibrosis in immunocompromised host.12-14 

This opportunistic bacterial pathogen produces multiple virulence factors involved in 

pathogenesis. At first, the flagella contribute to effective P. aeruginosa pathogenesis 

through flagella-mediated bacterial motility and adhesion.15 Furthermore, like most of the 

gram-negative bacteria, P. aeruginosa has been known to use T3SS to deliver various 

virulence factors such as exotoxins (e.g., ExoS, ExoU, ExoT, ExoY) into the cytoplasm of 

host cells.16 In this respect, the T3SS is required for P. aeruginosa virulence. Among the 

previously mentioned exotoxins, ExoU is reported the most potent cytotoxin causing target 

cell death through its phospholipase activity.16 In addition to these, Quorum sensing (QS) 

refers to overall process of cell to cell communications and is understood to act as a crucial 

regulator of virulence factors of P. aeruginosa (Fig. 1).17,18 It is composed of regulatory 

proteins and signaling molecules that related to expression of virulence genes. P. 

aeruginosa has two different QS systems that consist of LasR-LasI and RhlR-RhlI 

systems.19 In the QS system of P. seruginosa, N-acyl homoserine lactones (AHLs) such as 
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N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL) or N-butyryl-L-homoserine 

lactone (C4-HSL) are the most important communication signaling molecules, and are 

referred to as autoinducer.19 Once the level of AHLs reaches a threshold because of 

increased bacterial communications, these autoinducers combine with the LasR or RhlR 

protein to form a complex and then act as transcription factors to control the QS signaling 

pathways. Activated each system modulates expression and secretion of various virulence 

factors such as antibiotic molecules, biofilm related molecules, many proteases and toxin 

like molecules.20 Because of these functions, QS systems are closely related toxicity of P. 

aeruginosa.20,21 However, the molecular impact of bacterial QS on the host innate immune 

response remains poorly described. 

 

Figure 1. The regulation process of virulence by two-AHL (N-acyl homoserine 

lactones) quorum sensing systems of Pseudomonas aeruginosa.   
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Innate immune defense against P. aeruginosa largely depends on the immediate 

recognition of essential bacterial virulence factors. In particular, monomeric flagellin, a 

basic component of flagella, is sensed by toll-like receptor 5 (TLR5) on the host cell 

plasma membrane leading to the production of pro-inflammatory cytokines.22 Furthermore, 

both flagellin and T3SS components such as PscC are required for P. aeruginosa-triggered 

activation of the NLRC4 inflammasome in a TLR5-independent manner.23,24 Despite the 

critical role of bacterial QS in the virulence of P. aeruginosa, it remains poorly understood 

whether this bacterial communication signaling affects host inflammasome-mediated 

immune responses.  

In Part 1, I demonstrated that a potential effect of QS system in P. aeruginosa could 

affect inflammasome signaling, and present molecular evidence that P. aeruginosa QS-

related products could suppress the activation of inflammasome pathways. 

  



8 

 

Salmonella enterica serovar typhimurim (S. Typhimurium), described in Part 2, is an 

intracellular gram-negative bacteria that infect a variety of hosts and cause a various 

diseases such as bacteremia and gastroenteritis. Salmonella invades various types of cells 

including phagocytic cells such as neutrophils, dendritic cells and macrophages and non-

phagocytic cells like epithelial cells.25-27 In particular, Salmonella can survive and replicate 

in Salmonella-containing vacuole (SCV), which is distinct from phagosome in infected 

macrophage.28 Like most of the gram-negative bacteria, S. Typhimurium has been known to 

use Type Ⅲ secretory systems (T3SS) to inject various virulence factors, which are toxins, 

flagellin and T3SS apparatus proteins (e.g., PrgI and PrgJ), into the cytoplasm of host 

cells.29 These components induce activation of NLRC4 inflammasome through NAIPs. 

Moreover, cytoplasmic LPS stimulates activation of non-canonical NLRP3 inflammasome 

activation through caspase-11 activation in a TLR4 independent manner upon cytosolic 

bacterial infection.30,31 

Outer membrane vesicles (OMVs) are lipid layer-based spherical particles which are 

20-250 nm in diameter that produced by commensal and pathogenic gram-negative 

bacteria during their normal growth states or infectious conditions.32 Bacteria can affect 

host cells through OMVs, resulting in host immune responses. OMVs from S. typhimurim 

stimulate secretion of pro-inflammatory cytokines such as tumor necrosis factor alpha 

(TNF-α) and interleukine-12 (IL-12) and activation of immune response in macrophage 

and dendritic cells.33 Moreover, because OMVs originate from the cell envelope of bacteria 

they contain endotoxins, which induce TLRs signaling in various host cells such as 

epithelial cell, neutrophils and macrophages.34 Furthermore, various molecules in OMVs 

may affect host cells because OMVs are known to work as a carrier for the cargo 

molecules including DNA, RNA or various proteins.35 OMVs from P. aeruginosa contain 

PAMPs such as flagellin or CpG DNA other than LPS that stimulate secretion of 

interleukine-8 (IL-8) in lung epithelial cells.36 However, whether these PAMPs of OMVs 

affect the host cells is not fully understood. According to recent reports, secreted OMVs 
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from gram-negative bacteria enter the host cells through clathrin-mediated endocytosis but 

not phagocytosis. Then OMVs are located on early endosomes that enable LPS to access to 

the cytoplasm. Caspase-11 is activated by recognizing cytosolic LPS and causes 

proteolytic cleavage of GSDMD and pyroptosis.37 In addition, there are some studies, 

which describe the molecular mechanism between cytosolic LPS and caspase-11. 

Guanylate-binding proteins (GBPs) are expressed by Type-Ⅰ interferon (IFN) signaling 

through IFNAR and are recruited by cytosolic LPS. They mediate directly or indirectly 

caspase-11 binding to cytosolic LPS.38,39 This finding suggests that caspase-11 is important 

for host immune defense upon infection of intracellular bacteria as well as leakage LPS 

through OMVs.  

Although it is known that the LPS of OMVs induces host immune response during 

bacterial infection, the effects of OMVs as a cargo carrier on activation of inflammasome 

have not been understood. In Part 2, I suggested a potential role of OMVs as cargo carrier 

to contribute to activation of NLRC4 inflammasome. 
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II. MATERIALS AND METHODS 

1. Mice 

C57BL/6 mice were obtained from Orient Bio. Nlrp3-/- mice were purchased from The 

Jackson Laboratory. Nlrc4-/- mice were kindly provided by Dr. G. Nunez (University of 

Michigan, Ann Arbor, USA). All mice were on C57Bl/6 background and 8-10 weeks male 

mice were used for the experiments. All mice were maintained under specific pathogen-

free conditions at Yonsei University College of Medicine. All experiments were performed 

in accordance with the approved guidelines of the Institutional Ethical Committee. 

 

2. Cell cultures 

Mouse bone marrow-derived macrophages (BMDMs) were differentiated from bone 

marrow cells isolated from mouse femurs and tibias of C57BL/6, Nlrp3-/- or Nlrc4-/- mice. 

Bone marrow progenitor cells were cultured in 8% L929-conditioned Dulbecco’s modified 

Eagle’s medium (DMEM, Corning, NY, USA) supplemented with 10% fetal bovine serum 

(FBS, Corning) and 100 U/ml penicillin and streptomycin (Gibco, Gran Island, NY, USA). 

After 3 days, non-adherent cells were carefully removed and culture medium was replaced 

with L929-conditioned DMEM. Then augmented cells were plated in appropriated plate 

with 5% L929-conditioned DMEM. Immortalized wild-type (WT), Asc-/-, NLRP3-GFP-

expressing BMDMs and ASC-GFP-expressing THP-1 cells were kindly provided by Dr. 

E.S. Alnemri (Thomas Jefferson University, Philadelphia, PA, USA). All immortalized 

BMDMs were maintained in L929-conditioned DMEM. THP-1-ASC-GFP cells were 

grown in Roswell Park Memorial Institute medium (RPMI-1640, Corning) supplemented 

with 10% FBS, 100 U/ml penicillin and streptomycin (Gibco), 2 mM glutamine (Gibco), 

10 mM HEPES (Gibco), 1 mM sodium pyruvate (Gibco), and 0.05 mM 2-mercaptoethanol 

(Gibco). For the experiments, THP-1-ASC-GFP cells were differentiated into macrophage-
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like cells using a phorbol 12-myristate 13-acetate treatment for 2 hours (hr) and plated in 

appropriated plate. A549 cells were cultured in DMEM supplemented with 10% FBS and 

100 U/ml penicillin and streptomycin. Then determining cell death was measured by 

detecting the extracellular release of lactate dehydrogenase. Unless otherwise stated in the 

following results, 1 x 106 cell/well was performed on a 6 well plate for the immunoblotting 

experiment, and 0.4 x 106 cell/well on a 12 well plate for the ELISA and cytotoxicity 

experiment. 

 

3. Reagents and Antibodies 

LPS, nigericin, ATP, Pam3CSK4, poly dA:dT, pyocyanin (PCN), proteinase K, 

cytochalasin D, gentamicin, OptiPrep and DOTAP liposomal transfection reagent were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Pitstop2 was purchased from Abcam 

(Cambridge, UK). Flagellin purified from P. aeruginosa was purchased from Invivogen 

(San Diego, CA, USA). N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL) and 

N-butyryl-L-homoserine lactone (C4-HSL) were purchased from Cayman (Ann Arbor, MI, 

USA). CytoTox96 non-radioactive cytotoxicity assay kit was obtained from Promega 

(Madison, WI, USA).  

Mouse anti-caspase1 p20 antibody and mouse anti-NLRP3 antibody were obtained 

from Adipogen (San Diego, CA, USA). Mouse anti-NLRC4 antibody was purchased from 

Youngin Frontier Co. Ltd. (Seoul, Republic of Korea). Anti-ASC antibody was purchased 

from Santa Cruz (Dallas, TX, USA). Mouse anti-IL-1β antibody was purchased from R&D 

Systems (Minneapolis, MN, USA). Mouse anti-IL-6 antibody was obtained from Cell 

Signaling (Danvers, MA, USA). Anti-flagellin from P. aeruginosa or S. typhimurium 

antibody purchased from Invivogen. Anti-OmpA antibody was obtained from Biorbyt 

(Cambridge, England). Anti-PrgJ antibody was obtained from Cusabio (Houston, TX, USA) 
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4. Bacterial cultures and infection 

Pseudomonas aeruginosa was used laboratory strain PAO1. PAO1 WT and deletion 

mutants (∆lasR/rhlR, ∆lasR, ∆rhlR, ∆fliC, ∆lasR/rhlR/fliC, ∆lasR/fliC, and ∆lasB) were 

kindly gifted from Dr. Yoon SS (Yonsei University College of Medicine, Seoul, Korea). 

For bacterial infection, all PAO1 strains were grown overnight in Luria-Bertani (LB, USB 

Corporation, Cleveland, OH, USA) medium at 37°C with shaking and aeration, then 

diluted 1:50 with fresh LB medium and grown at same condition for an additional 2 hr. 

Cultured bacteria were normalized by measuring absorbance of OD600 and an equal 

number of bacteria were transferred to Eppendorf tube. Bacteria were pelleted by 

centrifugation and resuspended in Opti-MEM (Gibco) medium. The bacterial suspension 

was added to the culture medium of cells at the indicated multiplicity of infection (MOI). 

To prepare bacterial lysates, cultured PAO1 were lysed, sonicated and centrifuged to 

remove insoluble pellets. The obtained supernatants were normalized by Bradford assay 

and used for immunoblotting. Salmonella typhimurium was used strain SL1344 and 

14028S. SL1344 WT and flagellin-deletion mutant ∆fliC/fljB were provided from Dr. Ryu 

S. (Seoul National University, Seoul, Korea). 14028S WT and deletion mutants (∆fliC/fljB 

and ∆fliC/fljB/prgJ) were provided from Dr. Shao F. (National Institute of Biological 

Sciences, Beijing, China). For S. typhimurium infection, bacteria were cultured like above 

description. And then, the bacterial suspension was added to the culture medium of cells at 

the indicated multiplicity of infection (MOI) for indicated times. After that infected cells 

were washed with phosphate-buffered saline (PBS) and changed fresh Opti-MEM 

containing gentamicin (100 μg/ml). Escherichia coli was used strain BL21 and DH5α and 

they obtained from RBCbioscience (New Taipei City, Taiwan). 

 

5. Preparation of bacterial secretants 
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For preparation of bacterial secretants, PAO1, SL1344, 14028S strains were grown 

overnight in LB medium with shaking and aeration. Overnight cultured bacteria were 

normalized by measuring absorbance of OD600 and seeded to equal number of bacteria. 

Following that, bacteria were diluted 1:50 with fresh LB medium and grown for an 

additional 6 hr. The normalized bacterial suspension was centrifuged and filtered using 0.2 

µm syringe-filter to remove bacteria. The last filtrate was used as bacterial secretants. For 

inflammasome activation, BMDMs were incubated at a ratio of 1:10 with bacterial 

secretants for the indicated times. For heat treatment, bacterial secretants were heated at 

98°C for 30 min to inactivate bacterial proteases activity. For proteinase K treatment, 

bacterial secretants were incubated with proteinase K (100 µg/ml) at 37°C for 1 hr, 

subsequently heated at 98°C for 30 min to eliminate the proteinase K activity.  

 

6. Isolation of outer membrane vesicles 

For isolation of OMV from bacteria, bacteria were grown overnight in 10 ml LB 

medium with shaking and aeration at 37°C. Overnight cultured bacteria were normalized 

by measuring absorbance of OD600. For large culture, fresh LB broth of 1000 ml is 

inoculated with overnight cultured bacteria and then grown for an additional overnight at 

equal condition. To remove bacteria, cultured bacterial cells were centrifuged at 6,000 rpm 

for 15 min and then obtained supernatant is filtered using a 0.2 µm bottle top filter 

(Thermo Fisher Scientific, Waltham, MA, USA). Following that, filtered bacterial secretant 

were concentrated to 25-50 ml by using Protein concentrator PES 100K MWCO (Thermo 

Fisher Scientific). And then OMVs were isolated though conventional isolation processes, 

which were ultra-centrifuged at 150,000 x g for 3 hr at 4°C (SW 41 Ti swinging-bucket 

rotor, Beckman Coulter, Brea, CA, USA) then the supernatants were removed. The pellet 

(OMVs fraction) was washed with PBS, and then ultra-centrifuged once more under the 

same conditions. Obtained pellet was resuspended with 1 ml PBS. The concentration of 
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isolated OMVs were determined by BCA assay (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Isolated OMVs were treated with BMDM or precipitated by 

methanol/chloroform extraction method for immunoblotting or Coomassie blue staining. 

For separating OMVs fraction, Optiprep gradients were layered as follows: 1.7 ml 45%, 

1.7 ml 40%, 1.7 ml 35%, 1.7 ml 30%, 1.7 ml 20%, 1.7 ml 10%. Isolated OMVs were 

loaded 500 μl on top of the Optiprep gradients. Gradients were ultra-centrifuged at 150,000 

x g for 20 hr at 4°C and then each fraction was obtained by 1 ml. Obtained fractions were 

precipitated by methanol/chloroform extraction method for immunoblotting. 

Isolated OMVs were analyzed by Nano Tracking analysis system, NS300 (Malvern 

Panalytical Ltd, Malvern, England). The raw data were acquired by NanoSight NTA ver. 

3.4 software (Malvern Panalytical). These analyses were performed three times at least 

each sample. 

 

7. Immunoblot analysis 

Cell culture supernatants were collected after inflammasome stimulations. Proteins in 

the supernatants were precipitated by methanol/chloroform extraction method. Cell were 

harvested and then lysed in 20 mM HEPES (pH 7.5) buffer containing 0.5% Non-idet P-40, 

50 mM KCl, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA and protease inhibitors. The 

soluble lysates were obtained by centrifugation. All proteins in supernatants and cell 

lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 

transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA) and then immunoblotted. 

The membranes were blocked with 3% skim-milk in PBS contained 0.1% Tween 20 for 30 

min and incubated with appropriate antibodies. 

 

8. Determination of inflammasome activation 



15 

 

To induce canonical NLRP3 inflammasome activation, BMDMs were primed with 

LPS (0.25 µg/ml, 3 hr) then treated with ATP (2 mM, 45 min) or nigericin (5 µM, 45 min). 

To induce non-canonical inflammasome activation, BMDMs were primed with Pam3CSK4 

(1 µg/ml, 4 hr). After that, LPS (1 µg/ml) was incubated with DOTAP liposomal 

transfection reagent (6 µl) in Opti-MEM medium (100 µl) at 25°C for 30 min, then 100 μl 

of mixture was used to tranfect BMDMs in 6 well or 12 well plates. To induce AIM2 

inflammasome activation, BMDMs were transfected with poly dA:dT using lipofectamine 

2000 (Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. 

Inflammasome activation was determined by the detection of active caspase-1 p20 and 

active IL-1β in culture supernatants using immunoblots, and by quantification of 

extracellular IL-1β using the mouse IL-1β enzyme-linked immunosorbent assay kit 

(ELISA, R&D Systems). The measurement of IL-6 in culture supernatants was quantified 

by mouse IL-6 ELISA kit (R&D Systems). To transfer flagellin into the cytosol of 

BMDMs, flagellin (0.6 µg) was incubated with DOTAP liposomal transfection reagent (6 

µl) in Opti-MEM medium (110 µl) at 25°C for 30 min. After that, 100 µl of mixture was 

used to transfect BMDMs in 6 well plate (final concentration of flagellin was 0.25 µg/ml). 

For some experiments, BMDM supernatants were incubated with bacterial secretants, 

followed by protein precipitation in methanol/chloroform and then immunoblotted. 

 

9. Determination of inflammasome oligomerization 

To identify ASC oligomerization, treated cells were lysed with 20 mM HEPES (pH 

7.5) buffer containing 0.5% Non-idet P-40, 50 mM KCl, 150 mM NaCl, 1.5 mM MgCl2, 1 

mM EGTA and protease inhibitors and centrifuged at 12,000 rpm for 10 min. The 

supernatants were used for immunoblotting of soluble lysates and the pellets were 

resuspended in PBS. For cross-linking of proteins, 0.75 mM disuccinimidyl suberate (DSS, 

Pierce, Rockford, IL, USA) were added to the resuspended pellets and incubated for 30 
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min at room temperature in dark and then centrifuged at 12,000 rpm for 10 min. The cross-

linked pellets and soluble lysates were separated by SDS-PAGE and immunoblotted with 

anti-ASC antibody. To visualize ASC speck aggregates, THP-1-ASC-GFP cells were 

observed by confocal microscopy. For some experiments, NLRP3-GFP expressing 

BMDMs were treated with NLRP3 inflammasome activator and then incubated with PCN, 

3-oxo-C12-HSL, and C4-HSL to detect formation of NLRP3 specks using confocal 

microscopy. 

 

10. Immunofluorescence 

Isolated OMVs were labeled by incubating with 1% (v/v) Vybrant Dil (Thermo Fisher 

Scientific) at 37°C for 30 min. Ultracentrifugation and PBS washing were performed three 

times to remove unbounded dyes. The same amount of dye was mixed with PBS for use as 

negative control and cleaned in the same way. BMDMs were plated on coverslip in a 12 

well plates. After conducting the experiment, these cells were fixed with 4% para-

formaldehyde at room temperature for 30 min and then wash with PBS. Fixed cells on 

coverslip were mounted using ProLong Gold reagent with DAPI. Cells were observed by 

confocal microscopy (LSM700, Carl Zeiss, Oberkochen, Germany). 

 

11. Quantification of mRNA 

Total RNAs were isolated using the TRIzol reagent (Invitrogen) and reverse 

transcribed using PrimeScript RT Master Mix (TaKaRa, Kusatsu, Shiga Prefecture, 

Japan) according to the manufacturer’s protocol. To measure mRNA productions, the 

template cDNA was amplified using SYBR Premix Ex TaqⅡ (TaKaRa) by quantitative 

real-time PCR. Primers were as follows: 5′-GCC CAT CCT CTG TGA CTC AT-3′ and 5′-
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AGG CCA CAG GTA TTT TGT CG-3′ (Il-1b); 5′-AGT TGC CTT CTT GGG ACT GA-3′ 

and 5′-TCC ACG ATT TCC CAG AGA AC-3′ (Il-6); 5′-CGC GGT TCT ATT TTG TTG 

GT-3′ and 5′-AGT CGG CAT CGT TTA TGG TC-3 (Rn18s). 

 

12. Sample preparation for metabolomic analysis 

Selected solvents with different polarities (hexane, ethyl acetate, and acetonitrile) were 

used to extract metabolites from the samples. Each solvent was added to the same volume 

of sample, and the mixture was vortexed for 1 min. Samples were centrifuged (2,500 rpm, 

5 min), the supernatant removed and centrifuged again (15,000 rpm, 5 min), and 200 μl of 

the final supernatant was pipetted into sample vials with inserts. 

 

13. Ultra-fast liquid chromatography (UFLC) 

The UFLC system was equipped with a DGU-20A5R degasser, LC-20AD XR binary 

pump system, SIL-20AC XR autosampler at 15℃, and CTO-20AC column oven at 35℃ 

(Shimadzu). Chromatographic separation was conducted on a reversed-phase column 

(Imtakt Scherzo S-C18 column, 100 mm × 2.0 mm, i.d., 3 μm) at flow rate of 0.3 ml/min. 

The mobile phases used were (A) water and (B) methanol, both containing 0.1% formic 

acid. The gradient program was set as follows: 98% (A) and 2% (B), held for 1 min; linear 

increase from 2 to 95% (B) over 14 min, held for 3 min; return to initial conditions in 0.01 

min and equilibration for 1.99 min. 

 

14. High resolution mass spectrometry (HRMS) 
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HRMS detection was performed on both Exactive Plus Orbitrap and Q-Exactive Plus 

Quadrupole-Orbitrap mass spectrometers (Thermo) equipped with an electrospray 

ionization source and operated in positive mode. Screening and confirmation of the 

substances were performed using full scan mode in Exactive Plus and parallel reaction 

monitoring (PRM) mode in Q-Exactive Plus. For identification of selected molecules, the 

scan range and collision energy were applied to each substance at a resolution of 35,000 in 

PRM mode.  

 

15. UFLC-HRMS data processing 

The raw data acquired by Xcalibur software (Thermo) were processed using MZmine2 

software. After peak picking, mass detection, chromatogram building, and deconvolution, 

peaks were grouped depending on m/z and retention time value by RANSAC alignment 

and peak finder. The expected structure of candidates based on isotope rate and MS/MS 

(PRM mode) were identified by entering the formula and fragment data into mzCloud, 

MetFrag, and PubChem. The results for the most suitable candidates were then compared 

to standards by MS and MS/MS spectra. 

 

16. Statistical analysis 

All values were expressed as the mean and SE of three independent experiments 

unless otherwise indicated. Data were analyzed using one-way analysis of variance 

followed by Bonferroni post hoc test after checking the assumptions of normal distribution 

by Shapiro test and equal variance by Bartlett or Brown–Forsythe test. Otherwise, Welch’s 

t-tests were used for unequal variances. The p values ≤ 0.05 were considered significant. 

Statistical analyses were carried out using GraphPad Prism and R software. 
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III. RESULTS 

Part 1. Quorum sensing-dependent modulation of NLRC4 inflammasome by 

Pseudomonas aeruginosa 

 

1. Persistent infection of Pseudomonas aeruginosa dampens the secretion of 

inflammasome-associated molecules in macrophages 

To investigate a potential role of Pseudomonas aeruginosa quorum sensing (QS) in 

host inflammasome activation, I checked virulence of wild type (WT) or QS-defective P. 

aeruginosa. At 12 hr post infection, ∆lasR/rhlR mutant showed a decreased cytotoxicity to 

human lung epithelial A549 cell lines compared with WT P. aeruginosa (Fig. 2A). This 

result suggests that QS-defective ∆lasR/rhlR mutant is less virulent than WT. Then, I 

evaluated inflammasome activation in BMDMs upon infection with WT and QS-defective 

mutant P. aeruginosa. At 4 hr post infection, both WT and ∆lasR/rhlR mutant strain 

promoted robust inflammasome activation as determined by identifying the secretion of 

active caspase-1 (p20) and IL-1β into BMDMs culture supernatant (Fig. 2B). Notably, 

prolonged infection with WT P. aeruginosa (6 or 8 hr), but not with ∆lasR/rhlR, caused an 

obvious degradation of caspase-1 and IL-1β in the culture supernatants (Fig. 2B). 

Consistently, levels of secreted pro-inflammatory cytokines IL-1β and IL-6 at 8 hr post 

infection were significantly lower in BMDMs infected with WT P. aeruginosa than in 

those with the ∆lasR/rhlR mutant (Fig. 2C, D). This apparent QS-mediated impairment of 

inflammasome signaling is not likely a consequence of reduced growth of the WT strain, 

because the growth kinetics of WT and QS-defective strains were similar (Fig. 3). These 

observations indicate that prolonged infection with P. aeruginosa could damage host 

inflammasome-mediated responses in a QS-dependent manner.  



20 

 

 

  



21 

 

Figure 2. Persistent infection of Pseudomonas aeruginosa with quorum sensing 

impairs inflammasome signaling. (A) Human lung epithelial A549 cells were infected 

with wild type (WT) or ∆lasR/rhlR P. aeruginosa PAO1 at multiplicity of infection (MOI) 

3. A549 cell death was determined by LDH assay after 3–12 hr post infection (n=3). (B) 

Mouse BMDMs were untreated (Unt) or infected with WT or ∆lasR/rhlR P. aeruginosa 

PAO1 at MOI 3. At 2–8 hr post-infection, culture supernatants (Sup) or cellular lysates 

(Lys) were immunoblotted with the indicated antibodies. (C, D) Mouse BMDMs were 

infected with WT or ∆lasR/rhlR PAO1 at MOI 2. Extracellular levels of IL-1β (C) or IL-6 

(D) were quantified by ELISA in the culture supernatants of BMDMs at the indicated time 

post-infection (n=6). Statistical significance was determined by one-way ANOVA with a 

bonferroni post-test (**P<0.01; ***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, 

p20: active caspase-1  
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Figure 3. Similar growth rate of wild-type Pseudomonas aeruginosa and quorum 

sensing-defective Pseudomonas aeruginosa. Bacterial growth curve of WT and 

∆lasR/rhlR PAO1 is determined by measuring values of optical density 600 nm at the 

indicated pre-cultural times. 
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2. Pseudomonas aeruginosa secretant degrades host inflammasome 

components in a quorum sensing-dependent manner 

To investigate whether bacterial secreted factors are responsible for the impairment of 

host inflammasome-associated molecules, I collected bacteria-free supernatant (referred to 

as bacterial secretant) from P. aeruginosa cultures (Fig. 4A). Simultaneously, I collected 

culture supernatant from BMDMs upon stimulation with NLRP3 inflammasome-activating 

LPS/ATP. This LPS/ATP-stimulated BMDM supernatant was then incubated with bacterial 

secretant from the WT or QS-defective P. aeruginosa culture (Fig. 4A). Both procaspase-1 

and active caspase-1 p20 in the BMDMs supernatant were clearly processed into fragments 

by bacterial secretant, as was the IL-1β secreted from BMDMs (Fig. 4B). P. aerugonosa 

produces various QS-mediated proteases including elastase (LasB) and alkaline protease 

(AprA), to degrade host defense proteins such as extracellular matrix components and 

cytokines.12,40 To test whether P. aeruginosa proteases are concerned with the degradation 

of inflammasome-associated molecules, bacterial secretant was heated to abolish protease 

activity. As a result, heat-inactivated bacterial secretant failed to degrade the 

inflammasome components such as caspase-1 and ASC unlike intact bacterial secretant 

(Fig. 4C). Moreover, the bacterial secretant from ∆lasB strain, lacking the major P. 

aeruginosa QS-regulated protease LasB, failed to efficiently degrade inflammasome 

components (Fig. 4D), indicating that LasB plays a role in this degradation. 

LasR is a major transcriptional regulator in QS of P. aeruginosa that promotes the 

expression of QS-related genes including proteases.19 Unlike WT secretant, ∆lasR/rhlR and 

∆lasR secretant did not degrade inflammsome components (Fig. 5A). This is the result of 

confirming that the QS system is required for host inflammsome components by bacterial 

secretants. Even though LasR and RhlR are the essential transcriptional regulators of P. 

aeruginosa QS, RhlR is under the control of LasR.41 Partial processing of caspase-1 was 

found in incubation with ∆rhlR mutant secretant, suggesting that some proteases were 
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expressed by LasR except by RhlR (Fig. 5A). Indeed, previous studies showed that ∆rhlR 

mutant produces a kind of proteases including AprA.42,43 Along with caspase-1 and IL-1β, 

aggregates of inflammasome adaptor protein ASC are secreted from BMDMs upon 

inflammasome activation, which could propagate the inflammatory responses.44,45 

Monomeric ASC in the LPS/ATP-stimulated supernatant was also degraded by WT 

bacterial secretant, but not by ∆lasR/rhlR secretant (Fig. 5A). In THP-1-ASC-GFP cells, 

WT P. aeruginosa secretant clearly diminished nigericin-triggered formation of ASC 

aggregates, which appear as specks by confocal microscopy, while ∆lasR/rhlR secretant 

failed to decrease the number of ASC specks (Fig. 5B, C). Consistently, the pro-

inflammatory cytokine levels of secreted IL-1β and IL-6 from LPS/ATP-stimulated 

BMDMs were significantly decreased by the incubation with WT secretant, but neither 

with heat-inactivated nor ∆lasR/rhlR secretant (Fig. 6A-C). All of these findings clearly 

demonstrate that bacterial secretant from P. aeruginosa can degrade host inflammasome 

components and cytokines, enabling QS-dependent proteases to interrupt innate immune 

defenses. 
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Figure 4. Pseudomonas aeruginosa secretatnt degrades inflammasome-associated 

components. (A) Illustration of experimental scheme showing a collection of bacterial 

secretant and BMDM supernatant containing inflammasome components. BMDM culture 

supernatant was incubated with P. aeruginosa bacterial secretant (1/10 volume of BMDM 

supernatant) at 37°C for 10–120 min. (B) Untreated or LPS/ATP-stimulated BMDM 

culture supernatants were incubated with LB medium or PAO1 bacterial secretant (BS) for 

45 min. (C, D) LPS/ATP stimulated BMDM culture supernatants were incubated with 

unheated or heat-inactivated (Heat) BS (C) or WT or ∆lasB PAO1 BS (D) for 10, 40 or 120 

min. (B-D) The mixtures were then precipitated and immunoblotted with the indicated 

antibodies. Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 5. Quorum sensing-dependent degradation of inflammasome components by 

Pseudomonas aeruginosa secretant. (A) LPS/ATP-stimulated BMDM culture 

supernatants were incubated with wild type (WT), ∆lasR/rhlR, ∆lasR or ∆rhlR bacterial 

secretant (BS) for 10 or 60 min, and immunoblotted with the indicated antibodies. (B, C) 

THP-1-ASC-GFP cells were stimulated with nigericin (Nig, 5 µM, 3 hr) in the presence or 

absence of WT and ∆lasR/rhlR BS. (B) The number of ASC specks was counted and 

showed as specks per 100 cells (n=4). (C) Cells were observed by confocal microscopy. 

Statistical significance was determined by one-way ANOVA with a bonferroni post-test 

(***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 6. Quorum sensing-dependent degradation of pro-inflammatory cytokines by 

Pseudomonas aeruginosa secretant. (A, B) LPS/ATP-stimulated BMDM culture 

supernatants were incubated with unheated or heat-inactivated (Heat) wild type (WT) or 

∆lasR/rhlR bacterial secretant (BS) at 37°C for 30 min. The levels of IL-1β (A) or IL-6 (B) 

in the mixture were quantified by ELISA (n=3). (C) Untreated or LPS-treated (0.5 µg/ml, 5 

hr) BMDM culture supernatants were incubated with WT or ∆lasR/rhlR BS for 10, 60 min, 

and then immunoblotted with anti-IL-6 antibody. Statistical significance was determined 

by one-way ANOVA with a bonferroni post-test (n.s., not significant; *P<0.05; **P<0.01; 

***P<0.001). 
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3. Bacterial secretant from quorum sensing mutant, but not from wild type 

Pseudomonas aeruginosa, promotes activation of caspase-1 and secretion of 

IL-1β 

Given the host protein-processing effect of the P. aeruginosa QS system, I further 

examined a potential role of bacterial secretant, which contains diverse QS-dependent 

virulence factors, in host inflammasome signaling pathways. I treated BMDMs with 

bacterial secretant from WT or QS-defective P. aeruginosa (Fig. 7A). Surprisingly, 

∆lasR/rhlR or ∆lasR secretant induced robust caspase-1 activation and IL-1β secretion, but 

not WT secretant (Fig. 7B). These results are not due to differences in cell death (Fig. 7C). 

Meanwhile, ∆rhlR secretant isolated from 6 or 9 hr pre-culture did not induce a robust 

caspase-1 processing (Fig. 7B). Because ∆rhlR mutant seems to still secrete some 

proteases unlike ∆lasR mutant, the deficiency of caspase-1 and IL-1β in the supernatant of 

BMDMs treated with ∆rhlR secretant could be explained by bacterial protease-mediated 

degradation. As a consistent result, the pro-inflammatory cytokine levels of secreted IL-1β 

and IL-6 from BMDMs were increased by ∆lasR/rhlR secretant, but not by WT secretant 

(Fig. 8A, B). On the other hands, levels of Il-1β and Il-6 mRNA were increased by WT and 

∆lasR/rhlR secretant (Fig. 8C, D). As for IL-6, since the secretion of WT secretant induced 

mRNA production of IL-6 and then leaded to its secretion, the secretants of WT P. 

aeruginosa were likely to degrade IL-6 secreted from BMDMs through its proteases. On 

the other hand, IL-1β secretion from BMDMs required active caspase-1 even if production 

of IL-1β mRNA was triggered by WT secretant. In this case, two hypotheses could be 

considered. First, it is conceivable that WT secretant may be unable to promote 

inflammasome activation. The second is that WT secretant may induce inflammasome 

activation, leading to the secretion of inflammasome related molecules, but secreted 

proteases in WT secretant could then degrade caspase-1 and IL-1β in the extracellular 

supernatant. In order to test these possibilities, I performed experiments using heat-
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inactivated bacterial secretant with the protease activity removed. As a result, WT secretant 

failed to induce caspase-1 activation and IL-1β secretion after heat inactivation (Fig. 9A, 

B). These data demonstrate that WT secretant is unable to promote inflammasome 

activation regardless of protease activity. However, heat-inactivated WT secretant caused 

robust secretion of IL-6 (Fig. 9C). To clarify the involvement of proteases in the failure of 

inflammasome activation by WT secretant, bacterial secretant from ∆lasB mutant was 

tested. Treatment with ∆lasB secretant partially restored procaspase-1 in the supernatant 

but caused no caspase-1 processing (Fig. 9D). This finding further supports that WT 

secretant is unable to promote inflammasome activation. 
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Figure 7. Quorum sensing-defective Pseudomonas aeruginosa secretant triggers 

activation of caspase-1 and IL-1β. (A) Illustration of experimental scheme to determine a 

potent role of bacterial secretant (BS) in inflammasome activation. BSs were prepared 

from wild type (WT) or quorum sensing-defective mutant (∆QS) P. aeruginosa cultures. 

BSs were then added to BMDM culture (at a 1:10 ratio) for 6 hr, and BMDM culture 

supernatants were assayed for the inflammasome activity. (B) BMDMs were stimulated 

untreated (Unt) or treated with BS from WT, ∆lasR/rhlR, ∆lasR or ∆rhlR P. aeruginosa 3, 

6 or 9 hr pre-cultures. Culture supernatants (Sup) or cellular lysates (Lys) were 

immunoblotted with the indicated antibodies. (C) BMDMs were treated with WT BS or 

∆lasR/rhlR BS for 6 h. BMDMs cell death was determined by LDH assay (n=4). Statistical 

significance was determined by one-way ANOVA with a bonferroni post-test (n.s., not 

significant). Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 8. Secretion of pro-inflammatory cytokines is impaired by wild type 

Pseudomonas aeruginosa secretant in BMDMs.  (A-D) BMDMs were treated with 

bacterial secretant (BS) from wild type (WT) or ∆lasR/rhlR P. aeruginosa for 6 hr, or 

treated with LPS (0.25 µg/ml, 3 hr). Cell culture supernatants were used for the 

quantification of IL-1β (A) or IL-6 (B) by ELISA. mRNA levels of IL-1β (C) or IL-6 (D) 

were quantified by quantitative real-time PCR (n=3). Statistical significance was 

determined by one-way ANOVA with a bonferroni post-test (n.s., not significant; 

***P<0.001). 
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Figure 9. Quorum sensing-defective Pseudomonas aeruginosa secretant induces 

activation of caspase-1 and IL-1β. (A) BMDMs were treated with unheated or heat-

inactivated (Heat) wild type (WT), ∆lasR/rhlR, ∆lasR or ∆rhlR bacterial secretant (BS) for 

6 hr or stimulated with LPS (0.25 µg/ml, 3 hr), then treated with nigericin (Nig, 5 µM, 45 

min). (B, C) BMDMs were treated with unheated or heat-inactivated (Heat) WT or 

∆lasR/rhlR BS for 6 hr. Cytokine levels of IL-1β (B) or IL-6 (C) in the cell culture 

supernatants were quantified by ELISA (n=3). (D) BMDMs were treated with WT, 

∆lasR/rhlR or ∆lasB BS for 6 hr. (A, D) Culture supernatant (Sup) or cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. Statistical significance was determined 

by one-way ANOVA with a bonferroni post-test (n.s., not significant; ***P<0.001). Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 

 



39 

 

4. Bacterial secretant from quorum sensing mutant Pseudomonas aeruginosa 

triggers NLRC4-mediated inflammasome activation and ASC assembly 

Next, I explored which NLR molecule is involved in inflammasome activation by 

∆lasR/rhlR secretant. Observation of inflammasome activation by ∆lasR/rhlR secretant 

was abolished in Nlrc4 -/- BMDMs (Fig. 10A). These results suggest that ∆lasR/rhlR 

secretant causes activations that depend on NLRC4 inflammasome in BMDMs. Because 

adaptor protein ASC is important for activation of inflammasome, as a result of the 

experiment using Asc-deficient BMDMs, indicating that activation of caspase-1 and 

secretion of IL-1β was abrogated (Fig. 10B). On the other side, robust inflammasome 

activation was observed in Nlrp3 -/- BMDMs in response to ∆lasR/rhlR secretant (Fig. 10C). 

To investigate formation of ASC aggregate, which is important for inflammasome 

activation, oligomerization of ASC was examined using DSS-crosslinked experiment by 

∆lasR/rhlR secretant in BMDMs. The ∆lasR/rhlR secretant, but not WT secretant, also 

triggered the formation of ASC dimeric and oligomeric structures only in the presence of 

NLRC4 (Fig. 11A, B). The failure of WT secretant to induce ASC oligomerization further 

supports the hypothesis that it could not activate inflammasome signaling regardless of 

protease-mediated protein degradation. Moreover, even heat-inactivated WT secretant 

failed to promote the oligomerization of ASC inside cells (Fig. 11C). In accordance with 

the above results, ∆lasR/rhlR secretant, but not WT secretant, triggered the formation of 

speck-like aggregates of ASC in THP-1-ASC-GFP cells (Fig. 12). These findings 

collectively demonstrate that the ∆lasR/rhlR mutant secretant, but not WT secretant, 

promotes the assembly and activation of NLRC4 inflammasome. 
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Figure 10. Quorum sensing-defective Pseudomonas aeruginosa secretant promotes 

NLRC4-mediated caspase-1 activation. (A) Wild type (WT) or Nlrc4 -/- mouse BMDMs 

were untreated (Unt) or treated with WT or ∆lasR/rhlR bacterial secretant (BS) for 6 hr, or 

primed with LPS (0.25 µg/ml, 3 hr), then treated with ATP (2 mM, 40 min). (B) WT or Asc 

-/- mouse immortalized BMDMs were treated with WT or ∆lasR/rhlR BS for 6 hr. (C) WT 

or Nlrp3 -/- mouse BMDMs were treated with ∆lasR/rhlR BS in the presence or absence of 

LPS (0.25 µg/ml, 3 hr) for 6 hr, or stimulated with LPS (0.25 µg/ml, 3 hr), then treated 

with nigericin (Nig, 5 µM, 45 min). (A-C) Cell culture supernatants (Sup) or cellular 

lysates (Lys) were immunoblotted with the indicated antibodies. Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 11. Quorum sensing-defective Pseudomonas aeruginosa secretant triggers 

NLRC4-dependent oligomerization of ASC. (A) BMDMs were untreated (Unt) or 

treated with wild type (WT) or ∆lasR/rhlR bacterial secretant (BS) for 6 hr, or primed with 

LPS (0.25 µg/ml, 3 hr), then treated with nigericin (Nig, 5 µM, 45 min). (B) Wild type 

(WT) or Nlrc4 -/- mouse BMDMs treated with ∆lasR/rhlR or ∆lasR BS for 6 hr, or primed 

with LPS (0.25 µg/ml, 3 hr), then treated with nigericin (5 µM, 45 min). (C) BMDMs were 

treated with undamaged or heat-inactivated (Heat) WT or ∆lasR/rhlR BS for 6 hr. (A-C) 

Cell culture supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the 

indicated antibodies. DSS-crosslinked pellets (DSS+Pel) were immunoblotted with ASC 

antibody. Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 12. Quorum sensing-defective Pseudomonas aeruginosa secretant induces 

speck-like aggregation of ASC in THP-1 cells expressing ASC-GFP. THP-1-ASC-GFP 

cells were untreated or treated with wild type (WT) or ∆lasR/rhlR bacterial secretant (BS) 

for 8 hr, or stimulated with nigericin (Nig, 5 µM, 40 min). Cells were observed by confocal 

microscopy. Scale bars, 200 µm. Data are shown as a representative image from eight-

independent samples. 
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5. Extracellular flagellin induces NLRC4-dependent inflammasome activation 

To further provide molecular insight into the inflammasome-activating capability of 

∆lasR/rhlR secretant, I first examined whether specific protein components of bacterial 

secretant drive inflammasome activation. Both heat-inactivation and proteinase K 

treatment of ∆lasR/rhlR secretant significantly reduced caspase-1 activation and IL-1β 

secretion (Fig. 13A, B). These results suggest that post-treatment of ∆lasR/rhlR secretant 

considerably impairs inflammasome activation by bacterial secretant. Moreover these data 

strongly indicate that unidentified proteins in the secretant could be responsible for the 

secretant-promoted inflammasome activation. According to previous study, cytosolic 

presence of bacterial flagellin is critical to induce activation of NLRC4 inflammasome 

upon P. aeruginosa infection.24 In connection with this report, I found that bacterial 

secretant from the ∆fliC mutant lacking FliC flagellin was unable to promote 

inflammasome activation (Fig. 13C). Intriguingly, the removal of FliC in ∆lasR/rhlR or 

∆lasR P. aeruginosa completely abolished the inflammasome activation by ∆lasR/rhlR or 

∆lasR bacterial secretant (Fig. 13D), suggesting that flagellin in ∆lasR/rhlR secretant might 

be the main stimulus for inflammasome activation. To verify this possibility that 

extracellular flagellin released from P. aeruginosa could trigger inflammasome activation, 

I treated BMDMs with purified flagellin from P. aeruginosa. Previous studies showed that 

intracellular delivery of flagellin using a liposomal reagent such as DOTAP is essential for 

NLRC4 inflammasome activation.4,46 Treatment of flagellin alone for 1-3 hr failed to 

activate caspase-1 and IL-1β secretion in BMDMs.4,24 However, in my result, 6 hr 

incubation of flagellin in the extracellular medium was able to promote caspase-1 

activation and IL-1β secretion in BMDMs (Fig. 14A). This extracellular flagellin-triggered 

inflammasome activation depended on NLRC4 but not NLRP3 inflammasome (Fig. 14B, 

C). To explain inability of WT secretant to activate the inflammasome, the presence of 

flagellin was assayed in the bacterial secretants from P. aeruginosa cultures. Interestingly, 

intact flagellin was observed in the bacterial secretant of the ∆lasR/rhlR mutant, whereas 
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flagellin was severely degraded in the WT secretant (Fig. 15A). In contrast, no degradation 

of flagellin was observed in the bacterial lysate of WT P. aeruginosa (Fig. 15B). Besides, 

flagellin levels were distinctly reduced in WT secretant, but not in QS-defective mutants 

secretant (Fig. 15C), indicating that secreted flagellin could be degraded by bacterial 

proteases in the secretant rather than within the cells. The degradation of flagellin was also 

observed, but slightly reduced in ∆lasB mutant, suggesting that both elastase and other 

protease are responsible for the impairment of released flagellin in extracellular space (Fig. 

15D). These data demonstrate that the QS-dependent production of protease from WT P. 

aeruginosa cultures removes the ability to activate NLRC4 inflammasome by inducing 

degradation of the flagellin. 
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Figure 13. Extracellular flagellin is critical for inflammasome activation by quorum 

sensing-defective Pseudomonas aeruginosa secretant. (A) BMDMs were untreated (Unt) 

or treated with wild type (WT) or ∆lasR/rhlR bacterial secretant (BS) with or without heat-

inactivation (Heat) and proteinase K treatment as indicated. (B) BMDMs were untreated or 

treated with ∆lasR/rhlR BS with or without heat-inactivation (Heat) and proteinase K 

treatment as indicated. Cytokine levels of IL-1β in cell culture supernatant were quantified 

by ELISA (n=3). (C) BMDMs were untreated or treated with WT, ∆lasR/rhlR or ∆fliC BS 

for 6 hr. (D) BMDMs were treated with WT, ∆lasR/rhlR, ∆lasR/rhlR/fliC, ∆lasR or 

∆lasR/fliC BS for 6 hr. (A, C, D) Cell culture supernatant (Sup) and cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. Statistical significance was determined 

by one-way ANOVA with a bonferroni post-test (***P<0.001). Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 14. Extracellular flagellin promotes NLRC4-mediated activation of caspase-1 

and IL-1β. (A) BMDMs were treated with P. aeruginosa flagellin (PA-FLA, 0.25 µg/ml) 

with or without pre-mixing with DOTAP liposomal transfection reagent for 2 or 6 hr. (B, C) 

Wild type (WT), Nlrc4 -/- (B) or Nlrp3 -/- (C) mouse BMDMs were treated with flagellin 

(PA-FLA, 0.25 µg/ml) with or without pre-mixing with DOTAP (DT) for 6 hr. Cell culture 

supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the indicated 

antibodies. Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 15. Extracellular flagellin is degraded by wild-type Pseudomonas aeruginosa-

secreted proteases. (A) Bacterial secretants from wild type (WT), ∆lasR/rhlR or ∆fliC P. 

aeruginosa cultures were immunoblotted with anti-flagellin antibody. (B) Bacterial lysates 

from WT, ∆lasR/rhlR or ∆fliC P. aeruginosa or purified flagellin (PA-FLA) were 

immunoblotted with anti-flagellin antibody. (C) Bacterial secretants and bacterial lysates 

from WT, ∆lasR/rhlR, ∆lasR or ∆rhlR P. aeruginosa were immunoblotted with anti-

flagellin antibody. (D) Bacterial secretants and bacterial lysates from WT, ∆lasB or 

∆lasR/rhlR P. aeruginosa were immunoblotted with anti-flagellin antibody. 
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6. Quorum sensing-regulated virulence factor pyocyanin attenuates activation 

of caspase-1 and IL-1β 

To further describe the potential contribution of QS to inflammasome activation, 

metabolomics analysis was performed with bacterial secretant from WT and ∆lasR/rhlR P. 

aeruginosa using liquid chromatography-mass spectrometry. Contrary to my expectation, I 

did not identify any candidate molecule that was only present in ∆lasR/rhlR secretant, but 

not in WT secretant. However, pyocyanin was identified as the sole candidate molecule 

present in WT secretant but not in ∆lasR/rhlR secretant (Fig. 16A-C). Pyocyanin is one of 

the well-known QS-dependent major virulence factors of P. aeruginosa18,19 and was 

reported to damage host cells via its oxidative stress-based cytotoxicity.47,48 I examined a 

potential role of pyocyanin in the inflammasome activation. Of note, pyocyanin 

remarkably suppressed the inflammasome activation and IL-1β secretion triggered by 

∆lasR/rhlR secretant (Fig. 17A, C). Furthermore, pyocyanin treatment resulted in a strong 

suppression of NLRP3-mediated caspase-1 activation and IL-1β secretion upon LPS/ATP 

or LPS/nigericin stimulation (Fig. 17B, D). Pyocyanin also significantly attenuated 

LPS/nigericin-triggered cell death of BMDMs (Fig. 17E). However pyocyanin failed to 

affect AIM2 inflammasome activation by poly dA:dT transfection (Fig. 18). Supporting 

these observations, pyocyanin reduced NLRC4- or NLRP3-inflammasome dependent ASC 

oligomerization in response to ∆lasR/rhlR secretant or LPS/nigericin treatment (Fig. 19A, 

B). These findings demonstrate that the QS-dependent virulence factor pyocyanin could 

suppress the activation of both the bacterial infection-promoted NLRC4 inflammasome 

and the host endogenous danger signals-triggered NLRP3 inflammasome.  
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Figure 16. High-resolution mass spectrometry analysis of Pseudomonas aeruginosa 

secretant. (A) Extracted ion chromatogram for m/z 211.08647 (tolerance; 5 ppm) and mass 

spectra (RT 4.3 ~ 4.5) of each sample and standard pyocyanin in full scan mode. (B) Total 

ion chromatograms (TIC) and extracted ion chromatograms (XIC) for m/z 211.08647 

(tolerance; 5 ppm) of each sample: (a) LB medium, (b) Wild type bacterial secretant (BS), 

(c) ∆lasR/rhlR bacterial secretant (BS), (d) Pyocyanin (standard). (C) Product ion mass 

spectra for m/z 211.08622 (tolerance; 5 ppm) of WT sample in PRM mode. 
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Figure 17. Suppression of NLRC4 and NLRP3 inflammasome activation by quorum 

sensing-regulated product pyocyanin. (A) BMDMs were treated with ∆lasR/rhlR 

bacterial secretants (BS) in the presence of pyocyanin (PCN, 60 or 120 µM) or DMSO 

vehicle for 6 hr. (B) BMDMs were stimulated with LPS (0.25 µg/ml, 3 hr) in the presence 

of pyocyanin (20, 50 or 100 µM, 30 min before LPS), then treated with ATP (2 mM, 45 

min). (A, B) Cell culture supernatants (Sup) or cellular lysates (Lys) were immunoblotted 

with the indicated antibodies. (C) BMDMs were treated with ∆lasR/rhlR BS in the 

presence pyocyanin (25 or 75 µM) for 6 hr. (D) BMDMs were stimulated with LPS (0.25 

µg/ml, 3 hr) in the presence of pyocyanin (25 or 75 µM, 30 min before LPS), then treated 

with nigericin (Nig, 5 µM, 45 min). (C, D) Cytokine levels of IL-1β were quantified by 

ELISA (n=3). (E) BMDMs were stimulated with LPS (0.25 µg/ml, 3 hr) in the presence of 

pyocyanin (25 or 75 µM, 30 min before LPS), then treated with nigericin (Nig, 5 µM, 45 

min). BMDMs cell death was determined by LDH assay (n=3). Statistical significance was 

determined by one-way ANOVA with a bonferroni post-test (***P<0.001). Procasp-1: pro-

caspase-1, p20: active caspase-1 
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Figure 18. Pyocyanin does not affect the AIM2 inflammasome activation. (A) BMDMs 

were untreated or transfected with poly dA:dT (1.5 µg, 5 hr) in the presence of pyocyanin 

(PCN, 50 µM, 30 min before transfection). Cell culture supernatants (Sup) or cellular 

lysates (Lys) were immunoblotted with the indicated antibodies. Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 19. Inhibition of NLRC4- and NLRP3-dependent ASC oligomerization by 

pyocyanin. (A) BMDMs were treated with ∆lasR/rhlR bacterial secretants (BS) in the 

presence of pyocyanin (PCN, 120 µM) for 6 hr. (B) BMDMs were stimulated with LPS 

(0.25 µg/ml, 3 hr) in the presence of pyocyanin (120 µM, 30 min before LPS), then treated 

with nigericin (5 µM, 40 min). Cell culture supernatants (Sup) or cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. DSS-crosslinked pellets (DSS+Pel) 

were immunoblotted with ASC antibody. Unt: untreated, Procasp-1: pro-caspase-1, p20: 

active caspase-1 
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7. Quorum sensing autoinducer 3-oxo-C12-HSL attenuates activation of 

caspase-1 and IL-1β 

Bacterial QS systems use acylated homoserine lactones (HSL) as a QS signaling 

regulator, called an autoinducer. In the case of P. aeruginosa, two signaling molecules—3-

oxo-C12-HSL produced by LasI, and C4-HSL produced by RhlI—are used for bacterial 

communication to control the expression of QS-related virulence factors.19 So far, potential 

effects of QS autoinducers in inflammasome signaling are not fully understood. 

Interestingly, 3-oxo-C12-HSL, but not C4-HSL, significantly attenuated inflammasome 

activation induced by ∆lasR/rhlR secretant (Fig. 20A). Moreover, NLRP3 inflammasome 

activation in LPS/ATP-stimulated BMDMs was completely blocked by 3-oxo-C12-HSL 

(Fig. 20B). In addition to these results, 3-oxo-C12-HSL strongly dampened IL-1β secretion 

upon ∆lasR/rhlR secretant or LPS/ATP treatment (Fig. 20C, D). Similar to pyocyanin, 3-

oxo-C12-HSL showed no effect on the AIM2-dependent caspase-1 activation triggered by 

poly dA:dT transfection (Fig. 21), indicating that 3-oxo-C12-HSL could suppress NLRC4 

and NLRP3 inflammasome signaling. Also, 3-oxo-C12-HSL diminished the NLRC4- and 

NLRP3-mediated ASC oligomerization by DSS- crosslinking experiments (Fig. 22A, B). 

Of notice, QS-associated factors, pyocyanin and 3-oxo-C12-HSL significantly reduced the 

oligomerization of NLRP3 in response to classical NLRP3 stimulators (Fig. 23A, B). 

These data suggest that the suppression of inflammasome signaling by two QS-related 

factors might be the upstream event of oligomerization of inflammasome sensor molecule 

such as NLRP3. These findings collectively demonstrate that two QS-related products, 

pyocyanin and 3-oxo-C12-HSL, are indisputable inhibitors of inflammasome activation, 

and that bacterial QS could provide an evasion mechanism to avoid the host inflammasome 

defense system. 
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Figure 20. Suppression of NLRC4 and NLRP3 inflammasome activation by quorum 

sensing autoinducer 3-oxo-C12-HSL. (A) BMDMs were treated with ∆lasR/rhlR 

bacterial secretant (BS) in the presence of 3-oxo-C12-HSL (C12 HSL) or C4-HSL (30, 80 

µM, 30 min pretreatment) for 6 hr. (B) BMDMs were stimulated with LPS (0.25 µg/ml, 3 

hr) in the presence of C12-HSL or C4-HSL (40 µM, 30 min before LPS), then followed by 

ATP treatment (2 mM, 30 min). Cell culture supernatants (Sup) or cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. (C) BMDMs were treated with 

∆lasR/rhlR BS in the presence of C12-HSL or C4-HSL (80 µM, 30 min pretreatment) for 6 

hr. (D) BMDMs were treated with LPS (0.25 µg/ml, 3 hr) in the presence of C12-HSL or 

C4-HSL (40 µM, 30 min before LPS), then treated with ATP (2 mM, 30 min). (C, D) 

Cytokine levels of IL-1β were quantified by ELISA (n=3). Statistical significance was 

determined by one-way ANOVA with a bonferroni post-test (n.s., not significant; *P<0.05; 

***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 21. 3-oxo-C12-HSL does not affect AIM2 inflammasome activation. BMDMs 

were untreated or transfected with poly dA:dT (1.5 µg, 5 hr) in the presence of C12-HSL 

or C4-HSL (50 µM, 30 min before transfection). Cell culture supernatants (Sup) or cellular 

lysates (Lys) were immunoblotted with the indicated antibodies. Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 22. Inhibition of NLRC4- and NLRP3-dependent ASC oligomerization by 3-

oxo-C12-HSL. (A) BMDMs were treated with ∆lasR/rhlR bacterial secretants (BS) in the 

presence of C12-HSL or C4-HSL (80 µM, 30 min pretreatment) for 6 hr. (B) BMDMs 

were stimulated with LPS (0.25 µg/ml, 3 hr) in the presence of C12-HSL or C4-HSL (40 

µM, 30 min before LPS), then treated with nigericin (5 µM, 40 min). Cell culture 

supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the indicated 

antibodies. DSS-crosslinked pellets (DSS+Pel) were immunoblotted with ASC antibody. 

Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 23. Suppression of NLRP3 oligomerization by pyocyanin and 3-oxo-C12-HSL. 

(A, B) NLRP3-GFP-expressing BMDMs were stimulated with LPS (0.25 µg/ml, 3 hr) in 

the presence of pyocyanin (PCN), 3-oxo-C12-HSL (C12 HSL) or C4-HSL (50 µM, 30 min 

before LPS), then treated with nigericin (Nig, 5 µM, 40 min). Cell were observed by 

confocal microscopy, and NLRP3 speck-containing cells were counted (n=3). Statistical 

significance was determined by one-way ANOVA with a bonferroni post-test (n.s., not 

significant; *P<0.05; **P<0.01). 
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Figure 24. Proposed mechanism model for the contribution of bacterial evasion by 

secreting quorum sensing related molecules at Pseudomonas aeruginosa. 
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Part 2. Modulation of NLRC4 inflammasome by outer membrane vesicles 

from Salmonella typhimurium 

 

1. Salmonella typhimurium-secreted molecules promote NLRC4-mediated 

activation of caspase-1 and IL-1β 

Bacterial flagellin is well known for inducing host immune response via TLR5 as well 

as activating NLRC4 inflammasome through NAIP5.5 Furthermore, secreted flagellin from 

Pseudomonas aeruginosa in extracellular space can promote the activation of NLRC4 

inflammasome in mouse bone marrow-derived macrophages (BMDMs).49 Therefore, to 

compare the ability of Salmonella typhimurium to activate host inflammasomes, wild type 

(WT) or flagellin-deficient (∆fliC/fljB) strains were used. At 50 min infection, WT S. 

typhimurium showed caspase-1 activation and secretion of interleukine-1 beta (IL-1β) in 

mouse BMDMs (Fig. 1A). By contrast, the inflammasome activation was abolished by WT 

infection in Nlrc4-/- BMDMs, indicating that WT infection triggered NLRC4-dependent 

inflammasome activation (Fig. 1A). Moreover, deficiency of ASC also abrogated the 

caspase-1 activation and IL-1β secretion by WT infection (Fig. 1B). However, robust 

inflammasome activation was also showed in Nlrp3-/- BMDMs upon WT infection (Fig. 

1C). Interestingly, ∆fliC/fljB infection failed to activate caspase-1 and IL-1β in BMDMs 

(Fig. 1A-C). 

To verify the inflammasome activation by delayed infection conditions, BMDMs 

were infected with WT or ∆fliC/fljB S. typhimurium at various time point, 0.5, 1 or 2 hr. At 

0.5 and 1 hr infection, only WT S. typhimurium promoted activation of inflammasome, 

while ∆fliC/fljB failed to trigger inflammasome activation (Fig. 2A). Unlike the previous 

results, however, both WT and ∆fliC/fljB promoted inflammasome activation upon delayed 

infection (Fig. 2A). Next, I experimented which sensor molecule is implicated in 
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inflammasome activation by prolonged infection. Like short-infections, inflammasome 

activation by delayed WT or ∆fliC/fljB infection was diminished in Nlrc4-/- as well as Asc-/- 

BMDMs (Fig. 2B, C). By contrast, activation of caspase-1 and IL-1β were still observed in 

Nlrp3-/- BMDMs in response to prolonged infection (Fig. 2D). These results indicate that 

delayed S. typhimurium infection causes the inflammasome-mediated responses 

independent of ability to contact the host cell by flagellin. Flagellin is important in 

bacterial virulence because it gives the bacteria invasive ability. Thus, flagellin gives 

bacteria the opportunity to contact host cells, which cause immune response. Indeed, if the 

S. typhimurium is in experimental condition that can contact with the host cells, ∆fliC/fljB 

strain can also trigger inflammasome activation in macrophages.6 For this reason, it was 

needed to confirm the activation of inflammasome in BMDMs in which S. typhimurium 

was infected indirectly. To examine whether indirect infection of S. typhimrium triggers 

activation of host inflammasome signaling, transwell plates were used (Fig. 3A). Mouse 

BMDMs were plated in lower chamber, then each WT or ∆fliC/fljB were infected in the 

upper chamber (Fig. 3A). Surprisingly, WT or ∆fliC/fljB promoted caspase-1 activation 

and IL-1β secretion in BMDMs (Fig. 3B). However, activation of inflammasome signaling 

was abolished by WT and ∆fliC/fljB strain in Nlrc4-/- BMDMs (Fig. 3C). These 

observations indicate that bacterial secreting molecules could cause activation of host 

inflammasome signaling upon separated infection conditions. 
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Figure 1. Comparison between wild-type and flagellin-deficient Salmonella 

typhimurium upon short-time infection in inflammasome activation. (A-C) Wild-type 

(WT), Nlrc4-/- (A), Asc-/- (B) or Nlrp3-/- (C) mouse bone marrow-derived macrophages 

(BMDMs) were untreated (Unt) or infected with wild type (WT) or ∆fliC/fljB S. 

typhimurium SL1344 at a multiplicity of infection (MOI) 20. At 50 min post-infection, 

infected BMDMs washed with PBS and incubated with gentamicin (100 μg/ml)-containing 

Opti-MEM for 3 hr before harvest, or treated with lipopolysaccharide (LPS, 0.25 μg/ml, 3 

hr), followed by treatment with ATP (2.5 mM, 45 min) or Nigericin (Nig, 5 μM, 45 min). 

(A-C) Culture supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the 

indicated antibodies. Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 2. Flagellin-independent inflammasome activation by delayed Salmonella 

typhimurium infection. (A) Mouse bone marrow-derived macrophages (BMDMs) were 

untreated (Unt) or infected with wild-type (WT) or ∆fliC/fljB S. typhimurium SL1344 at a 

multiplicity of infection (MOI) 20. At 0.5-2 hr post-infection, infected BMDMs were 

washed with PBS and incubated with gentamicin (100 μg/ml)-containing Opti-MEM for 3 

hr before harvest. (B-D) Wild-type (WT) or Nlrc4-/- (B) or Asc-/- (C) or Nlrp3-/- (D) mouse 

bone marrow-derived macrophages (BMDMs) were untreated (Unt) or infected with wild 

type (WT) or ∆fliC/fljB S. typhimurium SL1344 at MOI 20. At 0.5 or 2 hr post-infection, 

infected BMDMs were washed with PBS and incubated with gentamicin (100 μg/ml)-

containing Opti-MEM for 3 hr before harvest, or treated with lipopolysaccharide (LPS, 

0.25 μg/ml, 3 hr), followed by treatment with ATP (2.5 mM, 45 min) or Nigericin (Nig, 5 

μM, 45 min). (A-D) Culture supernatants (Sup) or cellular lysates (Lys) were 

immunoblotted with the indicated antibodies. Unt: untreated, Procasp-1: pro-caspase-1, 

p20: active caspase-1 
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Figure 3. Salmonella typhimurium secreted molecules induce NLRC4-mediated 

caspase-1 activation in trans-well system. (A) Illustration of experimental scheme to 

determine the inflammasome activation using transwell plate. (B) Mouse bone marrow-

derived macrophages (BMDMs) were untreated (Unt) or indirectly infected with wild type 

(WT) or ∆fliC/fljB S. typhimurium SL1344 at a multiplicity of infection (MOI) 30 for 7 hr. 

(C) Wild-type (WT) or Nlrc4-/- BMDMs were untreated (Unt) or indirectly infected with 

WT or ∆fliC/fljB S. typhimurium SL1344 at a MOI 30 for 7 hr. (B, C) Culture supernatants 

(Sup) or cellular lysates (Lys) were immunoblotted with the indicated antibodies. Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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2. Salmonella typhimurium secretant promotes activation of caspase-1 and IL-

1β 

To investigate whether bacterial secretant (BS) contribute to activation of host 

inflammasome signaling, I treated mouse BMDMs with S. typhimurium secretant. WT S. 

typhimurium secretant promoted robust caspase-1 activation, IL-1β secretion, and ASC-

oligomerization (Fig. 4A, B, D). ∆fliC/fljB secretant also induced activation of 

inflammasome signaling, but less than caused by WT secretant (Fig. 4A, B, D). However, 

the levels of pro-inflammatory cytokines IL-6 secreted by WT secretant treatment in 

mouse BMDMs were similar to those by ∆fliC/fljB secretant (Fig. 4C). Furthermore, the 

activation of inflammasome signaling by WT secretant was more robust than by ∆fliC/fljB 

secretant, even when treated with cultured secretant for different times (Fig. 5A). This 

result is not due to the difference in growth rates between WT and ∆fliC/fljB S. 

typhimurium, because the growth kinetics of WT and ∆fliC/fljB strain were similar (Fig. 

5B). 
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Figure 4. Salmonella typhimurium secretant triggers activation of caspase-1 and IL-1β. 

(A-C) Mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) or 

treated with bacterial secretant (BS, 1/33 or 1/10 volume of BMDM supernatant) from WT 

or ∆fliC/fljB S.typhimurium 6 hr pre-cultures for 6 hr. (B, C) Cytokine levels of 

interleukine-1 beta (IL-1β) (B) or IL-6 (C) in the culture supernatants were quantified by 

ELISA (n=3). (D) BMDMs were treated with BS (1/10 volume of BMDM supernatant) 

from WT or ∆fliC/fljB S.typhimurium 6 hr pre-cultures for 6 hr. (A, D) Culture 

supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the indicated 

antibodies. DSS-crosslinked pellets (DSS+Pellet) were immunoblotted with ASC antibody. 

Statistical significance was determined by one-way ANOVA with a bonferroni post-test 

(n.s., not significant; *P<0.05). Unt: untreated, Procasp-1: pro-caspase-1, p20: active 

caspase-1 
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Figure 5. Wild-type Salmonella typhimurium secretant induces potent inflammasome 

activation more than flagellin-deficient Salmonella typhimurium secretant. (A) Mouse 

bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with BS 

(1/10 volume of BMDM supernatant) from WT or ∆fliC/fljB S.typhimurium 1-, 3-, 6-, 9- hr 

pre-cultures for 6 hr. Culture supernatants (Sup) or cellular lysates (Lys) were 

immunoblotted with the indicated antibodies. (B) Bacterial growth curve of WT or 

∆fliC/fljB S.typhimurium. Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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3. Salmonella typhimurium secretant triggers NLRC4-mediated caspase-1 

activation and IL-1β secretion 

Next, I experimented which sensor molecule is involved in activation of 

inflammasome by WT or ∆fliC/fljB S. typhimurium secretant. Like previous results, WT 

and ∆fliC/fljB secretant promoted caspase-1 activation and IL-1β secretion (Fig. 6A). 

However, these activation of inflammasome signaling was abolished in Nlrc4-/- BMDMs, 

suggesting that WT or ∆fliC/fljB secretant triggered inflammasome activation in NLRC4-

dependent manner (Fig. 6A). Furthermore, they failed to activate inflammsome signaling 

in Asc-/- BMDMs (Fig. 6B), while activation of caspase-1 and IL-1β was observed in 

Nlrp3-/- BMDMs (Fig. 6C). This finding indicates that WT or ∆fliC/fljB S. typhimurium 

secretant induce activation of NLRC4 inflammasome. 
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Figure 6. NLRC4- and ASC-mediated caspase-1 activation by Salmonella 

typhimurium secretant. (A-C) Wild-type (WT) or Nlrc4-/- (A) or Asc-/- (B) or Nlrp3-/- (C) 

mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with 

bacterial secretant (BS, 1/10 volume of BMDM supernatant) from WT or ∆fliC/fljB S. 

typhimurium for 6 hr, or treated with lipopolysaccharide (LPS, 0.25 μg/ml, 3 hr), followed 

by treatment with ATP (2.5 mM, 45 min). (A-C) Culture supernatants (Sup) or cellular 

lysates (Lys) were immunoblotted with the indicated antibodies. Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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4. Outer membrane vesicles from Salmonella typhimurium trigger activation of 
caspase-1 and IL-1β through endocytosis 

In order to find out that inflammasome is activated by S. typhimurium secretant on a 

molecular perspective, I first examined which protein components in secretant can induce 

activation of inflammasome. Inactivated WT or ∆fliC/fljB S. typhimurium secretant 

through heat treatment reduced caspase-1 activation and IL-1β secretion (Fig. 7A, B). 

Furthermore, proteinase K treatment of WT or ∆fliC/fljB S. typhimurium secretant 

markedly attenuated activation of inflammasome signaling (Fig. 7A, B). However, heat 

inactivation or proteinase K treatment of WT S. typhimurium secretant did not affect IL-6 

secretion (Fig. 7C). These data indicate that unidentified proteins in the S. typhimurium 

secretant play a role in secretant-mediated inflammasome activation.  

Bacterial secretant were ultra-centrifuged to determine in what form proteins secreted 

into extracellular space act on macrophages. The supernatant or pellet obtained after 

ultracentrifugation as well as bacterial secretant promoted inflammasome activation (Fig. 

8A). To further investigate, isolated outer membrane vesicles (OMVs), known as a cargo 

carrier of bacteria were used (Fig. 8B). Before conducting experiments related with 

activation of inflammasome signaling, I confirmed that the OMVs were isolated well. 

OMVs were observed in 100-300 nm size, which was confirmed by visualization using 

transmission electron microscopy (Fig. 8C, D). Moreover, each fraction of the OMVs 

isolation process was immunoblotted with the anti-OmpA antibody, which known as 

OMVs marker (Fig. 8E). The amount of OMVs produced by WT and ∆fliC/fljB S. 

typhimurium, showed no statistically significant difference (Fig. 8F). To examine potent 

roles of OMVs to activation of inflammasome signaling, OMVs were treated with 

BMDMs. In consistent with the above results by BS, OMVs from WT S. typhimurium 

induced caspase-1 activation and IL-1β secretion (Fig. 9A). Present studies supposed that 

the OMVs enter into cell for inflammasome activation by endocytosis.37 To confirm this, 

the stained OMVs were treated in BMDMs. OMVs were found in the cytoplasm 
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surrounding the nucleus, which decreased significantly when the pitstop2, inhibitor of 

clathrin-mediated endocytosis, was treated (Fig. 10A, B). To determine if endocytosis is 

important for inflammasome activation through OMVs, endocytosis inhibitor was used. 

The activation of caspase-1 and secretion of IL-1β were inhibited by pitstop2 but not by 

cytochalasin D (Fig. 11A, B). The results of this study further support that OMV in 

bacterial secretions can promote activation of inflammasome and allow one to think that 

flagellin will play an important role.  
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Figure 7. Unidentified proteins are responsible for inflammasome activation by 

Salmonella typhimurium secretant. (A) Mouse bone marrow-derived macrophages 

(BMDMs) were untreated (Unt) or treated with bacterial secretant (BS, 1/10 volume of 

BMDM supernatant) from WT or ∆fliC/fljB S. typhimurium with or without heat 

inactivation and proteinase K treatment as indicated. Culture supernatants (Sup) or cellular 

lysates (Lys) were immunoblotted with the indicated antibodies. (B, C) Mouse BMDMs 

were untreated (Unt) or treated BS (1/10 volume of BMDM supernatant) from WT S. 

typhimurium with or without heat inactivation and proteinase K treatment as indicated. The 

levels of interleukine-1 beta (IL-1β) (B) or IL-6 (C) in the culture supernatants were 

quantified by ELISA (n=3). Statistical significance was determined by one-way ANOVA 

with a bonferroni post-test (*P<0.05; ***P<0.001). Unt: untreated, Procasp-1: pro-

caspase-1, p20: active caspase-1 
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Figure 8. Purification of Salmonella typhimurium outer membrane vesicles. (A) Mouse 

bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with 

bacterial secretant (BS, 1/10 volume of BMDM supernatant), supernatant or pellet 

obtained after ultra-centrifugation. Culture supernatants (Sup) was immunoblotted with the 

indicated antibodies. (B) Illustration of experimental scheme showing isolation of bacterial 

OMVs. Collected bacterial secretant (BS), filtrate or isolated OMVs were treated mouse 

bone marrow-derived macrophages in each experiment. (C) Nanoparticle tracking analysis 

measurement for particle size or concentration of outer membrane vesicles (OMVs) from 

WT or ∆fliC/fljB S. typhimurium. (D) Negative staining transmission electron microscopy 

(TEM) of purified OMVs from S. typhimurium. (E) Bacterial secretant, filtrate or OMVs 

from WT or ∆fliC/fljB S. typhimurium cultures were immunoblotted with anti-OmpA 

antibody. (F) Amount of OMV produced by a single bacterium. Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 9. Salmonella typhimurium OMVs promote caspase-1 activation. Mouse bone 

marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with outer 

membrane vesicles (1 or 5 μg/ml) from WT S. typhimurium for 8 hr. Culture supernatants 

(Sup) or cellular lysates (Lys) were immunoblotted with the indicated antibodies. Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 10. OMVs enter the cytoplasm through endocytosis. (A, B) Wild-type (WT) 

bone marrow-derived macrophages (BMDMs) were treated PBS-Dil (Vybrant Dil) or 

vybrant dil stained-OMVs (5 μg/ml) from WT S. typhimurium in the absence or presence 

of pitstop2 (10 μM, 30 min pretreatment) for 6 hr. (A) Cell were observed by confocal 

microscopy. (B) The mean fluorescence intensity of Dil signals (per DAPI signals) were 

measured by zen software (n=6). Statistical significance was determined by one-way 

ANOVA with a bonferroni post-test (*P<0.05) 
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Figure 11. Endocytosis of OMVs is crucial for inflammasome activation. (A, B) Wild-

type (WT) bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated 

OMV (5 μg/ml) from WT S. typhimurium in the presence of cytochalasin D (CytoD, 5 μM, 

30 min pretreatment) or pitstop2 (10 μM, 30 min pretreatment) for 6 h. (A) Culture 

supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the indicated 

antibodies. (B) The cytokine levels of interleukine-1 beta (IL-1β) in the culture 

supernatants were quantified by ELISA (n=3). Statistical significance was determined by 

one-way ANOVA with a bonferroni post-test (n.s., not significant; ***P<0.001). Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 

 

  



95 

 

5. Outer membrane vesicles from Salmonella typhimurium promote NLRC4-
mediated activation of caspase-1 and IL-1β 

After getting these results, I examined which sensor molecule is implicated in 

inflammasome activation by S. typhimurium OMVs. OMVs from WT S. typhimurium 

promoted robust inflammasome activation in WT BMDMs, while it attenuated caspase-1 

activation and IL-1β secretion in Nlrc4-/- BMDMs (Fig. 12A). Moreover, the levels of IL-

1β secretion by WT OMVs were diminished in Nlrc4-/- BMDMs, but not in WT BMDMs 

(Fig. 12B). The deficiency of ASC also abrogated the inflammasome activation by WT 

OMVs (Fig. 12D). On the other hands, potent inflammasome activation by OMVs was 

decreased slightly, but not too much in Nlrp3-/- BMDMs (Fig. 12E, F). However, there was 

no difference in IL-6 secretions (Fig. 12C, G). These observations indicate that activation 

of inflammasome signaling by OMVs from S. typhimurium was mainly dependent on 

NLRC4. 
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Figure 12. NLRC4-dependent activation of caspase-1 and IL-1β by wild-type 

Salmonella typhimurium OMVs. (A-G) Wild-type (WT) or Nlrc4-/- (A-C) or Asc-/- (D) or 

Nlrp3-/- (E-G) mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) 

or treated with outer membrane vesicles from WT S. typhimurium for 8 hr at the indicated 

quantites of OMV, or primed with Pam3CSK4 (1 μg/ml, 4 hr) followed by treatment with 

LPS (1 μg/ml, 6 hr) with pre-mixing with DOTAP liposomal transfection reagent, or 

treated with LPS (0.25 μg/ml, 3 hr), followed by treatment with nigericin (Nig, 5 μM, 45 

min). The cytokine levels of interleukine-1 beta (IL-1β) (B, F) or interleukine-6 (IL-6) (C, 

G) in the culture supernatants were quantified by ELISA (n=3). (A, D, E) Culture 

supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the indicated 

antibodies. Statistical significance was determined by one-way ANOVA with a bonferroni 

post-test (n.s., not significant; **P<0.01; ***P<0.001). Unt: untreated, Procasp-1: pro-

caspase-1, p20: active caspase-1 
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6. Membrane proteins of Salmonella typhimurium outer membrane vesicles are 
main stimulants to induce NLRC4 inflammasome activation 

In order for the NLRC4 inflammasome to be activated, bacterial proteins, such as 

flagellin and T3SS component proteins are required. Furthermore, for OMVs from 

∆fliC/fljB S. typhimurium, it was necessary to check the role of flagellin in OMV, as it 

caused fewer activation of caspase-1 compared to WT OMV. Next, the protein distribution 

was checked if OMVs worked as cargo carrier that could carry these bacterial proteins. 

Proteins present in bacterial secretant, filtrate and OMV from WT or ∆fliC/fljB S. 

typhimurium were confirm by coomassie blue staining. It was confirmed that flagellin was 

present in OMV as well as bacterial secretion agent, filtrate from WT S. typhimurium (Fig. 

13A). To check the possibility that bacterial proteins can be transported by OMVs, I first 

checked for the presence of bacterial proteins in OMVs. By using Optiprep gradient 

fractionation, I found that OmpA, OMVs marker protein, and FliC as well as PrgJ existed 

in the same fraction (Fig. 13B, C). These results suggest that OMVs can transport flagellin 

and PrgJ as a cargo carrier. Next, the bacterial protein was identified through the proteinase 

K protection assay to determine which part of the OMV was present. Flagellin and PrgJ 

were not protected from degradation by proteinase K in the absence or presence of SDS 

(Fig. 13D). Collectively, these results indicate that flagellin and PrgJ are present on the 

membrane surface of the OMVs (Fig. 13E). 

Next, it was necessary to check how the bacterial protein carried by OMV affected it. 

OMVs treated with proteinase K in macrophages to determine whether bacterial proteins 

present on the membrane surface of OMV are important for inflammasome activation. 

Proteinase K treatment attenuated activation of inflammasome signaling by OMVs (Fig. 

14A). Moreover, the level of secreted IL-1β was diminished in BMDMs (Fig. 14 B). These 

results strongly demonstrate that OMV can induce activation of inflammation by carrying 

bacterial proteins. 
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Figure 13. The distribution of flagellin and T3SS-rod protein in Salmonella 

typhimurium OMVs. (A) Coomassie brillian blue staining of SDS-PAGE gel showing 

protein distribution prepared from bacterial secretant (BS), filtrate or OMV from WT or 

∆fliC/fljB S. typhimurium. An arrow indicates S. typhimurium flagellin. (B, C) Distribution 

ST-fliC and ST-PrgJ protein in OptiPrep density gradient fractions of isolated OMV from 

WT or ∆fliC/fljB S. typhimurium detected by immunoblotted with the indicated antibodies. 

(D) Proteinase K protection assay using OMV from WT S. typhimurium. OMVs were 

incubated with OptiMEM alone, or proteinase K (1 μg/ml, 30 min, 37°C) in the absence or 

presence of 0.02% SDS. Each processed OMVs were immunoblotted with the indicated 

antibodies. (E) Proposed distribution of flagellin and PrgJ protein in OMVs. 
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Figure 14. Membrane proteins of OMVs are major activators for NLRC4–mediated 

inflammasome activation. (A) Wild-type (WT) mouse bone marrow-derived 

macrophages (BMDMs) were untreated (Unt) or treated OMV (1/40 volume of BMDM 

supernatant) from WT S. typhimurium in the presence of proteinase K (protK, 1 μg/ml, 30 

min, 37°C) for 6 hr. Culture supernatants (Sup) or cellular lysates (Lys) were 

immunoblotted with the indicated antibodies. (B) The cytokine levels of interleukine-1 

beta (IL-1β) in the culture supernatants were quantified by ELISA (n=2). Statistical 

significance was determined by one-way ANOVA with a bonferroni post-test 

(***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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7. Flagellin from Salmonella typhimurium outer membrane vesicles is crucial 
for inflammasome activation 

To make sure that bacterial protein is crucial in the activation of inflammasome by 

OMVs, I compared the OMVs from WT with the OMV from ∆fliC/fljB S. typhimurium. In 

consistent with the above results by BS, OMVs from WT as well as OMVs from ∆fliC/fljB 

induced caspase-1 activation and IL-1β secretion (Fig. 15A, B). However, activation of 

caspase-1 and release of IL-1β were much less by OMV from ∆fliC/fljB than by WT (Fig. 

15A, B). Unlike the IL-1β secretion by OMV, IL-6 secretion did not make much difference 

(Fig. 15C). The results indicate that the flagellin of OMVs is an important factor in 

inflammasome activation. Then, the activation of inflammasome by ΔfliC/fljB OMVs was 

investigated to determine which sensor molecule was involved. OMVs from ΔfliC/fljB S. 

typhimurium promoted inflammasome activation in WT BMDMs, while it attenuated 

caspase-1 activation and IL-1β secretion in Nlrp3-/- BMDMs (Fig. 16A). Moreover, the 

levels of IL-1β secretion by ΔfliC/fljB OMVs were decreased in Nlrp3-/- BMDMs, but not 

in WT BMDMs (Fig. 16B). On the other hands, inflammasome activation caused by 

ΔfliC/fljB OMVs was slightly reduced in Nlrc4-/- BMDMs, but not too much (Fig. 16D, E). 

However, there was no difference in IL-6 secretions (Fig. 16C, F). These observations 

indicate that only flagellin in OMVs induces activation of caspase-1 and IL-1β dependent 

on NLRC4. Since prgJ was found in OMVs in addition to flagellin, OMV from 

ΔfliC/fljB/prgJ S. typhimurium were used to determine if prgJ also plays an important role. 

In the absence of both flagellin and prgJ in OMVs, the activation of caspase-1 and IL-1β 

were not induced (Fig. 17A, B). However, there was no difference in IL-6 secretions by 

WT OMV and ΔfliC/fljB/prgJ OMV (Fig. 17C). 
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Figure 15. Activation of caspase-1 and secretion of IL-1β are much less by flagellin-

deficient Salmonella typhimurium OMVs than by wild-type. (A-C) Mouse bone 

marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with outer 

membrane vesicles (1 or 5 μg/ml) from WT (A) or ∆fliC/fljB (B) S. typhimurium for 8 hr. 

(A) Culture supernatants (Sup) or cellular lysates (Lys) were immunoblotted with the 

indicated antibodies. The levels of interleukine-1 beta (IL-1β) (B) or IL-6 (C) in the culture 

supernatants were quantified by ELISA (n=3). Statistical significance was determined by 

one-way ANOVA with a bonferroni post-test (n.s., not significant; ***P<0.001). Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 16. Flagellin-deficient Salmonella typhimurium OMVs induce NLRP3-

mediated inflammasome activation. (A-F) Wild-type (WT) or Nlrp3-/- (A-C) or Nlrc4-/- 

(D-F) mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) or 

treated OMV from ∆fliC/fljB S. typhimurium for 8 hr at the indicated quantities of OMV, or 

primed with Pam3CSK4 (1 μg/ml, 4 hr) followed by treatment with LPS (1 μg/ml, 6 hr) 

with pre-mixing with DOTAP liposomal transfection reagent. The cytokine levels of 

interleukine-1 beta (IL-1β) (B, E) or interleukine-6 (IL-6) (C, F) in the culture supernatants 

were quantified by ELISA (n=3). (A, D) Culture supernatants (Sup) or cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. Statistical significance was determined 

by one-way ANOVA with a bonferroni post-test (n.s., not significant; ***P<0.001). Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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Figure 17. OMVs from ∆fliC/fljB/prgJ Salmonella typhimurium cannot activate 

caspase-1 and IL-1β. (A-C) Mouse bone marrow-derived macrophages (BMDMs) were 

untreated (Unt) or treated with outer membrane vesicles from WT or ∆fliC/fljB/prgJ S. 

typhimurium for 8 hr at the indicated quantites of OMVs. The cytokine levels of 

interleukine-1 beta (IL-1β) (B) or interleukine-6 (IL-6) (C) in the culture supernatants were 

quantified by ELISA (n=3). (A) Culture supernatants (Sup) or cellular lysates (Lys) were 

immunoblotted with the indicated antibodies. Statistical significance was determined by 

one-way ANOVA with a bonferroni post-test (n.s., not significant; ***P<0.001). Unt: 

untreated, Procasp-1: pro-caspase-1, p20: active caspase-1 
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8. Flagellin is essential for the NLRC4-mediated activation of caspase-1 by 
outer membrane vesicles from other gram-negative bacteria 

To elucidate if the flagellin of OMVs is important for activation of NLRC4-mediated 

caspase-1 even in other gram-negative bacteria, flagellated bacteria and non-flagellated 

bacteria were used. P. aeruginosa is a flagellated bacteria, and OMVs obtained from PAO1 

strain were treated with BMDMs. Similar to S. typhimurium OMVs, PAO1 OMVs caused 

activation of caspase-1 and secretion of IL-1β (Fig. 18A, B). These results were 

independent on NLRP3 (Fig. 18C, D) and dependent on NLRC4 (Fig. 18E, F). Later, the 

OMVs obtained from the non-flagellated bacteria E. coli strain, BL21 and DH5α, were 

used. OMVs from BL21 triggered the activation of caspase-1 and IL-1β secretion (Fig. 

19A, B). Moreover, activation of caspase-1 and secretion of IL-1β was observed in Nlrc4-/- 

BMDMs (Fig. 19C, D). However, activation of inflammasome signaling was abolished by 

BL21 OMVs in Nlrp3-/- BMDMs (Fig. 19E, F). Like BL21 OMVs, OMVs from DH5α 

induced NLRP3-mediated inflammasome activation (Fig. 20A-D). These results suggest 

the possibility that the results that flagellin in OMVs is important for NLRC4-mediated 

inflammasome activation can be applied to other gram-negative bacteria, not just S. 

typhimurium. 
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Figure 18. OMVs from flagellated Pseudomonas aeruginosa induce NLRC4-mediated 

activation of caspase-1 and IL-1β. (A-F) Wild-type (WT) or Nlrp3-/- (C, D) or Nlrc4-/- (E, 

F) mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated 

with outer membrane vesicles from P. aeruginosa PAO1 for 8 hr at the indicated quantites 

of OMVs. The cytokine levels of interleukine-1 beta (IL-1β) (B, D, F) in the culture 

supernatants were quantified by ELISA (n=3). (A, C, E) Culture supernatants (Sup) or 

cellular lysates (Lys) were immunoblotted with the indicated antibodies. Statistical 

significance was determined by one-way ANOVA with a bonferroni post-test (n.s., not 

significant; **P<0.01; ***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, p20: active 

caspase-1  
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Figure 19. OMVs from non-flagellated Escherichia coli BL21 induce NLRP3-

mediated activation of caspase-1 and IL-1β. (A-F) Wild-type (WT) or Nlrc4-/- (C, D) or 

Nlrp3-/- (E, F) mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) 

or treated with outer membrane vesicles from E. coli BL21 for 8 hr at the indicated 

quantites of OMVs. The cytokine levels of interleukine-1 beta (IL-1β) (B, D, F) in the 

culture supernatants were quantified by ELISA (n=3). (A, C, E) Culture supernatants (Sup) 

or cellular lysates (Lys) were immunoblotted with the indicated antibodies. Statistical 

significance was determined by one-way ANOVA with a bonferroni post-test (n.s., not 

significant; ***P<0.001). Unt: untreated, Procasp-1: pro-caspase-1, p20: active caspase-1  
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Figure 20. OMVs from non-flagellated Escherichia coli DH5α induce NLRP3-

mediated activation of caspase-1 and IL-1β. (A-D) Wild-type (WT) or Nlrp3-/- (C, D) 

mouse bone marrow-derived macrophages (BMDMs) were untreated (Unt) or treated with 

outer membrane vesicles from E. coli DH5α for 8 hr at the indicated quantites of OMVs. 

The cytokine levels of interleukine-1 beta (IL-1β) (B, D) in the culture supernatants were 

quantified by ELISA (n=3). (A, C) Culture supernatants (Sup) or cellular lysates (Lys) 

were immunoblotted with the indicated antibodies. Statistical significance was determined 

by one-way ANOVA with a bonferroni post-test (***P<0.001). Unt: untreated, Procasp-1: 

pro-caspase-1, p20: active caspase-1 
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Figure 21. Proposed mechanism model for inflammasome activation by Salmonella 
typhimurium outer membrane vesicles. 
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IV. DISSCUSSION 

Bacterial pathogens require the secretion of various molecules to invade hosts, 

damage tissues and survive themselves. Secreted molecules play important roles in 

promoting bacterial virulence by directly or indirectly affecting host cells.50 This process is 

very strategic and can affect the host immune systems. However, despite the recent studies 

concerning inflammasome activation upon bacterial infection, the effects of bacterial 

secreted molecules on inflammasome signaling pathway are still poorly understood. 

Furthermore, most studies focus on the response of host cells after bacterial uptake. Thus, 

the potent role of bacteria-secreted factors during pathogenesis has not been fully 

investigated. 

In Part 1, I tried to determine the potential roles of the factors secreted from P. 

aeruginosa using bacteria-free secretant. In this study, I present novel evidence 

demonstrating that P. aeruginosa uses bacterial QS-dependent secretant as an 

inflammasome evasion strategy. 

As the number of bacteria in certain environment increases and the density reaches a 

threshold, the concentration of AHL as an autoinducer also increases sufficiently. 

Accordingly, the activation of the QS system has steadily increased, regulating the 

expression of various virus genes.51 This process has a positive effect not only on the 

survival of bacteria but also on their toxicity and serves to impair the host immune 

defenses in various ways.18,51 For example, P. aeruginosa-secreted protease, whose 

expression was greatly increased by the QS system, degrades many host defense proteins 

such as complement, surfactant and extracellular matrix proteins.12 In addition, P. 

aeruginosa elastase is known to lead to the avoidance of host immune defenses by 

degrading pro-inflammatory cytokines such as IL-6 or IL-8.52 Moreover, a recent report 

also showed that thrombin cleaved by P. aeruginosa elastase attenuated TLR-mediated 

pro-inflammatory responses.53 In correlation with these studies, I found that P. aeruginosa 
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proteases not only degrade inflammasome components including caspase-1 and ASC, but 

also pro-inflammatory cytokines in the extracellular space. Thus, this result demonstrates 

that QS-mediated production of proteases by P. aeruginosa provides the bacterial 

community on opportunity to attenuate the host innate immune protection. 

The P. aeruginosa QS system also controls the production of redox-active phenazine 

derivatives such as pyocyanin.18 I confirmed through metabolomics analysis that there was 

a pyocyanin only in the secretant of WT P. aeruginosa, not QS-defective mutant. 

Pyocyanin is one of the major toxins produced by P. aeruginosa and is known to damage 

host cells by inducing oxidative stress.47,54 It is known that pyocyanin plays an important 

role in the pathogenesis of cystic fibrosis patients upon P. aeruginosa infection.55 

Interestingly, the level of pyocyanin is raised to 100 μM in cystic fibrosis patients with P. 

aeruginosa infection.56 Moreover, pyocyanin-defective P. aeruginosa mutants have 

impaired their virulence in mouse infection models, indicating that pyocyanin is an 

important virulence factor.57 In terms of its contribution to host inflammatory response, 

pyocyanin can exert a pro-inflammatory role based on its reactive oxygen species-

producing ability.54 However, a study has demonstrated that pyocyanin can advantage their 

survival by inhibiting acute inflammatory responses.48 In line with these data, I have 

presented evidence that pyocyanin could suppress NLRC4- and even NLRP3-mediated 

inflammasome activation. Although the mechanism by which pyocyanin inhibits the 

activation of inflammasome signaling remains to be further elucidated, these results 

suggest that P. aeruginosa could attenuate inflammasome activation through QS-dependent 

production of pyocyanin. 

Furthermore, I also unveiled a novel function of P. aeruginosa QS autoinducer C12-

HSL in suppression of inflammasome activation. Previous studies reported anti-

inflammatory role of C12-HSL, which inhibits LPS-triggered production of pro-

inflammatory cytokines, such as TNF-α and MCP-10, in peritoneal macrophages and 

BMDMs.58-60 Moreover, C12-HSL, but not C4-HSL, causes apoptosis in BMDMs, which 
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impairs the host immune defense against P. aeruginosa infection.61 These observations 

indicate that P. aeruginosa C12-HSL can not only trigger bacterial virulence gene 

expression as a QS autoinducer but also attenuate host innate immune defense. The present 

data provide additional insight into the anti-inflammatory role of C12-HSL in diminishing 

the activation of NLRP3 and NLRC4 inflammasome pathways. These findings suggest that 

the P. aeruginosa QS system could dampen host inflammasome-mediated protection via 

QS-associated products such as pyocyanin and C12-HSL. 

The primary role of NLRC4 inflammasome signaling in response to P. aeruginosa 

infection is to control bacterial replication. Previous studies showed that inflammasome-

deficient mice lacking NLRC4, caspase-1, IL-1β, or IL-1 receptor resulted in elevated 

bacterial burden and tissue damages upon P. aeruginosa infection.23,62-64 Pattern-

recognition host cells detect key virulence determinants of P. aeruginosa, such as flagellin 

or T3SS protein PscC, leading to NLRC4 inflammasome activation.24,65,66 In terms of 

bacterial evasion of host innate defense, P. aeruginosa major exotoxin ExoU was shown to 

attenuate NLRC4 inflammasome activation, likely through its phospholipase activity.62 

Also, alkaline protease AprA, a QS-dependent secreted protease, degrades bacterial 

monomeric flagellin to evade TLR5-mediated immune responses.67 In close association 

with these previous findings, present data suggest that QS-dependent production of P. 

aeruginosa proteases degrade extracellular flagellin, leading to the impairment of flagellin-

triggered inflammasome activation. Until now, it was generally accepted that cytosolic 

delivery of flagellin through bacterial secretion system or in vitro liposomal transfection 

reagent is prerequisite for inflammasome activation.4,46 Intriguingly, this study shows that 

extracellular secreted flagellin alone can induce inflammasome activation. One possible 

explanation for this discrepancy could be the different treatment times. Previous studies 

examined the inflammasome activation in BMDMs only upon less than 3 hr Salmonella 

flagellin treatment4,24; however, I obtained inflammasome activation after 6 hr treatment of 

P. aeruginosa flagellin. Nevertheless, I still believe that the delivery of flagellin into 
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cytosol is required to activate inflammasome. Further study will be needed to clarify how 

extracellular flagellin is able to penetrate host cell membrane. 

In contrast to its protective role, inflammasome activation has also been proposed to 

exacerbate host tissue damages in response to P. aeruginosa infection.68,69 It is possible that 

the initial activation of inflammasome signaling is preferable for host defense, especially 

upon acute P. aeruginosa infection. However, it is highly plausible that persistently 

dysregulated inflammasome activation triggered by P. aeruginosa may cause host tissue 

damage. Bacterial QS is thought to significantly enhance pathogenicity by promoting the 

acute expression of diverse virulence factors. Paradoxically, QS-defective strains such as 

LasR-lacking P. aeruginosa were highly represented in the clinical isolates from cystic 

fibrosis patients and these patients are associated with exacerbated lung pathology.70,71 

Although it is not completely understood why QS mutant P. aeruginosa, considered a 

strain with reduced virulence, were present in cystic fibrosis patients, these data provide a 

possible explanation. Specifically, QS-defective mutants could promote hyper-activation of 

inflammasome signaling by disarming inflammasome-suppressing machinery, which might 

lead to the exacerbated pathology of cystic fibrosis patients. Of note, QS products 

pyocyanin and C12-HSL effectively suppressed NLRP3 inflammasome activation 

triggered by classical NLRP3 stimulators. Given that P. aeruginosa flagellin was also 

proposed to induce NLRP3 inflammasome activation, chronic infection with P. aeruginosa 

could lead to excessive NLRP3 inflammasome activation.72 In this regard, QS-defective 

mutants are implicated in the dysregulation of NLRP3 inflammasome activation that 

accounts for the severe pathology of cystic fibrosis. Further studies will be needed to 

reveal the molecular mechanisms linking P. aeruginosa QS to NLRP3 inflammasome 

signaling. On the basis of these data, P. aeruginosa QS can be used to evade host 

inflammasome activation in the early stage of infection, but the absence of QS can cause 

excessive inflammation in the context of chronic infections. This study also highlights the 

importance of extracellular bacterial secreted factors in modulating host innate immune 
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responses. 

In Part 2, I attempted to examine the potential roles of the OMVs secreted from S. 

typhimurium. Although some recent studies have reported progress on OMVs and 

inflammasome activation, the role of OMVs as a cargo carrier remains still poorly 

understood. In this study, I suggest the possibility that bacterial OMVs can activate 

NLRC4 inflammasome.  

Upon S. typhimurium infection, studies on innate immune defense in macrophage 

have been relatively well known.73 When S. typhimurium is phagocytized by macrophage, 

they are present in SCV.74 In response, macrophages use various PRRs to recognize them 

and secrete pro-inflammatory cytokines to remove bacteria. In this process, activation of 

NLRC4 inflammasome plays an important role.75 The NLRC4 inflammasome, a 

cytoplasmic sensor, initiates activation by recognizing flagellin, T3SS rod and needle 

protein. Especially, flagellin is important because it provides an invasive ability, giving 

bacteria the opportunity to contact host cells. For this reason, previous reports suggested 

that contact between S. typhimurium and host cells is important for bacterial protein 

delivery through T3SS and inflammasome activation.65 In vitro experiments, different 

experimental methods enabled the activation of inflammasome by flagellin-deficient S. 

typhimurium.6,65 In relation with these results, I have confirmed that the infection of non-

motile flagellin-deficient S. typhimurium to macrophage for a long time promoted 

inflammasome activation, but not infection for a short time. In this experiment, I 

confirmed that activation of inflammasomes through bacterial infection requires contact 

between bacteria and host cells, followed by the transfer of bacterial proteins through T3SS. 

The activation of inflammasome by direct effects of bacterial infection on 

macrophage has been known, but little is known about indirect effects. Previous studies 

have reported that proteins such as flagellin, PrgJ, and PrgI that can activate NLRC4 

inflammasome were found in the Salmonella culture supernatant.65,76 From this perspective, 



124 

 

I have identified how infections in conditions where bacteria and host cells are not in 

contact affect inflammasome activation. The results using the transwell plate showed the 

possibility that activation of inflammasomes could be caused by bacterial secretant. 

Furthermore, bacterial secretant obtained from S. typhimurium promoted the activation of 

inflammasome, and these results were NLRC4 dependent. Despite these results, I know 

that the process of proteins delivery into the cytoplasm is necessary to activate 

inflammasome. However, it is not well known what form of bacterial proteins that can 

activate NLRC4 inflammasome are secreted into the extracellular space. 

OMVs play role as a cargo carrier, and in many reports the S. typhimurium OMVs are 

known to contain a variety of molecules, such as nucleic acids, lipid, LPS and proteins, as 

is bacterial OMVs.32 Previously, studies related to OMVs and inflammasome activation 

have focused on LPS of OMV.37-39 This is a natural flow because LPS is abundant in 

OMVs obtained from gram-negative bacteria. These reports suggest that when OMVs enter 

the host cell; 1. It enters the endosome and secretes LPS into the cytoplasm, or 2. LPS 

interacts with caspase-11 with the help of GBPs, which then activates non-canonical 

inflammasome when caspase-11 is activated.37-39 These studies also experimented with 

OMVs from S. typhimurium and found that it was dependent on the pathway through 

caspase-11. However, in my case, it has been found that activation of inflammasome by 

OMVs is dependent on NLRC4. These results are different but interesting from other 

studies. Because the transfer of material mediated by OMVs as well as the LPS of OMVs 

can raise the idea that the activation of inflammasome can be induced. In fact, many 

studies related to OMV showed the possibility that many substances can be delivered 

through OMV, although many are concerned about endotoxins.77-79 In addition, some 

studies have shown that OMVs from S. typhimurium contains flagellin.80 In line with these 

data, my results present the novel evidence that the presence of flagellin and PrgJ to 

activate NLRC4 inflammasome in OMVs, which could be present in the OMVs membrane 

and delivered to the host cells. In addition, it was also known that the clathrin-mediated 
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endocytosis was necessary for inflammasome activation by OMV37 and I got the same 

result. Further study will be needed to clarify how these proteins are exposed to cytosol 

and recognized by NLRC4.  

S. typhimurium is intracellular bacteria, so it was thought that there might be a debate 

over whether or not OMV could play an important role in the actual infection. Previously, 

there was a study that showed the possibility that S. typhimurium infection occurred and 

that OMV could be secreted even after entering SCV, which could affect other host cells.81 

In correlation with these studies, my results suggest the potential roles that the OMVs of 

intracellular bacteria can also play an important role in actual infection situation.  

Collectively, in this study, OMV presents the possibility that the endotoxin in the 

membrane as well as the bacterial protein as the cargo carrier can be delivered to the host 

cell to activate NLRC4 inflammasome. 
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V. CONCLUSION 

Here, I demonstrated that bacterial secretant can modulate activation of NLRC4 

inflammasome.  

In part 1, quorum sensing (QS) system allowed Pseudomonas aeruginosa to avoid the 

inflammasome-mediated innate immune response. In case of Wild type P. aeruginosa 

secreted QS-regulated factors, including pyocyanin and 3-oxo-C12-homoserine lactone 

(C12-HSL) in a QS-dependent manner. In the extracellular space, secreted proteases 

degraded inflammasome-associated molecules such as caspase-1 and ASC adaptor protein 

besides pro-inflammatory cytokines including IL-1β and IL-6 from host cells. 

Simultaneously, released proteases also impaired the potential for activation of NLRC4 

inflammasome by degrading extracellular flagellin. Particularly noteworthy is the fact that 

extracellular flagellin from P. aeruginosa can promote the activation of the NLRC4 

inflammasome without invasion into the host cells. Furthermore, both QS-regulated 

virulence factors pyocyanin and QS-inducer C12-HSL suppressed NLRC4 inflammasome 

activation whereas QS-defective P. aeruginosa failed to inhibit the activation of NLRC4 

inflammasome. Rather QS-defective P. aeruginosa could induce deregulated activation of 

inflammasome, because it was unable to produce the QS-related factors, mentioned above.  

In part 2, I showed that how OMV from Salmonella typhimurium affects 

inflammasome-activation. The inflammasome-associated molecules, including caspase-1 

or IL-1β are activated by infection of S. typhimurium as well as by bacterial secretant. In 

particular, OMVs present in bacterial secretant also play a role in the inflammasome 

activation through endocytosis. Of notice, activation of caspase-1 and IL-1β by OMVs 

from wild-type S. typhimurium is dependent on NLRC4 inflammasome. These results were 

due to the flagellin and PrgJ present on the OMVs surface. In the same line, OMVs from S. 

typhimurium lacking flagellin induced significantly less activation of caspase-1 and IL-1β 

than OMVs from wild-type S. typhimurium. Moreover, OMVs from ΔfliC/fljB/prgJ S. 
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typhimurium did not promote inflammasome activation. Especially, OMVs from 

flagellated-gram negative bacteria (e.g. Pseudomonas aeruginosa PAO1) promoted 

NLRC4-mediated inflammasome activation but not OMVs from non-flagellated-gram 

negative bacteria (e.g. Escherichia coli BL21, DH5α). These results suggest that bacterial 

flagellin and PrgJ in OMVs are important roles in NLRC4-mediated inflammasome 

activation, indicating that bacterial secretant including OMVs regulate host immune 

response. 

Collectively, these data provide evidence that bacterial secreted factors have a crucial 

role in modulating host innate immune responses and give a chance to evade against host 

immune defense. 
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ABSTRACT (IN KOREAN) 

 

세균성 분비물질에 의한 숙주 NLRC4 인플라마좀 신호 경로 조절 규명 

 

<지도교수 유제욱> 

 

연세대학교 대학원 의과학과 

 

양 정 민 

 

인플라마좀 신호는 녹농균 또는 마우스 장티푸스균과 같은 병원성 

세균에 대한 선천면역방어에 기여한다는 것이 알려져 있다. 감염과 

관련된 대부분의 논문들 에서는 숙주세포가 식세포작용을 통해 세균을 

포식 한 후 인플라마좀 활성화와 관련한 연구를 진행해왔지만 세균이 

분비하는 분자에 의한 인플라마좀 활성에 대한 연구는 잘 알려져 있지 

않다. 

본 연구의 1 부에서는 쿼럼센싱과 인플라마좀 신호와 관련된 결과를 

다룬다. 쿼럼센싱은 독성 인자를 암호화하는 쿼럼센싱 연관 유전자의 

발현을 조절함으로써 세균의 독성을 향상시키는 세균 간의 소통과정을 

의미한다. 쿼럼센싱이 녹농균의 독성에 중요한 역할을 한다고 알려져 

있지만, 숙주 선천면역반응에 영향을 미치는 쿼럼센싱의 분자적 효과에 

대해서는 거의 알려져 있지 않다. 따라서 녹농균이 세포외공간으로 
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분비하는 쿼럼센싱 의존적인 분자와 인플라마좀 신호와의 연관성을 

규명하고자 하였다. 녹농균의 배양액을 마우스 골수 유래 대식세포에 

처리하였을 때, 야생형 녹농균이 아닌 쿼럼센싱 수용기 결핍 

녹농균으로부터 분비된 플라젤린이 NLRC4 인플라마좀을 매개로 한 

카스파제-1 의 활성화와 인터루킨-1β의 분비를 유발하였다. 이러한 

상황에서 야생형 녹농균의 분비물은 프로테아제를 통해 세포외공간으로 

분비된 플라젤린을 분해함으로써 NLRC4 인플라마좀 활성화를 

저해하였다. 뿐만 아니라 이 분비된 프로테아제는 인플라마좀 성분들을 

분해함으로써 인플라마좀 매개 반응의 전파를 억제하였다. 또한 

쿼럼센싱과 연관된 독성인자인 파이오시아닌과 쿼럼센싱 신호물질인 3-

oxo-C12 호모세린락톤은 NLRC4- 뿐만 아니라 NLRP3 인플라마좀의 

활성화와 조립을 직접적으로 억제하였다. 위의 결과들을 토대로 본 

연구의 1 부에서는 농녹균이 쿼럼센싱 의존적인 메커니즘을 통해 숙주의 

인플라마좀 매개 방어 시스템을 회피할 수 있다는 것을 제시한다. 

본 연구의 2 부에서는 세균성 분비물의 일종인 외막소포체와 

인플라마좀의 활성화와 관련한 결과를 다룬다. 외막소포체는 공생 또는 

병원성 그람음성균에 의해 생성되고, 다양한 물질들을 운반하는 역할을 

함으로써 세균 간의 물질을 전달 하거나 숙주세포와 상호작용을 한다고 

알려져 있다. 그러나 외막소포체가 숙주의 인플라마좀 활성화에 어떻게 

영향을 미치는지에 대한 분자적 메커니즘은 잘 알려져 있지 않다. 

따라서 마우스 장티푸스균의 세균성 분비물에 존재하는 외막소포체가 

숙주 인플라마좀 신호의 활성화를 유도할 수 있다는 증거를 제시하고자 
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하였다. 마우스 장티푸스균의 배양액을 마우스 골수 유래 대식세포에 

처리하였을 때, 마우스 장티푸스균의 세균성 분비물에 의해 NLRC4 

인플라마좀의 활성화를 촉진하였다. 또한 세균성 분비물에 존재하는 

외막소포체에 의해 NLRC4 인플라마좀 매개 카스파제-1 의 활성화와 

인터루킨-1β의 분비가 유도되는 것을 확인하였다. 이러한 외막소포체에 

의한 인플라마좀의 활성화는 클라트린 매개 내포작용에 의해 일어난다는 

것을 확인하였다. 플라젤린 결핍 마우스 장티푸스균으로부터 분리한 

외막소포체를 이용하였을 때에는 NLRC4 의존적인 인플라마좀의 

활성화가 일어나지 않는 것을 확인함으로써 마우스 장티푸스균의 

외막소포체에서 플라젤린이 중요한 역할을 한다는 것을 확인하였다. 

뿐만 아니라 다른 그람 음성세균인 녹농균의 외막소포체에 의해서도 

NLRC4 의존적인 인플라마좀의 활성화를 확인하였고, 플라젤린을 

가지고 있지 않은 대장균의 외막소포체에 의해서는 NLRC4 비의존적인 

인플라마좀의 활성화를 확인함으로써 외막소포체에 존재하는 플라젤린의 

역할을 다시 확인하였다. 위 결과들을 토대로 본 연구의 2 부에서는 

마우스 장티푸스균의 외막소포체가 물질 운반체로서 플라젤린을 

숙주세포에 전달함으로써 NLRC4 인플라마좀의 활성화를 일으킬 수 

있다는 것을 제시한다. 

  

핵심되는 말 : 세균성 분비물, 플라젤린, 쿼럼센싱, NLRC4 인플라마좀, 

외막소포체, 녹농균, 마우스 장티푸스균 
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