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(Fig. 5-8). PA103 lacking a functional T3SS that does not activate the 

inflammasome, PA103pcrV-, did not prevent cleavage of PINK-1 (Fig. 5-9). 

These data show that mitochondria are damaged by the T3SS system in P. 

aeruginosa infection leading to inhibition of PINK-1 cleavage that then 

initiates mitophagy.  

 

Figure 5.7; Mitochondria targeted by autophagosomes following P.aeruginosa infection.  

Representative confocal images of BMDMs infected with PA103ΔUΔT (MOI 25 for 4h), fixed, 

permeabilized and stained for LC3 (green), and mitochondrial ATPIF1 (Mito, red); nuclei are 

stained blue with DAPI. Colo shows areas of colocalization of the mitochondrial and LC3 staining 

in grey. Overlay shows the merged LC3 and mitochondrial signals; co-localising areas shown as 

yellow. Scale bar is 0.5µm. Repeated three times.    
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Figure 5.8; EM analysis of Mitochondria targeted by autophagosomes following P.aeruginosa 
infection. 

Electron micrographs of a untreated BMDM (control) or b-d infected with PA103ΔUΔT (MOI 25) 

for 4 hrs. Arrow indicates autophagosome, M indicate mitochondria. Scale bar is 500 nm. 

Representative image from > 10 infected cells. 
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Figure 5.9; PINK-1 cleavage following P.aeruginosa infection.  

Immunoblot of BMDMs infected at a MOI of 25 with PA103pcrV- or PA103ΔUΔT± Mito-

TEMPO (500µM) for 4 hours and probed for PINK-1. Full length and cleaved PINK-1 are 

labelled. The blot was re-probed for β-tubulin as a loading control. Representative of two 

independent experiments. 
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Next, we examined the production of reactive oxygen by 

mitochondria following infection with P. aeruginosa and the effect of this on 

inflammasome activation. We measured production of reactive oxygen 

intermediates from mitochondria using the selective fluorescent indicator 

MitoSox (Li et al., 2003). Following infection with the PA103ΔUΔT strain of 

P. aeruginosa, there was a marked increase in mitochondrial reactive 

oxygen production. However, following infection with the PA103pcrV- 

mutant that does not have a functional T3SS and does not produce 

inflammasome activation, mitochondrial reactive oxygen was not increased 

(Fig. 5-10 a and b). To test the dependence of inflammasome activation 

following P. aeruginosa infection on production of mitochondrial reactive 

oxygen production, we used the general reactive oxygen inhibitor N-acetyl 

cysteine (NAC) as well as Mito-TEMPO, a specific inhibitor of mitochondrial 

reactive oxygen production. Following infection, both these inhibitors 

produced a dose-dependent reduction in capsase-1 activation and 

production of active IL-1β (Fig 5-11a), but with no effect on secreted TNF. 

Both inhibitors produced the expected reduction in mitochondrial production 

of reactive oxygen (Fig. 5-11b).  PA103 lacks functional flagella, thus it 

activates NLRC4 via NAIP2 rather than NAIP5/6 (Zhao et al.2011; Kofoed 

and Vance, 2011). To determine if reactive oxygen production was 

important in infection with flagellated P. aeruginosa that can active NLRC4 

via NAIP5/6, we utilised the strain PAO1. Infection of BMDMs with this 

strain activated the inflammasome with production of the p10 caspase-1 

fragment and secreted IL-1β. Both NAC and Mito-TEMPO inhibited this 

activation (Fig 5-12a). Additionally, PAO1 infection produced an increase 

output of mitochondrial reactive oxygen that was inhibited by Mito-TEMPO 



194 
 

and NAC (Fig. 5-12b). Thus, P. aeruginosa signalling via either NAIP2 or 

NAIP5/6 produce mitochondrial reactive oxygen intermediates that are 

important in NLRC4 inflammasome activation.   
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Figure 5.10;   Mitochondrial ROS generation is dependent on inflammasome activation 
following Peudomonas aeruginosa infection. 

a, Western blot  analysis of Pro-caspase, caspase-1 p10 subunit, and mature IL-1β p17 ( in 

cells supernatant) of  BMDMs. Cells were left uninfected (basal) or infected with  PA103pcrV - , 

and PA103ΔUΔT at ( MOI of 25) for 4 hr. ELISA of secreted IL-1β and TNF from cells as 

shown. Columns are means of triplicate independent determinations; error bars are SEM. *** 

indicate significant differences. p<0. 001. b, Flow cytometry of untreated BMDMs (basal) or 

infected  as indicate. Cells stained with MitoSox (2.5 µM for 30 min at 37˚C).    



196 
 

   

 

Figure 5.11; Mitochondrial inhibitors reduce inflammasome activation following  
P.aeruginosa PA103ΔUΔT infection. 

a, Western blot  analysis of Pro-caspase, caspase-1 p10 subunit, pro-IL1 β and mature IL-1β 

p17 of BMDMs. Cells were left uninfected(basal) or infected with  PA103DUDT at a MOI of 25 

for 4 hr ± Mito-TEMPO (µM), or ± NAC (mM). ELISA of IL-1β and TNF-α in BMDMs. Columns 

are means of triplicate independent determinations; error bars are SEM. **, and *** indicate 

significant differences between levels in the presence and absence of mitochondrial inhibitors. 

p<0.01, p<0. 001 respectively. b, Flow cytometry of untreated BMDMs (basal) or infected  as 

indicated. Cells stained with MitoSox (2.5 µM for 30 min at 37˚C).       
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Figure 5.12; Inhibition of mitochondrial reactive oxygen production attenuates 
inflammasome activation by PAO1. 

a, Western blot  analysis of Pro-caspase, caspase-1 p10 subunit, pro-IL1 β and mature IL-1β 

p17 of BMDMs. Cells were left uninfected(basal) or infected with  PAO1 at a MOI of 25 for 4 hr 

± Mito-TEMPO (500µM), or ± NAC (25mM). ELISA of IL-1β and TNF-α in BMDMs. Columns 

are means of triplicate independent determinations; error bars are SEM. **, indicates 

significant differences between levels in the presence and absence of mitochondrial inhibitors. 

p<0.01. b, Flow cytometry of untreated BMDMs (basal) or infected  as indicated. Cells stained 

with MitoSox (2.5 µM for 30 min at 37˚C).       
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Next, we tested the effect of inhibiting autophagy on the production 

of mitochondrial reactive oxygen intermediates and assessed the functional 

mitochondrial pool in cells following infection of BMDMs with P. aeruginosa 

PA103ΔUΔT. Production of mitochondrial reactive oxygen intermediates 

following infection was further increased when autophagy was inhibited with 

3-MA (Fig. 5-13). Next, we attenuated autophagy by knockdown of the 

essential autophagy genes Lc3b and Atg5 using siRNA. Using both these 

approaches, we observed a marked increase in the production of 

mitochondrial reactive oxygen intermediates following infection. Finally, in 

BMDMs from mice lacking the essential autophagy gene Atg7 in bone-

marrow cells (Vav-Atg7-/-) there was an increase in the amount of 

mitochondrial reactive oxygen produced following infection compared to 

control wild type animals (Fig. 5-14), and (Fig. 5-15) . Taken together, these 

data show that autophagy reduced the levels of mitochondrial reactive 

oxygen produced following infection of BMDMs with P. aeruginosa.  
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Figure 5.13;  Inhibition of autophagy/mitophagy using 3-MA increases ROS 
generation and mitochondrial damage following P.aeruginosa PA103ΔUΔT 
infection.  

a, Flow cytometry of untreated BMDMs (basal) or infected  for  4h at MOI of 25 with 

PA103ΔUΔT. Cells stained with MitoSox( 2.5 µM for 30 min at 37˚C) . b, Flow cytometry 

of BMDMs following treatments as in (a). Cells were stained with MitoTracker deep Red 

and MitoTracker Green (50 nM for 30 min at 37˚C).  Numbers above indicate % cells 

with loss of mitochondrial membrane potential (damaged mitochondria). Representative 

of two independent experiments.  
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Figure 5.14; Gene silencing of  Lc3b by siRNA increases  ROS generation and 
mitochondrial damage following P.aeruginosa PA103ΔUΔT infection. 

a, Flow cytometry of BMDMs transfected as shown and then left uninfected (basal) or 

infected  for  4h at MOI of 25 with PA103ΔUΔT. Cells stained with MitoSox(2.5 µM for 30 

min at 37˚C) . b, Flow cytometry of BMDMs following treatments as in (a). Cells were 

stained with MitoTracker deep Red and MitoTracker Green (50 nM for 30 min at 37˚C).  

Numbers above indicate % cells with loss of mitochondrial membrane potential (damaged 

mitochondria). Representative of three independent experiments.  
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Figure 5.15;  Depletion of  autophagic proteins  increases  ROS generation and 
mitochondrial damage following P.aeruginosa PA103ΔUΔT infection. 

 a, Flow cytometry in BMDMs from WT  or Vav-Atg7 -/-  mice , and transfected with  

control siRNA or siRNA to Atg5 as shown. Cells were left BMDMs (basal) or infected  for  

4h at MOI of 25 with PA103ΔUΔT. Cells stained with MitoSox ( 2.5 µM for 30 min at 

37˚C) . b, Flow cytometry of BMDMs transfected with control siRNA or siRNA to Atg5. 

Cells were left untreated (basal) or infected for 4h at MOI of 25 with PA103ΔUΔT. Cells 

were stained with MitoTracker deep Red and MitoTracker Green (50 nM for 30 min at 

37˚C).  Numbers above indicate % cells with loss of mitochondrial membrane potential 

(damaged mitochondria).  Representative of two independent experiments. 
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We then determined whether increased inflammasome activation 

following inhibition of autophagy in infected cells was due to increased 

mitochondrial reactive oxygen production. In BMDMs in which autophagy 

was inhibited by knock down of Lc3b, both NAC and mito-TEMPO 

prevented caspase-1 activation and production of mature IL-1β, without 

affecting TNF production (Fig. 5-16). In BMDMs in which autophagy was 

inhibited by 3MA, both NAC and mito-TEMPO prevented caspase-1 

activation and production of mature IL-1β, without affecting TNF production 

(Fig. 5-17). Similarly, in infected cells from Vav-Atg7-/- mice, Mito-TEMPO 

reduced IL-1β but not TNF production and inhibited the production of 

activated caspase-1 (Fig. 5-18). Finally, we tested the effects of mito-

TEMPO on inflammasome activation in infected BMDMs in which 

autophagy was inhibited by knockdown of Atg5 with siRNA. Again, mito-

TEMPO inhibited the increase in IL-1β production and generation of 

activated caspase-1 that was seen when autophagy was prevented (Fig. 5-

19). 
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Figure 5.16; Increased inflammasome activation produced by gene silencing of  Lc3b 
is dependent on  ROS generation following P.aeruginosa PA103ΔUΔT infection. 

BMDMs were transfected with control siRNA and siRNA to Lc3b. then infected with 

PA103ΔUΔT at MOI of 25 for 4 hr ± Mito-TEMPO (µM), or ± NAC (mM). Figure shows 

Western blot analysis of Pro-caspase-1, caspase-1 p10 subunit, and mature IL-1β and 

level of IL-1β and TNF-α secretion. Columns are means of triplicate independent 

determinations; error bars are SEM. *** indicates significant differences between the 

levels in the presence and absence of mitochondrial inhibitors, p<0.001. Representative 

of two independent experiments. 

 

 

 

 

 



204 
 

    

                                                                                        

Figure 5.17; Increased inflammasome activation produced by autophagy inhibitor 3-
MA is dependent on ROS following P. aeruginosa PA103ΔUΔT infection. 

 BMDMs cells were pre-treated in media with 3-MA (10 mM) then infected with 

PA103ΔUΔT at ( MOI of 25) for 4 hr ± Mito-TEMPO (µM) ,or ± NAC (mM). Figure shows 

Western blot analysis of Pro-caspase-1, caspase-1 p10 subunit, Pro-IL-1β, mature IL-1β 

and level of IL-1β and TNF-α secretion. Columns are means of triplicate independent 

determinations; error bars are SEM. *** indicate significant differences between the levels 

in the presence and absence of mitochondrial inhibitors, and 3-MA (10 mM), p<0.001. 

Representative of two independent experiments.   
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Figure 5.18; Increased inflammasome activation in the absence of  autophagic 
protein Atg7 induced  Inflammasome activation is dependent on ROS following 
P.aeruginosa PA103ΔUΔT infection.    

 Figure shows Western blot analysis of Pro-caspase, caspase-1 p10 subunit, mature IL-

1β p17 ± Mito-TEMPO and levels of IL-1β and TNF-α in BMDMs from WT or Vav-Atg7 -/- 

mice. Cells left uninfected (Basal), or infected with PA103ΔUΔT for 4hrs at a MOI of 25 ± 

Mito-TEMPO as indicated. Columns are means of triplicate independent determinations; 

error bars are SEM. *** indicate significant differences between WT animals and Vav-

Atg7 -/- mice ± Mito-TEMPO. p<0.001. n.s. not significant. Representative of two 

independent experiments.   
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Figure 5.19;  Increased inflammasome activation in the absence of  autophagic 
protein Atg5 induced  Inflammasome activation is dependent on ROS following 
P.aeruginosa PA103ΔUΔT infection.    

Figure shows Western blot analysis of Pro-caspase, caspase-1 p10 subunit, Pro-IL-1 β, 

mature IL-1 β and levels of IL-1β and TNF-α secretion. Cells left uninfected (Basal), or 

infected with PA103ΔUΔT for 4hrs at a MOI of 25 ± Mito-TEMPO as indicated. Columns 

are means of triplicate independent determinations; error bars are SEM.  **, and *** 

indicate significant differences between control siRNA and siRNA to Atg5 ± Mito-

TEMPO. p<0.001. Representative of two independent experiments.      
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5.2.3 P.aeruginosa produces release of Mitochondrial DNA that is 
essential for activation of the NLRC4 inflammasome  

One consequence of mitochondrial damage is release of 

mitochondrial DNA (Nakahira et al., 2011, Shimada et al., 2012). We 

hypothesised that the mitochondrial damage following P. aeruginosa 

infection would result in release of mitochondrial DNA that would be 

important in activating the NLRC4 inflammasome. First, we assayed for 

cytoplasmic mitochondrial DNA release following infection of BMDMs using 

quantitative PCR. Following infection with PA103ΔUΔT there was a marked 

increase in the relative amount of mitochondrial to nuclear cytoplasmic DNA 

(Fig. 5-20). This was further increased by inhibiting autophagy with 3-MA or 

by knockdown of Lc3b with siRNA (Fig. 5-20a). Inhibiting mitochondrial 

reactive oxygen production with Mito-TEMPO significantly inhibited 

mitochondrial DNA release (Fig. 5-20b). 
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Figure 5.20;  Mitochondrial DNA release following P.aeruginosa PA103ΔUΔT 
infection 

qPCR analysis of cytosolic mitochondrial DNA (mtDNA) relative to nuclear DNA in 

macrophages pre-treated a with Mito-TEMPO (500 µM) or 3-MA(10 mM) or control or 

Lc3b siRNA (b) and infected with PA103ΔUΔT (MOI 25) for 4 hours or uninfected (Basal) 

as shown. Columns show means of three independent determinations; error bars are 

SEM. * and *** indicate significant differences between groups ± 3-MA, or Mito- TEMPO. 

p<0.05, p<0.001 respectively. Representative of two independent experiments.      
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Further to establish the importance of mitochondria in the 

activation of the NLRC4 inflammasome by P. aeruginosa, we grew 

J774A.1 murine macrophages in ethidium bromide to generate cells 

that lack mitochondria (Hashiguchi and Zhang-Akiyama, 2009) 

(ρ0J774A.1). We confirmed that these cells had lost mitochondria by 

measuring cellular mitochondrial DNA content by quantitative PCR, 

Western blotting cell lysates for the mitochondrial protein ATPase 

inhibitory factor and flow cytometry of cells stained with the 

mitochondrial specific dye Mitotracker Green (Fig. 5-21a, b, and c). 

Infection of the ρ0J774A.1 cells with PA103ΔUΔT gave no increase in 

mitochondrial reactive oxygen production (Fig. 5-22a). Moreover, 

when infected with PA103ΔUΔT the ρ0J774A.1 cells lacking 

mitochondria failed to activate caspase-1 and produced significantly 

less IL-1β but similar amounts of TNF. Autophagy, as assayed by the 

formation of LC3 II and appearance of LC3 puncta, was maintained 

in ρ0J774A.1 cells compared to J774A.1 cells (Fig. 5-22b, c, and d), 

showing that loss of mitochondria had not inhibited this process. 

Thus, mitochondria are essential for P. aeruginosa to activate the 

inflammasome. 
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Figure 5.21; Depletion of Mitochondrial DNA following EtBr treatment 

a, Mitochondrial content of J774A.1 cells exposed to EtBr at the indicated concentration 

(ng/ml) measured by qPCR (normalised to untreated cells) and b immunoblot for the 

mitochondrial protein ATPIF1 at low and high exposure time; β-tubulin is show as a 

loading control. c, mitochondrial content of control of ethidium bromide treated J774A.1 

cells (ρJ774A.1) assayed by flow cytometry of MitoTracker stained cells. Representative 

of two independent experiments. 
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Figure 5.22; EtBr abolishes inflammasome activation following P.aeruginosa 
PA103ΔUΔT infection. 

a, Flow cytometry of J774A.1 and ρ˚J774A.1 cells left uninfected (Basal) or infected with 

PA103ΔUΔT (MOI 25) for 4hr and stained with MitoSox (2.5µM for 30 min at 37˚C). b, 

J774A.1 and ρ˚J774A.1 cells left untreated (basal) or infected with PA103ΔUΔT(MOI 25) 

for 4 hrs. The panels show Western blot of LC3 II, pro-caspase-1, the caspase-1 p10 

subunit, Pro-IL-1β, mature IL-1β and β-tubulin as a loading control. Graphs show IL-1β 

and TNF secretion. Columns show means of three independent determinations; error 

bars are SEM.  *** indicate significant differences between the levels in the presence and 

absence of the EtBr (500ng/ml), p < 0.001. c, Immunofluorescent staining of cells 

following infection as in panel b, Panels show staining for LC3 (green), ATPIF1 (red; 

Mito), colocalized red and green signal (Coloc) and merged res and green channels 

together with nuclei stained blue (Overlay). Scale bar is 5µm. All data representative from 

2-3 independent experiments.  
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5.2.4 Mitochondrial DNA directly activates the NLRC4 inflammasome  

Next, we explored the role of cytoplasmic mitochondrial DNA in 

activating the NLRC4 inflammasome following P. aeruginosa infection. We 

transfected BMDMs with DNAse-1, or with a control protein LDH or heat-

inactivated DNAse-1. We then determined the effect of these transfected 

proteins on the activation of the inflammasome. LDH or heat-inactivated 

DNAse-1 did not affect the production of activated capsase-1 or production 

of IL-1β following infection (Fig. 5-23). However, active DNAse-1 prevented 

caspase-1 activation and significantly reduced the production of mature IL-

1β following infection without affecting production of TNF (Fig. 5-23). 

DNAse-1 treatment reduced the presence of cytosolic mitochondrial DNA 

as expected (Fig. 5-23). Transfection of active DNAse-1 also reduced the 

inflammasome activation produced by infection of BMDMs with PAO1 strain 

without affecting TNF (Fig. 5-24). 
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Figure 5.23;  Cytosolic mtDNA is coactivator of  NLRC4 inflammasome activation 
following P. aeruginosa PA103ΔUΔT infection 

BMDMs were transfected with 3 µg DNAse-I, lactate dehydrogenase (LDH), or heat-

inactivated (HI) DNAse-I as shown and then infected with PA103ΔUΔT (MOI 25) for 4 

hrs. The panels show immunoblot of the indicated proteins and β-tubulin as a loading 

control. The graphs show IL-1β and TNF secretion and qPCR analysis of cytosolic 

mtDNA. Columns show means of three independent determinations; error bars are 

SEM. *** indicates significant difference from HI DNAse-I, p<0.001. Representative of 

two independent experiments. 
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Figure 5.24; mtDNA is required for inflammasome activation following P. aeruginosa 
PAO1 infection. 

BMDMs were transfected with 3 µg DNAse-I, lactate dehydrogenase (LDH), or heat-

inactivated (HI) DNAse-I as shown and then infected with PAO1 (MOI 25) for 4 hrs. The 

panels show IL-1β and TNF secretion. Columns show means of three independent 

determinations; error bars are SEM. ** indicates significant difference from HI DNAse-I, 

p<0.01.  
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Mitochondrial DNA may undergo oxidation on release and oxidised 

mitochondrial DNA has been shown to be important in activating the NLRP3 

inflammasome (Shimada et al., 2012). Thus, we set out to determine the 

role of native and oxidised mitochondrial DNA on activation of the NLRC4 

inflammasome in P. aeruginosa infection. Firstly, we transfected native and 

oxidised mitochondrial DNA into LPS primed BMDMs and showed that this 

increased IL-1β but not TNF release (Fig. 5-25a) as has been shown 

previously. Oxidised mitochondrial DNA produced a significantly greater 

amount of IL-1β (Fig. 5-25 a). Digestion of the DNA with DNAse-1 

abrogated the observed stimulation. We then repeated this experiment but 

infected the transfected BMDMs with PA103ΔUΔT. The transfected DNA 

significantly augmented the production of IL-1β in infected BMDMs without 

altering TNF secretion (Fig. 5-25 b). Again, oxidised DNA was more 

effective than native mitochondrial DNA. We repeated this experiment in 

BMDMs infected with PAO1 and found that transfection of mitochondrial 

DNA augmented inflammasome activation (Fig. 5-26). Taken together, 

these data support the conclusion that the release of mitochondrial DNA 

following infection with flagellated or non-flagellated P. aeruginosa is 

essential for subsequent activation of the NLRC4 inflammasome.  
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Figure 5.25; Cytosolic mtDNA is involved in NLRP3 and NLRC4 inflammasome 
activation  

a, IL-1β and TNF secretion from LPS primed BMDMs transfected for 6 hr with 2 µg 

mtDNA, 2 µg oxidised mtDNA, or DNA predigested by DNAse-I.as shown. Columns are 

means of triplicate independent determinations; error bars are SEM. *, ** and *** indicate 

significant difference at a level of p < 0.05, 0.01 or 0.001 respectively for the indicted 

comparison or from the result with oxidised DNA + LPS. b, as panel a but in BMDMs 

infected with PA103ΔUΔT (MOI 25) for 4 hrs as shown. Representative of two 

independent experiments.  
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Figure 5.26; mtDNA is involved in NLRC4 inflammasome activation following 
P.aeruginosa PAO1 infection. 

BMDMs were transfected with native or oxidised mDNA as shown and then infected with P. 

aeruginosa PAO1 (MOI: 25 for 4hrs). Upper panels show ELISA of IL-1β and TNF 

secretion. Columns are means of triplicate independent determinations; error bars are 

SEM. *, ** and *** indicate significant difference at a level of p < 0.05, 0.01 or 0.001 

respectively for the indicted comparison or from the result with oxidised DNA. Lower panel 

shows western blot of pro-IL-1β and mature secreted IL-1β.  
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A number of cytoplasmic DNA sensors might be responsible for 

these observed effects, including AIM2 as well as NLRP3 as previously 

described. We thus examined the effect of transfected mitochondrial DNA 

on IL-1β production in BMDMs from mice with a knockout of the Aim2 gene 

(Rathinam et al., 2010) (Aim2-/-). Compared to wild type macrophages 

(Aim2+/+), the transfected mitochondrial DNA produced less IL-1β in the 

Aim2-/- cells (Fig. 5-27). However, there was still a significant increase in IL-

1β production following transfection of mitochondrial DNA into LPS primed 

Aim2-/- BMDMs (Fig. 5-27a). Oxidised DNA was more effective than native, 

and TNF levels were unaffected. Thus, there is an AIM2 independent 

production of IL-1β stimulated by mitochondrial DNA, as has been 

previously observed and attributed to NLRP3. Similarly, in cells infected 

with PA103ΔUΔT, there was a reduction in amounts of IL-1β produced in 

Aim2 deficient cells, but this was still much greater than the output from 

uninfected cells (Fig. 5-27b). Again, even in the absence of AIM2, 

transfected mitochondrial DNA boosted IL-1β production in infected cells; 

oxidised DNA was more effective and TNF levels were unchanged (Fig. 5-

27b). 
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Figure 5.27; Mitochondrial DNA activates the inflammasome independently of Aim2.   

a, b, IL-1β and TNF secretion from LPS primed BMDMs from Aim2+/+ and Aim2-/-   

transfected for 6 hr with 2 µg mtDNA, 2 µg oxidised mtDNA, or DNA predigested by 

DNAse-I.as shown. Columns are means of triplicate independent determinations; error 

bars are SEM. *, ** and *** indicate significant difference at a level of p < 0.05, 0.01 or 

0.001 respectively for the indicted comparison or from the result with oxidised DNA + 

LPS. b, as panel a but in BMDMs infected with PA103ΔUΔT (MOI 25) for 4 hrs as shown. 

Representative of two independent experiments.  
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Unequivocally to show a role for NLRC4 in the detection of 

mitochondrial DNA, we repeated these experiments using BMDMs from 

mice with a knockout of the Nlrc4 gene (Nlrc4-/-). LPS primed cells were 

then transfected with mitochondrial DNA and inflammasome activation 

determined. Compared to wild type BMDMs (Nlrc4+/+), transfection of 

mitochondrial DNA into Nlrc4 knockout cells produced significantly reduced 

amounts of IL-1β and activated caspase-1 (Fig. 5-28). There was still some 

residual response to mitochondrial DNA in the Nlrc4-/- cells as would be 

expected from the remaining AIM2 and NLRP3, but it was substantially and 

significantly reduced. Therefore, NLRC4 independently can mediate 

activation of the inflammasome in response to transfected mitochondrial 

DNA. We then tested the effect of transfected DNA in infected cells from 

wild type and Nlrc4 knockout animals. Nlrc4-/- BMDMs showed no evidence 

of inflammasome activation following infection, as expected (Fig. 5-29). In 

Nlrc4-/- BMDMs transfected with mitochondrial DNA there was some 

residual stimulation of inflammasome activation after infection, but much 

less than seen in the infected and DNA transfected wild-type cells (Fig. 5-

29). Thus, there is a NLRC4 dependent response to mitochondrial DNA 

independent of other cytoplasmic DNA sensors. 
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Figure 5.28; Role of NLRC4 in activation of the inflammasome by mediated mtDNA.  

The panels show Western blot of pro-caspase-1, the caspase-1 p10 subunit, Pro-IL-1β, 

mature IL-1β in cells supernatant  and β-tubulin as a loading control in LPS primed 

Nlrc4+/+ and Nlrc4-/- BMDMs transfected for 6 hr with 2 µg mtDNA, or with  2 µg 

Oxd.mtDNA. Graphs show IL-1β and TNF secretion. Columns are means of triplicate 

independent determinations; error bars are SEM. *, ** and *** indicate significant 

difference at a level of p < 0.05, 0.01 or 0.001 respectively for the indicted comparison or 

from the result with oxidised DNA + LPS. Representative of two independent 

experiments. 
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Figure 5.29; Role of NLRC4 in activation of the inflammasome by mtDNA following P. 
aeruginosa PA103ΔUΔT infection. 

BMDMs from Nlrc4+/+ and Nlrc4-/- were transfected for 6 hr with 2 µg mtDNA, or with 2 µg 

Oxd.mtDNA and infected with PA103ΔUΔT (MOI 25) for 4 hrs. The panels show Western 

blot of pro-caspase-1, the caspase-1 p10 subunit, Pro-IL-1β, mature IL-1β in cells 

supernatant and β-tubulin as a loading control. Graphs show IL-1β and TNF secretion. 

Columns are means of triplicate independent determinations; error bars are SEM. *, ** 

and *** indicate significant difference at a level of p < 0.05, 0.01 or 0.001 respectively for 

the indicted comparison or from the result with oxidised DNA. Representative of two 

independent experiments. 
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5.2.5 NLRC4 Interacts with and is activated by Mitochondrial DNA  

We hypothesised that the activation of the NLRC4 inflammasome by 

mitochondrial DNA was mediated by binding to the NLRC4 protein. To test 

this, we grew cells in BrdU and prepared cell lysates before and after 

infection. NLRC4 was immunoprecipitated from the lysates and bound DNA 

in the immunoprecipitates detected by probing slot blots of the eluates with 

antibody to BrdU (Fig. 5-30). We added 3-MA to some of the cells prior to 

lysis to block autophagy and thus enhance the release of mitochondrial 

DNA. In lysates prepared from uninfected cells, no DNA was detected in the 

NLRC4 immunoprecipitates., even in the presence of 3-MA (Fig. 5-30a). 

Following infection, NLRC4, but not control, immunoprecipitates contained 

DNA; the amount was further increased in the presence of 3-MA (Fig. 5-

30a). We repeated this experiment, but probed the slot blot with an antibody 

to 8-OH deoxyguanosine, a modified deoxynuceloside found commonly in 

oxidised DNA (Fig. 5-30b) (Maki and Sekiguchi, 1992). NLRC4, but not 

control, immunoprecipitates contained material reacting with this antibody. 

Thus, following infection with P. aeruginosa, NLRC4 has a direct or indirect 

interaction with DNA, including DNA that has undergone oxidation. To 

demonstrate that this DNA is mitochondrial in origin, we performed NLRC4 

immunoprecipitation from both infected J774A.1 and ρ0J774A.1 that lack 

mitochondria. In lysates from infected cells lacking mitochondria, 

immunoprecipitates of NLRC4 did not contain DNA (Fig. 5-31). 
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Figure 5.30; NLRC4 binds mtDNA following P.aeruginosa PA103ΔUΔT infection.   

a, BMDMs were grown in BrdU (10 mM) and infected for 4hr (MOI 25) with PA103ΔUΔT 

in the absence and prescence of 3-MA  as shown before lysates were 

immunoprecipitated with anti-NLRC4 or control rabbit serum as indicated. Bound material 

was slot-blotted to nitrocellulose and then blotted with anti-BrdU. b, as in a, but re-probed 

with antibody to 8OHdG. c, The panel shows separate immunoblot of eluted material 

from NLRC4 immunoprecipitates blotted for NLRC4. Representative of three independent 

experiments. 
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Figure 5.31; EtBr abolishes DNA binding to NLRC4 

a , J774A.1 and ρ˚J77A.1 cells  were grown in the presence of (10mM ) of BrdU to label 

DNA and then left uninfected or infected with PA103ΔUΔT(MOI 25) for 4 hr. Panel shows 

slot blot of elutes immunoprecipitated with anti-NLRC4 or control rabbit serum as 

indicated. b, as in a but re-probed with anti- 8OHdG. c, The panel shows separate 

immunoblot of eluted material from NLRC4 immunoprecipitates blotted for NLRC4. 

Representative of two independent experiments. 
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Next, we set out to determine if the interaction between NLRC4 and 

mitochondrial DNA was important in initiating inflammasome activation. To 

determine if mitochondrial DNA could directly activate NLRC4, we tested 

the effect of mitochondrial DNA on caspase-1 activation in a reconstituted 

cell based assay. This work was performed by Dr. Lee Hopkins in Professor 

Clare Bryant’s laboratory in Cambridge. This comprised of HEK cells 

transfected with expression plasmids encoding NLRC4 and NAIP. These 

cells were then transfected with mitochondrial DNA and activation of 

caspase-1 detected by a fluorescent probe, FLICACasp1. Using a variety of 

transfection reagents, we detected ‘spots’ of activated caspase-1 in cells 

following transfection of mitochondrial DNA, but not in control cells 

transfected without DNA (Fig. 5-32). Thus, mitochondrial DNA alone is 

sufficient in this assay to result in NLRC4 inflammasome activation. 
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Figure 5.32; Mitochondrial DNA activates NLRC4 in HEK cells. 

HEK cells transfected with NLRC4 and NAIP were transfected with and without mitochondrial DNA 

and active caspase-1 localised by immunofluorescent imaging using FLICACasp1. Panels show 

representative images of cells stained with FLICACasp1 (green) and nuclei stained with DAPI (blue) 

using the indicated transfection reagents. Arrows show ‘spots’ of active Caspase-1 formation.  
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5.2.6 Manipulation of autophagy alters inflammasome activation in 
vivo following P.areuginosa infection  

Given that autophagy attenuates the activation of the inflammasome 

by P. aeruginosa infection, we hypothesised that by drug manipulation of 

autophagy we could alter inflammasome activation in vivo. Firstly, we tested 

the effect of adding the known inducer of autophagy, rapamycin, to P. 

aeruginosa infected BMDMs as well as the macrophage lines J774A.1 and 

THP-1. We found that rapamycin augmented the degree of autophagy 

observed during infection, by assay of LC3 containing puncta, also LC3 II 

determination using a validated flow cytometric assay (Fig. 5-33a, b), and 

formation of the LC3 II isoform by Western blot assay (Fig. 5-34). In all cells 

studied, the addition of rapamycin significantly reduced the amount of IL-1β 

produced during infection (Fig. 5-34). Neither rapamycin nor 3-MA had any 

significant effect on the growth of P. aeruginosa in culture broth (data not 

shown).    

 Next, we tested the effect of altering autophagy on an in vivo model 

of P. aeruginosa infection in mice. Animals were infected with the microbe 

intraperitoneally and the effects of augmenting autophagy with rapamycin 

and inhibiting autophagy with 3-MA studied. These treatments boosted and 

inhibited respectively the degree of autophagy in cells recovered from the 

peritoneal cavity as assayed by levels of LC3 II and LC3 puncta per cell 

(Fig. 5-35). We found that rapamycin treatment significantly reduced the 

amount of IL-1β recovered from the peritoneal cavity after infection, but had 

no effect on levels of TNF (Fig. 5-36). Inhibiting autophagy with 3-MA 

significantly enhanced IL-1β levels, with no effect on TNF (Fig. 5-36). As an 
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indicator of disruption to the peritoneal barrier, we measured protein 

concentration in peritoneal fluid recovered after infection. Rapamycin 

significantly reduced the protein concentration while 3-MA enhanced it (Fig. 

5-37). We also measured the numbers of viable bacteria recovered from the 

peritoneal cavity following infection (Fig. 5-38). This showed that 

Rapamycin reduced the numbers of bacteria while 3-MA increased these 

numbers. Thus, increasing the degree of autophagy with rapamycin 

reduces the amount of inflammasome activation and resulting inflammatory 

response following infection in vivo. Inhibiting autophagy with 3-MA has the 

opposite effect. However, increasing the degree of autophagy with 

rapamycin results in lower numbers of bacteria remaining after infection; 

again inhibition of autophagy with 3-MA had the opposite effect.    
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Figure 5.33;  Rapamycin augments autophagy following  P.aeruginosa PA103ΔUΔT 
infection.    

a, representative immunofluorescence images of LC3 in THP-1, BMDM, and 

J774A.1cells. Cells left uninfected (Basal), treated with rapamycin (50µg/ml) for 4 h, or 

infected with PA103ΔUΔT or PA103ΔUΔT+rapamycin for 4hrs at a MOI of 25. Cells were 

stained with DAPI to visualize nuclei (blue), and LC3 staining is shown as green. Scale 

bar 10 µm. Representative of three independent experiments. b, FACS analysis for LC3 

protein following infection with PA103ΔUΔT (MOI 25 for 4h), in the presence and 

absence of rapamycin. Representative of two independent experiments.  
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Figure 5.34;  Induction of autophagy inhibits inflammasome activation in vitro. 

The panels show representative Western blot of LC3 isoforms, and β-tubulin as a loading 

control following infection and rapamycin treatment as indicated. Graphs are means (with 

SEM as error bars) of IL-1β secretion in the same experiment. THP-1, BMDM, and 

J774A.1cells were used as indicated.  *** indicate significant differences between the 

levels in the presence and absence of rapamycin during infection, p < 0.001. 

Representative of two independent experiments. 
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Figure 5.35; Pharmacological  manipulation  modulates  autophagy  following 
infection in vivo.  

Results from intraperitoneal infection of female C57/BL6 mice with PA103ΔUΔT treated 

with rapamycin (R), or 3-methyl adenine as indicated. Panel shows level of LC3 I and II in 

peritoneal cells recovered following infections and treatments as shown; lower panel 

shows mean (±SEM) numbers of LC3 containing puncta per cell. Representative of two 

independent experiments. 
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Figure 5.36; Induction of autophagy inhibits inflammasome activation in vivo following  
P. aeruginosa PA103ΔUΔT infection.   

Results from intraperitoneal infection of female C57/BL6 mice with PA103ΔUΔT treated 

with rapamycin (R), or 3-methyl adenine as indicated.  Graphs shows mean levels (n=3) 

of IL-1β and TNF (error bars are SEM) in the blood (a) and peritoneal washings (b) 

before and 6 hr after infection with the indicated treatments. *and ** and *** indicate 

significant differences from the levels in infected animals with no pre-treatment. 

Representative of two independent experiments. 
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Figure 5.37; Protein concentration following  intraperitoneal fluid infection.  

Protein concentration in peritoneal fluid following infection and treatments as in figure 5-

36. Representative of two independent experiments. 
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Figure 5.38; Autophagy contributes to bacterial killing in vivo following P. 
aeruginosa infection.  

Bacterial colony counts per ml of recovered fluid from the peritoneal cavity with 

treatments as shown. Columns are means of triplicate determinations; error bars SEM. 

Representative of two independent experiments. 
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5.3 Discussion      

We have shown here that mitochondria play an essential role in the 

activation of the NLRC4 inflammasome by the pathogen P. aeruginosa. 

Taken together, these data establish a novel pathway of NLRC4 activation 

dependent on mitochondrial sensing of infection. Flagellin (Miao et al., 2006) 

and components of the T3SS rod and needle complex have been reported 

to activate the NLRC4 inflammasome, utilising proteins of the NAIP family 

as adaptors (Miao et al., 2010, Zhao et al., 2011, Kofoed and Vance, 2011). 

We propose that these bacterial interactions with NAIP proteins are 

upstream of a subsequent initiation of mitochondrial damage and release of 

mitochondrial DNA. Given that NLRP3 activation has also been shown to be 

dependent on mitochondrial DNA release. The mechanism by which P. 

aeruginosa produces this mitochondrial damage is unclear. However, the 

initiation of inflammasome activation and pyroptosis has many similarities to 

apoptosis, in which mitochondria play a key role. For example, the Fas 

apoptosis pathway can results in cleavage of the protein Bid to a form that 

moves from the cytoplasm to mitochondria where it initiates damage and 

release of cytochrome c, amplifying the apoptotic signal (Billen et al., 2008). 

We speculate that in a similar fashion NAIP proteins may translocate to 

mitochondria after activation by flagellin or T3SS rod proteins. 

  The interaction of the T3SS of the microbe with its target cell results 

in mitochondrial production of reactive oxygen intermediates and the 

release of mitochondrial DNA. Through a number of independent 

approaches we have shown that this mitochondrial damage is essential to 

subsequent activation of the NLRC4 inflammasome by this pathogen and 
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that it can be attenuated by selective mitophagy, also triggered by the T3SS. 

We have shown that mitochondrial DNA is sufficient to activate the NLRC4 

inflammasome separately from other DNA sensors; oxidised DNA is more 

potent in this regard than the native form. NLRC4 complexes can bind 

mitochondrial DNA and results in inflammasome activation. Manipulation of 

the autophagocytic pathway in vivo can alter the activation of the 

inflammasome by P. aeruginosa infection and the subsequent inflammatory 

response.  

P. aeruginosa that lack a functional T3SS can activate the NLRP3 

inflammasome by a mechanism that requires a TRIF-dependent activation 

of caspase-11 (Rathinam et al., 2012, Kayagaki et al., 2011). This is a 

slower process than activation via the T3SS as it requires transcriptional 

activation of caspase-11, which typically takes some hours. All the work 

described here was with P. aeruginosa that has an active T3SS which 

produces rapid inflammasome activation that is independent of caspase-11 

and NLRP3 and is abolished in the absence of NLRC4 (Rathinam et al., 

2012, Arlehamn and Evans, 2011). Thus, the involvement of mitochondria 

in the activation of the inflammasome that we describe here is quite 

independent of caspase-11 and NLRP3 involvement. 

  Several groups have shown the importance of mitochondrial damage 

and sensing of released mitochondrial DNA in NLRP3 inflammasome 

activation (Nakahira et al., 2011, Shimada et al., 2012); removal of 

damaged mitochondria by selective autophagy (mitophagy) inhibits this 

activation. Thus, the question remains as to how specific NLRP3 or NLRC4 

inflammasome activation can be achieved through an identical signal. We 
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propose that additional proteins must be involved in triggering either a 

NLRC4 or NLRP3 response. These might be NAIP family members that in 

the context of binding to flagellin or T3SS rod/needle proteins direct a 

NLRC4 response over NLRP3 activation. As the original description of the 

inflammasome makes clear, an activating signal is required to bring 

together an inflammasome complex (Martinon et al., 2002). Thus, the 

presence of particular activated binding partners, such as NAIPs, may lead 

to assembly of the NLRC4 inflammasome, while different protein 

interactions may produce a NLRP3 inflammasome. For example, the 

guanylate binding protein GBP5 has been shown to be important for 

assembly of the NLRP3 inflammasome for some, but not all triggering 

stimuli (Shenoy et al., 2012). Indeed, different inflammasomes may 

assemble at different times during a triggering event such as an infection. A 

role for mitochondrial damage and sensing of mitochondrial DNA may 

therefore be a common factor that is required for the final activation of the 

assembled inflammasome.  

  We show here that immunoprecipitated NLRC4 contains bound 

mitochondrial DNA (Fig. 5-30). Similar results have been found for NLRP3. 

We do not know whether DNA is binding directly to the NLR proteins or if it 

binds to an associated protein. Direct binding to these different NLRs might 

suggest a role for the common central NOD domain of these proteins as 

DNA binding elements; equally, other interacting proteins may be involved. 

Further experiments to define the exact element that interacts with DNA are 

required. 
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  The results presented in this chapter show that autophagy regulates 

NLRC4 activation following P. aeruginosa infection, by selective removal of 

damaged mitochondria – mitophagy. The T3SS of the P. aeruginosa 

triggers a process that leads to the accumulation of full-length PINK-1 on 

the surface of mitochondria (Fig. 5-9) and their removal by mitophagy. This 

acts to abrogate the activation of the NLRC4 inflammasome. We have also 

found that there is a reciprocal effect of inflammasome activation on the 

process of autophagy, such that caspase-1 activation leads to proteolytic 

processing of the signalling intermediate TRIF and hence down-regulates 

autophagy (chapter 4). This is important to consider when evaluating the 

effects of interrupting NLRC4 activation on the production of mitochondrial 

reactive oxygen intermediates and release of mitochondrial DNA. Inhibiting 

NLRC4 activation results in attenuated caspase-1 activity and hence a 

reduction in TRIF processing and increased autophagy. This will lead to a 

reduction in mitochondrial reactive oxygen production and release of 

mitochondrial DNA. We suggest that this is the mechanism that accounts 

for the apparent dependence of mitochondrial damage on NLRP3 as 

reported by (Nakahira et al., 2011).  

  We show using an in vivo peritoneal infection model with P. 

aeruginosa that manipulation of the autophagocytic pathway with rapamycin 

and 3-MA can alter the degree of activation of the inflammasome and 

subsequent inflammation. This reinforces the physiological relevance of the 

mechanisms we have described in this work. Additionally, it suggests that 

manipulation of autophagy could be exploited therapeutically to modify the 

IL-1β response following infection. Clearly, IL-1β plays an important role in 

host defense, but excess production of inflammatory mediators is 
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deleterious as found in sepsis and septic shock. Down-regulating 

inflammasome activation by promoting autophagy in sepsis might therefore 

be a useful therapeutic strategy. Autophagy also has a role in clearance of 

P. aeruginosa; in our model of infection, augmenting or inhibiting autophagy 

decreased or increased respectively the numbers of bacteria recovered 

from peritoneal cavity (Fig. 5-38). 

  In conclusion, the work described here establishes a novel pathway 

by which infection activates the NLRC4 inflammasome, by inducing 

mitochondrial damage and release of mitochondrial DNA. This pathway is 

similar to that described for the activation of the NLRP3 inflammasome by 

LPS and ATP. Further work will be required to establish how each pathway 

operates independently. This study serves to underscore the importance of 

mitochondria in initiating an inflammatory response through activation of the 

inflammasome, and how control of mitochondrial quality through autophagy 

is central in limiting this response. 
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6    General discussion and Conclusions  
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 It has been proved that mutation of autophagy genes increases 

susceptibility to infection by intracellular organisms in plants, flies worms, 

mice, and possibly to humans. It is suggested that autophagy pathway 

functions of autophagy proteins also have major role in controlling other 

aspects of immunity in multicellular organisms. The autophagy machinery is 

thought to have evolved as a stress response to allow eukaryotic organisms 

to survive in unfavourable conditions probably by regulating energy 

homeostasis and quality control of proteins and organelles. The autophagy 

machinery interacts with cellular stress response pathways (Kroemer et al., 

2010), including those responsible for controlling immune responses and 

the process of inflammation. There is direct   interaction between autophagy 

proteins and immune signalling molecules (Saitoh et al., 2009).  

 

To know whether autophagy is induced by P. aeruginosa, we studied 

this degradative mechanism in BMDMs, dendritic cells, the macrophage cell 

lines J774A.1, and RAW264.7, and the human cell line THP-1 cells. Our 

study revealed that autophagy is induced by P. aeruginosa in BMDMs 

through different pathways including Atg8 (LC3), Atg5 and Atg7. The results 

in chapter 3 and chapter 4 show that Pseudomonas aeruginosa induced 

autophagy and the PA103 pcrV mutant appears to show more autophagy 

than the PA103ΔUΔT strain, that was not dependent on functional T3SS 

but was dependent on TLR4 and the signaling molecule TRIF. PA infection 

also strongly induced activation of the inflammasome which was absolutely 

dependent on a functional T3SS. We found that inhibition of inflammasome 

activation increased autophagy, suggesting that the inflammasome normally 

inhibits this process. Further experiments showed that this inhibitory effect 
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was due to the proteolytic action of caspase-1 on the signaling molecule 

TRIF. Using a construct of TRIF with a mutation in the proteolytic cleavage 

site prevented caspase-1 cleavage and increased autophagy. TRIF is also 

involved in the production of interferon-β following infection. We also found 

that caspase-1 cleavage of TRIF down-regulated this pathway as well. 

Caspase-1 mediated inhibition of TRIF-mediated signaling is a novel 

pathway in the inflammatory response to infection. It is potentially amenable 

to therapeutic intervention. 

 Induction of autophagy following PA infection was determined using 

different methods: - electron microscopy, immunostaining of the 

autophagocytic marker, LC3 and post-translational conjugation of 

phosphatidyl-ethanoloamine (PE) to LC3 using Western blot, RT-PCR, and 

FACS for LC3 intracellular staining. We hypothesized the reciprocal link 

between autophagy and inflammasome activation. To test this hypothesis, 

we studied autophagy in the mouse BMDMs, dendritic cells, the 

macrophage cell lines J774A.1, and RAW264.7, and human cell line THP-1 

cells. Cells were infected with Pseudomonas aeruginosa PA103ΔUΔT, 

which has a fully functional T3SS but lacks translocated toxins and the 

PA103ΔpcrV strain which lacks a functional T3SS and is known not to 

activate the inflammasome. Incubations were conducted using different 

(MOI) and different time, and with Rapamycin 50µg/ml for 4 hours as 

positive control. This led to the redistribution of microtubule-associated 

protein 1 light chain (LC3) from diffuse to punctate staining, which is typical 

of autophagosome vacuoles (Ogawa et al., 2005); (Gutierrez et al., 2004). 

A well-recognised marker of activation of the autophagic mechanism within 

a cell is the conjugation of microtubule associated protein 1 light chain 3 
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(LC3-I) with phosphatidylethanolamine to generate LC3-II, which becomes 

bound to the membrane of the autophagosome (Kabeya et al., 2000). 

During the autophagy process, (LC3-I) undergoes processing to (LC3-II), 

and then the new form is targeted to autophagosomal membranes (Tanida 

et al., 2004).  LC3-I and LC3-II are separated by SDS-PAGE 12% due to a 

mobility shift, and the amount of LC3-II correlates with the number of 

autophagosome vesicles (Mizushima and Yoshimori, 2007).To further prove 

induction of autophagic vesicles in Pseudomonas aeruginosa infected cells, 

western blotting with an antibody against LC3 was done to monitor  

conversion of endogenous LC3-I to LC3-II. The conversion of the cystolic 

form of LC3-I to the lipid conjugated form of  LC3-II increased when BMDM 

were treated with 50 µg/ml Rapamycin for 4 h. Similarly, infection of BMDM 

with Pseudomonas aeruginosa wild-type PA103ΔUΔT and mutant strain 

PA103ΔpcrV also led to a rapid increase in cellular levels of LC3-II within 1 

hour compared to uninfected cells. Our data showed that conversion of 

LC3-I to LC3-II, number of autophagic vacuoles, and LC3 intracellular 

staining was increased when cells pre-treated with lysosomal inhibitors 

such as Pepstatin A, E64d, and Bafilomycin A which prevent loss of LC3-II 

during lysosomal degradation and recycling of the lipid conjugated form 

LC3-II to the cystolic form LC3-I after fusion of autophagosome with 

lysosomes. Therefore these inhibitors increase the autophagy marker (LC3 

protein) via blocking autophagy flux (Mizushima and Yoshimori, 2007).  

Numerous studies have demonstrated a role of potassium efflux in 

both NLRP3, and NLRC4 inflammasome activation (Sharp et al., 2009), 

(Hornung et al., 2008), (Gurcel et al., 2006) (Arlehamn et al., 2010). We 

found that treating of BMDMs, dendritic cells, J774A.1, and human cell line 
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THP-1cells with a high concentration of KCl 140mM/ml during infection with 

PA increased autophagy.  

The results in chapter 5 show the inhibition of autophagy by other 

means increases the activation of the inflammasome and production of the 

active IL-1β. Thus, autophagy acts normally to limit activation of the 

inflammasome and production of IL-1β. We also addressed another 

important question: How does autophagy limit inflammasome activation? 

Our hypothesis was the production of reactive oxygen intermediates (ROI) 

from mitochondria would be a force driving inflammasome activation, and 

that autophagy could remove sick mitochondria produced in infection and 

thus limit the production of ROI and hence inflammasome activation. We 

tested this hypothesis using specific inhibitors of mitochondrial ROS 

production. These did inhibit inflammasome activation, supporting our 

hypothesis. They were specific as they had no effect on cellular TNF 

production following bacterial infection. Activation of the NLRC4 

inflammasome by pathogenic bacteria is a central event in the innate 

immune response. We set out to determine the role of autophagy in 

controlling the activation of the NLRC4 by the pathogenic bacterium, 

Pseudomonas aeruginosa. We show that infection results in mitochondrial 

damage with increased production of reactive oxygen intermediates and 

release of mitochondrial DNA. This free cytoplasmic mitochondrial DNA 

activates the NLRC4 inflammasome. Autophagy attenuates this activation 

by removal of damaged mitochondria. NLRC4 immunoprecipitates bind 

mitochondrial DNA and transfection of mitochondrial DNA can activate a 

reconstituted NLRC4 inflammasome. Manipulation of autophagy alters the 

degree of inflammasome activation in an in vivo model of P. aeruginosa 
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infection, with modulation of the inflammatory response generated. These 

data demonstrate a novel mechanism by which the NLRC4 inflammasome 

can be activated, with similarities for mechanisms proposed for activation of 

the NLRP3 inflammasome. 

  The mechanism (s) by which the autophagy pathway inhibits 

inflammasome activation are not yet understood. One possibility includes 

direct interactions between autophagy proteins and inflammasome 

components, or indirect inhibition of inflammasome activity through 

autophagic suppression of mitochondrial ROS accumulation, or autophagic 

degradation of danger signals that activate the inflammasome. In line with 

the latter model, the autophagic degradation of amyotrophic-lateral-

sclerosis-linked mutant superoxide dismutase has been proposed to limit 

caspase 1 activation and IL-1β production (Meissner et al., 2010). 

3-MA inhibits autophagy by blocking autophagosome formation 

through the inhibition of type III Phosphatidylinositol 3-kinases PI3KIII which 

is required in the early stage of autophagy process for autophagosome 

generation (Petiot et al., 2000). Inhibition of PI3KIII by 3-methyladenine 

(3MA) or Wortmannin (Wm) has been shown to inhibit starvation-induced 

autophagy (Lum et al., 2005). Our results showed that 3MA (10 mM) is able 

to block Pseudomonas aeruginosa infection -induced autophagy.  A 

previous study showed that LPS plays a crucial role in inducing 

inflammasome activation and IL-1β secretion in embryonic liver 

macrophages from Atg16L -/- mice, suggesting a role for autophagy in 

dampening the inflammatory response to endotoxin (Saitoh et al., 2008). 

Autophagy has also been linked to augmenting and inhibiting inflammatory 
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responses. In inflammasome activation and induction of cell death by 

pyroptosis, autophagy has been shown to have a marked inhibitory effect 

(Saitoh et al., 2008).  

To demonstrate the crucial role of autophagic proteins during 

inflammasome activation following infection with PA, we isolated 

macrophages from mice with deletion of autophagy gene Vav-Atg7-/-, and 

infected the cells with PA103 ΔUΔT. First, we examined the effect of 

deficiency of the autophagic protein Atg7 on the activation of the 

inflammasome by measuring caspase-1 in BMDM WT, and Vav-Atg7-/- 

animals. Our results show the macrophages from mice lacking Atg7 had 

more of the active, cleaved form of caspase-1 in response to treatment with 

PA103 ΔUΔT than did wild-type macrophages. Additionally, the cleaved 

form of IL-1β, produced from the precursor pro-IL-1β through the action of 

activated caspase-1, was greater in abundance in the lysates and culture 

medium of Vav-Atg7-/- knockout macrophages. To prove induction of 

autophagic vesicles in Pseudomonas aeruginosa infected cells, 

immunofluorescence, western blotting, and FACS with an antibody against 

LC3 as well as RT-PCR was done in Vav-Atg7-/- compared with WT 

BMDMs. Similarly, knockdown of Atg5, and Lc3b mediated by small 

interfering RNA also enhanced IL-1β secretion and activation of caspase- 1 

in BMDM. In addition, secretion of tumour necrosis factor (TNF) in response 

to PA103 ΔUΔT was similar among the genotypes. Collectively these 

results demonstrate that depletion of autophagy proteins enhances 

caspase-1 activation and the secretion of IL-1β in BMDMs macrophages in 

response to PA103 ΔUΔT. Our results agree with the other studies (Castillo 

et al., 2012), their results showed M.tuberculosis infection of Atg5fl/fl LysM-
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Cre+ mice increased IL-1β levels. Other studies have shown inhibition of 

autophagy increases inflammasome activation by increase caspase-1, IL-

1α,β , and IL-18 secretion (Kleinnijenhuis et al., 2011) (Nakahira et al., 

2011). According to (Fujishima et al., 2011) the deletion of Atg7 in intestinal 

epithelium cells treated with LPS induces higher levels of IL-1β mRNA, 

compared to wild type mice. These results suggest that the autophagy 

pathway normally controls and regulates endogenous factors that would 

otherwise induce inflammasome assembly and activation (Harris, 2013).   

According to recent studies, there is a complex relation between 

autophagy and inflammasome activation. According to Newman etal. 2009, 

there is unclear information about the mechanism that accounts for 

autophagy producing inflammasome inhibition is not clear. In the study of 

(Harris et al., 2011) , autophagosomes were proposed to attack the 

inflammasome for the purpose of degradation. Though, since NLRP3 

inflammasome action is concealed by reactive oxygen species (ROS) 

obstruction and autophagy negatively controls ROS generation, it is likely 

that autophagic suppression of ROS restrains inflammasome activity 

indirectly (Okamoto and Kondo-Okamoto, 2012) . 

 

Another complexity in the relation between autophagy and 

inflammasome was put forward in a study by (Suzuki and Nunez, 2008). 

According to this study, inflammasome activation has a negative regulation 

on autophagy. This study found that caspase-1 deficiency promotes 

autophagy in macrophages infected with Shigella.  However, the report 

failed to provide complete information about the reciprocal nature of the 

relation between the two concepts.  
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According to (Shi et al., 2012), and (Harris et al., 2011), the induction 

of autophagy results in the reduction of IL-1β processing and secretion. 

According to Harris et al., 2011, the reduction was shown in cells that were 

treated with LPS or PAM3CysK4. They suggested that induction of 

autophagy is inducing degradation of pro-IL-1β, rather than processing and 

secretion of the mature (p17) form. Similarly, rapamycin abrogated IL-1 β 

secretion in response to treatment with LPS and ATP. The combination of 

rapamycin and LPS powerfully forced the formation of autophagosome in 

LC3-GFP iBMMs. These authors propose that autophagy acts to minimize 

the accessibility of pro-IL-1β under stimulated cells and represents a novel 

mechanism for self-regulation of inflammatory responses by macrophages 

and dendritic cells.  

 

Mitochondrial DNA has recently been emerged as the main element 

that can take active part in the establishment of inflammasome. A study of 

(Nakahira et al., 2011) showed that mitochondrial DNA has an involvement 

in NLRP3 inflammasome activation. Mitochondrial DNA directly induced 

NLRP3 inflammasome activation, because ρ˚ J774A.1cells lacking 

mitochondrial DNA after treatment with EtBr had severely attenuated IL-1β 

production, yet still underwent apoptosis. Thus, the data reveal that 

oxidized mitochondrial DNA released during programmed cell death causes 

activation of the NLRP3 inflammasome. These data supply or expand a 

missing link between apoptosis and inflammasome activation, through 

binding between cytosolic oxidized mitochondrial DNA and the NLRP3 

inflammasome (Shimada et al., 2012).  
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There could be an inverse relationship between the Atg proteins and 

immunity and inflammation and these proteins function both in induction 

and suppression of immune and inflammatory responses and similarly the 

immune and inflammatory signals function in both the induction and 

suppression of autophagy (Levine and Kroemer, 2008). The discovery of 

autophagy proteins and the relation between autophagy, immunity and 

Inflammation will reshape the understanding of immunity and disease. The 

autophagy proteins not only arrange the lysosomal degradation of 

unwanted cargo, but also help in the control of immunity and inflammation. 

Thus, the autophagy pathway and autophagy proteins may function as a 

balance between the beneficial and harmful effects of the host response to 

infection and immunological stimuli. Autophagy has been implicated in 

either the pathogenesis or response to a wide variety of diseases, chronic 

bacterial infections, viral infections, cancers, neurodegenerative diseases, 

and atherosclerosis (Kundu et al., 2008).   

 

Future work 

1- Further studies are necessary to determine how the immune responses 

are altered and specifically and interact with other critical innate and 

acquired immune responses (in vivo model). 

2- Investigate role of autophagy in Ag presentation following PA infection. 

Does blocking or enhancing the autophagy mechanism alter antigen 

presentation following PA infection? 

3- Further studies are needed to understand the molecular link between 

inflammasome activation, pyroptosis, and autophagy, as well as their 
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role in regulating host innate immune response against extracellular 

bacteria. 

4- Further studies are needed to understand how endogenous cytosolic 

mitochondrial DNA connects mitochondrial dysfunction to caspase-1 

activation following PA infection. 

5- Further studies are needed to understand how the pharmacological 

manipulation of the autophagy pathway could be of  therapeutic benefit 

in the treatment of PA infection in vivo. 
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