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while pan-cathepsin inhibitors were ineffective. These re-
sults indicate that iPLA 2  �  is not critical for caspase-1 activa-
tion as currently proposed. Instead, the results suggest that 
serine protease(s) targeted by BEL may play a critical role in 
the activation of the inflammasome triggered by microbial 
stimuli.  Copyright © 2009 S. Karger AG, Basel 

   Introduction 

 IL-1 �  is a proinflammatory cytokine produced by 
macrophages in response to microbes or danger signals. 
IL-1 �  acts synergistically with other cytokines in the or-
chestration of the host response, and contributes to the 
development of inflammatory disease, fever and septic 
shock. The production of IL-1 �  is under tight and com-
plex regulation. Unstimulated phagocytes express unde-
tectable or low levels of the pro-IL-1 �  precursor. In re-
sponse to diverse microbial stimuli, pro-IL-1 �  is induced 
in monocytes and macrophages via a transcriptional 
mechanism involving NF- � B activation  [1] . Subsequent-
ly, pro-IL-1 �  is processed into the biologically active IL-
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 Abstract 

 Calcium-independent phospholipase A 2  (iPLA 2 ) has been 
suggested to play an important role in the activation of cas-
pase-1 induced by lipopolysaccharides (LPS). Here, we used 
pharmacological and genetic approaches to study the role 
of iPLA 2  in the activation of caspase-1. Bromoenol lactone 
(BEL), an inhibitor that was originally used to support a role 
for iPLA 2  in the secretion of IL-1 � , prevented caspase-1 acti-
vation induced by LPS and ATP as described, and also activa-
tion triggered by  Salmonella  infection and cytosolic flagel-
lin, which rely on the Nlrc4 inflammasome. Analysis of BEL 
enantiomers showed that the S-BEL form was more effective 
than R-BEL in inhibiting the inflammasome, suggesting a 
role for iPLA 2  � . However, caspase-1 activation and IL-1 �  se-
cretion and their inhibition by BEL were unimpaired in mac-
rophages deficient in iPLA 2  � . BEL was originally identified as 
an inhibitor of serine proteases. Consistent with the latter, 
the serine proteases inhibitors TPCK, TLCK and AAF-cmk pre-
vented the activation of the Nlrc4 and Nlrp3 inflammasomes 
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1 �  molecule by caspase-1  [2] . The protease caspase-1 is 
also expressed in phagocytes as an inactive zymogen. Re-
cent studies have identified several members of the NOD-
like receptor (NLR) family of proteins as crucial media-
tors of caspase-1 activation by linking the recognition of 
microbial molecules to protease activation  [3–5] . In re-
sponse to microbial stimuli, NLR family members such 
as Nlrc4 and Nlrp3 assemble a large multi-protein com-
plex, called the ‘inflammasome’, which induces the pro-
cessing of pro-caspase-1 into the enzymatically active en-
zyme  [2] . The NLR protein Nlrc4 (also called Ipaf) has 
been implicated in the activation of caspase-1 in response 
to several intracellular bacteria through the recognition 
of cytosolic flagellin  [2, 6] . Similarly, Nlrp3 (also called 
cryopyrin/Nalp3) is critical for caspase-1 activation and 
secretion of IL-1 �  in macrophages stimulated with sev-
eral microbial molecules and ATP, as well as with endog-
enous urate crystals, silica or asbestos particles  [2, 6] . Al-
though Nlrc4 and Nlrp3 can sense microbial stimuli, 
there is no evidence that they interact directly with their 
microbial activators. Furthermore, the regulatory events 
that link microbial stimuli to the inflammasome remain 
poorly understood. 

  The regulation of caspase-1 has been suggested to be 
influenced by other classes of host factors. Among these 
are phospholipases A 2  (PLA 2 ), a family of proteins that 
catalyzes the hydrolysis of the sn-2 fatty acid substituent 
of membrane phospholipids to generate free fatty acids 
(e.g. arachidonic acid) and lysophospholipids (e.g. lyso-
phosphatidylcholine). There are several groups of PLA 2  
enzymes including the first recognized cytosolic PLA 2  
(cPLA 2 ), which is induced to associate with its substrates 
in membranes by rises in cytosolic Ca 2+ , and PLA 2  en-
zymes that do not require Ca 2+  for catalytic activity and 
are therefore designated Ca 2+ -independent PLA 2  (iPLA 2 ). 
The first recognized mammalian members of each of 
these 2 families have been designated cPLA 2  �  and 
iPLA 2  � , respectively. While cPLA 2  �  and iPLA 2  �  are cy-
tosolic enzymes active inside the cell, members of the se-
cretory PLA 2  (sPLA 2 ) family require millimolar concen-
trations of Ca 2+  for catalytic activity, and are thought to 
function as extracellular secreted enzymes  [7] . 

  Studies involving the pharmacological inhibition of 
iPLA 2  with the suicide substrate bromoenol lactone (BEL) 
have suggested that the enzyme participates in lipopoly-
saccharide (LPS)- and ATP-induced caspase-1 activation 
and maturation of pro-IL-1 �   [8–11] . BEL inhibits iPLA 2  
at sub-micromolar to low micromolar concentrations, 
concentrations at which the activity of cPLA 2  and sPLA 2  
enzymes are little affected  [12] . Although BEL can distin-

guish among these PLA 2  classes, it also inhibits other 
classes of hydrolases  [13] , and was first identified as a ser-
ine protease inhibitor  [14] . Studies involving the pharma-
cologic inhibition of iPLA 2  with BEL are thus ambiguous, 
and require confirmation by experiments involving ge-
netic manipulation of iPLA 2  expression where possible. 
Although BEL inhibits LPS- and ATP-induced caspase-1 
activation mediated by the Nlrp3 inflammasome, its ef-
fects on events induced by microbial stimuli (such as in-
fection with the intracellular bacteria  Salmonella , which 
is mediated via the Nlrp4 inflammasome) have not yet 
been examined. 

  In the studies described here, we used both pharma-
cological and genetic approaches to assess the role of BEL 
and iPLA 2  on caspase-1 activation induced by microbial 
stimuli that activate the Nlrc4 or Nlrp3 inflammasome. 
We provide conclusive evidence that both caspase-1 acti-
vation and IL-1 �  secretion are independent of iPLA 2  �  
activity. Thus, these results challenge the accepted notion 
that iPLA 2  �  has a critical role in caspase-1 activation and 
suggest a role for serine protease(s) targeted by BEL in the 
regulation of the inflammasomes.

  Materials and Methods 

 Mice and Cells 
 Mice deficient in iPLA2 �  have been previously described  [15] . 

The animal studies were conducted under approved protocols by 
the University of Michigan Committee on the Use and Care of 
Animals. Mice were housed in a pathogen-free facility. Bone-
marrow-derived macrophages were isolated as previously de-
scribed. Briefly, femurs and tibias were removed from the eutha-
nized mice and sterilized in 70% ethanol. Iscove’s modified Dul-
becco’s medium was used to wash out the marrow cavity plugs, 
and bone marrow cells were resuspended in L-cell-conditioned 
medium containing mononuclear phagocyte colony-stimulating 
factor to stimulate proliferation and differentiation of the bone 
marrow progenitors into macrophages. After 5–6 days, the result-
ing bone-marrow-derived macrophages were replated. Macro-
phages were seeded at 1  !  10 6  cells per well in 12-well dishes the 
day before the experiment. 

  Reagents and Bacterial Infection 
  Racemic BEL, S-BEL and R-BEL, were from Cayman Chem-

icals. ATP and LPS from  E. coli  (O111B) were from Sigma.
N � -Tosyl-Lys-chloromethylketone�HCl (TLCK), Na-Tosyl-Phe-
chloromethylketone (TPCK), benzyloxycarbonyl-Phe-Ala-fluo-
 romethylketone (z-FA), and Ala-Ala-Phe-chloromethyl ketone 
(AAF-cmk) were from Biomol. Z-Phe-chloromethylketone was 
from Bachem.  S. enterica  serovar typhimurium strain SL1344 was 
a gift from A. Aderem, University of Washington. The bacteria 
were grown as previously described  [13] , and diluted to the de-
sired concentration to infect macrophages at different bacterial/
macrophage ratios. For the gentamicin protection assay and eval-
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uation of IL-1 �  secretion, macrophages were infected for 30 min 
with bacteria, washed twice with PBS, and Iscove’s modified Dul-
becco’s medium containing 100  � g/ml of gentamicin was added 
to limit the growth of extracellular bacteria. In the gentamicin 
protection assay, the number of live  Salmonella  was calculated at 
1 or 4 h after infection by lysing the cells with 1 ml of 1% Triton 
X-100 for 10 min and counting the number of bacterial colonies 
after serial dilution on agar plates.

  Immunoblotting  
  Cells were lysed together with the cell supernatant by the ad-

dition of 1% NP-40 complete protease inhibitor cocktail (Roche) 
and 2 m M  dithiothreitol. Clarified lysates were resolved by SDS-
PAGE and transferred to polyvinylidene fluoride membranes by 
electro-blotting. The rabbit anti-mouse caspase-1 was a kind gift 
from Dr. Vandanabeele (Ghent University, Belgium). Anti-IL-1 �  
antibody was from R&D.

  In vitro Caspase-1 Processing Assay  
 MonoMac6 cells (10  !  10 6  for each experimental condition) 

were primed with 100 ng/ml LPS overnight. Macrophage lysates 
for in vitro caspase-1 processing were isolated as described previ-
ously  [9] . Briefly, cells were collected (2,000 rpm, 10 min), washed 
twice in PBS and resuspended in buffer W (20 m M , pH 7.5, 10 m M  
KCl, 1.5 m M  MgCl 2 , 1.0 m M  EGTA and 1.0 m M  EDTA) supple-
mented with protease inhibitor cocktail (Roche) and 20  �  M  BEL, 
100  �  M  YVAD (Calbiochem) or 0.2 % (v/v) DMSO (Sigma). The 
final protein concentration was 22 mg/ml. The cells were allowed 
to swell for 15 min on ice, and were subsequently lysed by 15 pas-
sages through a 23-gauge needle. Lysates were spun at 14,000 rpm 
for 30 min, and the supernatant was transferred to a new tube and 
kept on ice. Lysates were incubated at 30   °   C to trigger caspase-1 
processing, and the reactions were stopped by addition of 20  � l of 
5 !  SDS-PAGE buffer. Immunoblotting was performed using
1  � g/ml of the caspase-1 p10 antibody (Santa Cruz Biotechnol-
ogy). 

  Stimulation of Macrophages with Liposomes  
 DOTAP cationic lipid was purchased from Roche and used 

according to the manufacturer’s instructions. Briefly, 50  � l DOT-
AP cationic lipid was incubated for 30 min in serum-free medium 
with 4  � g of purified flagellin (Invivogen) in a final volume of 500 
 � l. After the incubation, 1.5 ml of serum-free medium was added, 
and 1 ml was used to stimulate 2  !  106 macrophages seeded in 
6-well plates for 3–5 h. 

  Macrophage Cytotoxicity Assay 
 The percentage of macrophage cell death was determined by 

measuring the release of macrophage LDH 16 h after infection. In 
the assay, the supernatants were collected, and the release of LDH 
was quantified using the CytoTox 96 non-radioactive cytotoxicity 
assay (Promega). The absorbance at 490 nm was measured, and 
the percentage of cell death was calculated as [(experimental re-
lease – spontaneous release)/(maximum release – spontaneous re-
lease)]  !  100. The spontaneous release represents the level of 
LDH released from the cytoplasm of uninfected macrophages, 
whereas the maximum release is the value obtained by lysis of 
macrophages with a solution of 0.1% Triton X-100. 

  Results 

 BEL Inhibits Nlrc4-Dependent Activation of
Caspase-1 
 To gain insight into the mechanism of inflammasome 

activation, we initially tested the effect of the iPLA 2  in-
hibitor BEL on LPS- and ATP-induced caspase-1 activa-
tion mediated by the Nlrp3 inflammasome  [16, 17] . In 
LPS-primed macrophages, ATP induced the activation of 
caspase-1, and this was blocked by pretreatment with 
BEL ( fig. 1 a). BEL also inhibits the magnesium-depen-
dent phosphatidate phosphohydrolase-1 (PAP-1), anoth-
er enzyme that regulates the metabolism of phospholip-
ids and is also inhibited by propranolol  [18] . Therefore, 
we determined what effect propranolol exerted on Nlrp3-
dependent caspase-1 activation. Propranolol treatment 
did not block caspase-1 activation induced by ATP in 
LPS-primed macrophages, suggesting that inhibition of 
PAP-1 does not account for the blocking effect of BEL 
upon Nlrp3-dependent caspase-1 activation ( fig. 1 a). 
These results are consistent with previous observations 
 [8–11] , suggesting that BEL pretreatment inhibits Nlrp3-
dependent activation of caspase-1 induced by LPS and 
ATP. 

  We then investigated the effect of BEL in the activa-
tion of caspase-1 by infection with  Salmonella ty-
phimurium , which triggers IL-1 �  secretion through 
Nlrc4  [19, 20] . We first assessed the number of viable 
intracellular bacteria over time, and found that pre-
treatment with BEL did not affect bacterial uptake or 
early macrophage bactericidal activity (data not shown). 
Next, we assessed the activation of caspase-1 in macro-
phages infected with  Salmonella  for 30, 60 or 90 min. As 
shown in  figure. 1 b, treatment with BEL completely
prevented  Salmonella -induced caspase-1 activation, al-
though propranolol did not, and thus the effect of BEL 
cannot be attributed to PAP-1 inhibition.  Salmonella -
induced caspase-1 activation is dependent on the cyto-
solic detection of bacterial flagellin by Nlrc4  [19, 20] . To 
confirm the inhibitory effect of BEL on the Nlrc4 in-
flammasome, we stimulated macrophages with flagel-
lin alone or with flagellin in combination with a cat-
ionic lipid (DOTAP) that allows delivery of flagellin 
into the host cytosol  [19] . We found that cytosolic flagel-
lin, but not extracellular flagellin, induced caspase-1 ac-
tivation, and this was inhibited by pretreatment with 
BEL ( fig. 1 c). Therefore, BEL efficiently blocks both 
Nlrc4-dependent and Nlrp3-dependent activation of 
caspase-1, raising the possibility that iPLA 2  could be a 
general regulator of the inflammasome. 
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  Enantiomer of BEL Specific for iPLA 2  �  Inhibits
Nlrc4-Dependent Activation of Caspase-1 
 BEL, a member of a family of compounds known as 

haloenol lactones, is a suicide substrate for iPLA 2  that tar-
gets critical cysteine residue(s) in iPLA 2  �   [13] . BEL inhib-
its iPLA 2  activity at sub-micromolar to low micromolar 
concentrations at which the activity of cPLA 2  and sPLA 2  
enzymes are unaffected  [12] . Racemic BEL inhibits both 
iPLA 2  �  and iPLA 2  � , but the S- and R-BEL enantiomers 
preferentially inhibit iPLA 2  �  and iPLA 2  � , respectively 
 [21, 22] . We thus pretreated macrophages with either S-
BEL or R-BEL before stimulation with LPS and ATP or 
infection with  Salmonella . We found that S-BEL was 
more effective than R-BEL in preventing caspase-1 acti-
vation induced by stimulation with LPS and ATP, sug-
gesting a role of iPLA 2  �  in caspase-1 activation ( fig. 2 a). 
Similar concentration-responses with S-BEL versus R-

BEL on caspase-1 activation were observed in BALB/c 
macrophages and the Bac1.2F5 macrophage line stimu-
lated with LPS + ATP (not shown).  In addition, activation 
of caspase-1 triggered by  Salmonella  infection was more 
effectively inhibited by S-BEL than it was by R-BEL 
( fig. 2 b).

  In  Salmonella -infected macrophages, caspase-1 acti-
vation leads to the production of IL-1 �  and the induction 
of cell death. Therefore, we next investigated the effect S-
BEL and R-BEL on those events. S-BEL inhibited both 
IL-1 �  production and cell death as effectively as racemic 
BEL, but R-BEL was ineffective (data not shown). Collec-
tively, these results indicate that S-BEL, but not R-BEL, 
blocks the Nlrc4 and Nlrp3 inflammasomes, which would 
be consistent with participation of iPLA 2  � , rather than 
IPLA 2  � , in caspase-1 activation. 
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  Fig. 1.  BEL inhibits Nlrc4-dependent acti-
vation of caspase-1.  a  Macrophages were 
primed with LPS for 3 h and then stimu-
lated with ATP (5 m M ) for 20, 40 or 60 min. 
In pretreated samples, BEL (10  �  M ) or pro-
pranolol (150  �  M ) were added 1 h before 
ATP stimulation. Extracts were prepared 
from cell and culture supernatants and 
immunoblotted with caspase-1 antibody. 
Arrows denote procaspase-1 and its pro-
cessed p20 subunit.  b  Macrophages were 
pretreated with BEL (25  �  M ) or proprano-
lol (150  �  M ) for 1 h or left untreated, and 
then infected with  Salmonella  for the indi-
cated time. Extracts were immunoblotted 
with caspase-1 antibody. Arrows denote 
procaspase-1 and its processed p20 sub-
unit.  c  Macrophages were left untreated or 
stimulated with flagellin (FLG), the cat-
ionic lipid DOTAP, or a combination of 
FLG + DOTAP for 5 h. Extracts were im-
munoblotted with caspase-1 antibody. Ar-
rows denote procaspase-1 and its pro-
cessed p20 subunit. Results are representa-
tive of at least 3 separate experiments  
 ( a–c ).  
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  iPLA 2  �  Is Not Required for Caspase-1 Activation 
 Based on the relative specificity of S-BEL for iPLA 2  �  

among PLA 2 , the above experiments suggest that iPLA 2  �  
may be required for caspase-1 activation. To determine 
the role of iPLA2 �  more directly, we tested caspase-1 ac-
tivation using macrophages from genetically modified 
mice that do not express iPLA 2  �  because the gene encod-
ing the enzyme has been disrupted by homologous re-
combination  [15] . Wild-type mouse macrophages have 
been shown to express iPLA 2  � , while macrophages from 
iPLA 2  � -null mice fail to do so and exhibit several pheno-
typic abnormalities  [23, 24] . 

  We first assessed the number of viable bacteria inside 
the cell in wild-type or iPLA 2  � -deficient macrophages 
after infection with  Salmonella . At 1 and 4 h after infec-
tion, both wild-type and iPLA 2  � -null macrophages had 
comparable numbers of viable intracellular bacteria (data 
not shown), indicating that iPLA 2  �  is not involved in ei-

ther the initial bacterial uptake or early bactericidal ac-
tivity. Next, we assessed caspase-1 activation in wild-type 
and iPLA 2  � -null macrophages induced by  Salmonella  in-
fection or stimulation with LPS and ATP. Surprisingly, 
caspase-1 activation induced by these stimuli, which are 
mediated through Nlrc4 and Nlrp3, respectively, was 
comparable in wild-type and iPLA 2  � -deficient macro-
phages ( fig. 3 a). Consistent with this observation, the ac-
tivation of caspase-1 induced by cytosolic flagellin (fla-
gellin + DOTAP) was also unimpaired in iPLA 2  � -null 
macrophages ( fig. 3 b). To further verify these results, we 
determined whether the absence of iPLA 2  �  affects the 
production of IL-1 �  or the induction of cell death. Con-
sistently, both IL-1 �  secretion and cell death induced by 
 Salmonella  were comparable in wild-type and iPL � 2 � -
deficient macrophages ( fig. 3 c, d). These results demon-
strate that iPLA 2  �  is not required for caspase-1 activation 
induced via the Nlrc4 and Nlrp3 inflammasomes. 
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  Fig. 2.  Enantiomer of BEL specific for iPLA 2  �  inhibits Nlrc4-de-
pendent activation of caspase-1.  a  Macrophages were primed with 
LPS for 3 h, and then stimulated with ATP (5 m M ) for 30 min. In 
pretreated samples, S-BEL or R-BEL at the indicated concentra-
tions were added 1 h before ATP stimulation. Extracts were pre-
pared from cell and culture supernatants and immunoblotted 
with caspase-1 antibody. Arrows denote procaspase-1 and its pro-

cessed p20 subunit.  b  Macrophages were pretreated with S-BEL 
(25  �  M ) or R-BEL (25  �  M ) for 1 h, and then infected with  Salmo-
nella  at a macrophage/bacterial ratio of 1/5 for 20, 40 or 60 min. 
Extracts were immunoblotted with caspase-1 antibody. Arrows 
denote procaspase-1 and its processed p20 subunit. Results are 
representative of 3 separate experiments   ( a, b ).  
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  BEL Inhibits Salmonella-Induced Caspase-1 
Activation Independently of iPLA 2  �  
 To demonstrate conclusively that inhibition of cas-

pase-1 activation by BEL occurs through a mechanism 
independent of iPLA 2  � , wild-type or iPLA 2  � -null mac-
rophages were pretreated with BEL and infected with  Sal-
monella  or stimulated with LPS and ATP. Activation of 
caspase-1 induced by LPS + ATP or  Salmonella  infection 
was effectively blocked by BEL in both wild-type and 
iPLA 2  � -null macrophages ( fig. 4 ). Together, these results 
demonstrate that BEL mediates its inhibitory effect on 
the Nlrc4 and Nlrp3 inflammasomes by a mechanism 
other than inhibition of iPLA 2  �  activity.

  BEL Acts Upstream of Caspase-1 to Inhibit the 
Inflammasome 
 The activation of caspase-1 occurs induced via Nlrc4 

and Nlrp3 in response to microbial stimuli is mediated 
by self-processing of the protease  [25, 26] . To gain further 
insight into the mechanism whereby BEL inhibits cas-
pase-1 activation, we determined whether the inhibitory 
effect of BEL occurs upstream or downstream of the
inflammasome. To examine this issue, we used THP-1 
macrophages that stably express a chimeric protein com-
posed of the effector PD of Nlrp3 fused to 3 tandem Fkbp 
domains (Nlrp3PD-Fpk3) that can be oligomerized
by the cell-permeable ligand AP1510  [27] .  Figure 5 a
shows that forced oligomerization of the pyrin domain of 
Nlrp3-induced production of IL-1 � , and this was pre-
vented by the caspase-1 inhibitor YVAD-cmk. In con-
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  Fig. 3.  Unimpaired caspase-1 activation in 
iPLA 2  � -deficient macrophages.  a  Wild-
type and iPLA 2      � -null macrophages were 
infected with        Salmonella  at a macrophage/
bacterial ratio of 1/5 for the indicated time 
point, or primed with LPS for 3 h and then 
stimulated with ATP (5 m M ) for 30 min. 
Extracts were prepared from cell and cul-
ture supernatants and immunoblotted 
with caspase-1 antibody. Arrows denote 
procaspase-1 and its processed p20 sub-
unit.  b  Macrophages were stimulated with 
LPS, flagellin (FLG), the cationic liposo-
mal reagent DOTAP, or a combination of 
DOTAP with LPS or flagellin. Extracts 
were immunoblotted with caspase-1 anti-
body.  c  Wild-type and iPLA 2  � -null mac-
rophages were infected with  Salmonella  at 
a macrophage/bacterial ratio of 1/5 for the 
indicated time points. The induction of 
macrophage cell death was evaluated by 
the release of LDH of triplicate cultures.
 d  Wild-type and iPLA 2  � -null were primed 
with LPS and then infected with  Salmonel-
la  at a macrophage/bacterial ratio of 1/5. 
Cell-free supernatants were analyzed for 
production of IL-1 �  6 h after infection. 
Values represent means  8  SD of triplicate 
cultures. Results are representative of at 
least 3 separate experiments ( a–d ).  
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  Fig. 4.  BEL inhibits                      Salmonella -induced 
caspase-1 activation independently of 
iPLA       2  � . Wild-type (   a ) and iPLA2   � -null 
(       b ) macrophages were pretreated, or not, 
with BEL (25  �  M ) for 1 h and then infected 
with  Salmonella  at a macrophage/bacterial 
ratio of 1/5 for the indicated time point. 
Alternatively, macrophages were primed 
with LPS for 3 h or left untreated and then 
stimulated, or not, with ATP (5 m M ) for 30 
min, with or without BEL treatment. Ex-
tracts were prepared from cell and culture 
supernatants and immunoblotted with 
caspase-1 antibody. Arrows denote pro-
caspase-1 and its processed p20 subunit. 
Results are representative of at least 3 sep-
arate experiments.  
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  Fig. 5.  BEL inhibits caspase-1 activity up-
stream of the inflammasome.      a  1                                        !  10 6  
THP-1 cells stably expressing Nlrp3PD-
Fpk3 or control Fpk3 plasmid were stimu-
lated with the Fpk3 ligand AP1510 for 6 h. 
Cell-free supernatants were analyzed for 
production of IL-1   � . The results are given 
as the mean  8  SD of triplicate cultures.
 b  MonoMac6 cell lysates were incubated 
at 30 o C in hypotonic buffer for the indi-
cated times. Activation of caspase-1 was 
evaluated by immunoblotting with an an-
tibody that recognizes the p10 subunit. Re-
sults are representative of 3 separate ex-
periments ( a ,  b ).       
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trast, incubation with BEL was ineffective ( fig. 5 a). Fpk3 
alone did not induce the secretion of IL-1 � , thus confirm-
ing the specificity of the assay ( fig. 5 a). These results in-
dicate that BEL inhibits the inflammasome upstream of 
caspase-1. To further investigate the inhibitory effect of 
BEL, we used a previously described system in which cell 
rupture induces Nlrp3-dependent activation of caspase-1 
 [28] . LPS-stimulated MonoMAC6 macrophages were 
lysed, and the cell lysates were incubated in a hypotonic 
buffer containing low concentration of K +  for 5, 15 or 30 
min at 37   °   C, a signal that induces Nlrp3-dependent cas-
pase-1 activation  [28] . After 15 min incubation, caspase-1 
activation was detectable as measured by the appearance 
of the p10 subunit cleavage product ( fig. 5 b). As expected, 
induction of the p10 subunit was absent when cell lysates 
were treated with a specific caspase-1 inhibitor, YVAD-
cmk ( fig. 5 b). In contrast, pretreatment of cell lysates with 
BEL was unable to block caspase-1 activation, excluding 
the possibility that BEL acts directly on caspase-1 ( fig. 5 c). 
These results are consistent with previous results ob-
tained with THP-1 cells, and collectively suggest that BEL 
inhibits caspase-1 activation upstream of the inflamma-
some  [9, 11] . 

  Serine Protease Inhibitors Block Nlrc4-Dependent and 
the Nlrp3-Dependent Activation of Caspase-1 
 Our results demonstrate that BEL blocks inflamma-

some-mediated caspase-1 activation in a  iPLA 2  � -inde-
pendent manner. Because BEL was initially identified as 
a serine protease inhibitor  [14] , we reasoned that the ac-
tivity of BEL might be explained by its ability to target 
serine proteases. We therefore tested 2 unrelated serine 
protease inhibitors, TPCK and TLCK, to block IL-1 �  pro-
duction in macrophages stimulated with LPS and ATP. 
We found that BEL and the serine protease inhibitors ef-
ficiently reduced IL-1 �  secretion as effectively as the cas-
pase-1 inhibitor YVAD-cmk ( fig. 6 a) In contrast, the 
pan-cathepsin inhibitor z-FA was unable to reduce IL-1 �  
production in response to LPS and ATP ( fig. 6 a). CA-074-
methyl ester, a chemically distinct membrane-permeable 
cathepsin B inhibitor, also had no inhibitory effect on 
LPS + ATP-induced caspase-1 maturation (data not 
shown). These  results suggest that serine protease(s), 
rather than phospholipases, regulate the activation of the 
Nlrc4 and Nlpr3 inflammasomes. Next, we tested the ser-
ine protease inhibitor AAF-cmk, which was previously 
implicated in the activation of caspase-1 in response to 
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  Fig. 6.  Serine protease(s) regulates IL-1   �  
production and caspase-1 activation.
 a  Macrophages were stimulated for 3 h 
with LPS and then treated for 1 h with 
YVAD-cmk (50        �  M ) or BEL (10  �  M ), 
TLCK (100            �                                      M ), TPCK (100  �    M ) and zFA 
(50  �  M ). Where indicated ATP (5 m M ) was 
added for the last 30 min. Cell-free super-
natants were analyzed for production of 
IL-1 � . Values represent means  8  SD of 
triplicate cultures. Results are representa-
tive of 3 separate experiments.  b ,  c  Macro-
phages were stimulated for 3 h with LPS 
and then treated, or not, with AAF-cmk 
(20  �  M ). The cells were then stimulated 
with ATP (5 m M ) or infected with  Salmo-
nella  for 30 min.  b  Cell-free supernatants 
were analyzed for production of IL-1 � . 
Values represent means  8  SD of triplicate 
cultures.  c  Extracts were prepared from 
cell and culture supernatants and immu-
noblotted with caspase-1 antibody. Ar-
rows denote procaspase-1 and its pro-
cessed p20 subunit. Results are representa-
tive of 3 separate experiments. 

D
ow

nloaded from
 http://w

w
w

.karger.com
/jin/article-pdf/1/6/607/3023083/000227263.pdf by guest on 24 April 2024



 PLA 2  and Caspase-1 Activation J Innate Immun 2009;1:607–617 615

 Shigella flexneri  infection in macrophages  [29]  and like 
 Salmonella  is mediated by the Nlc4 inflammasome  [30] . 
The results showed that AAF-cmk inhibited both IL-1 �  
secretion ( fig. 6 b) and caspase-1 activation ( fig. 6 c) in-
duced by LPS + ATP or  Salmonella . To confirm these re-
sults, we pretreated macrophages either with broad spec-
trum phospholipase inhibitors, ATK (arachidonyl tri-
fluoromethyl ketone) or MAFP (methyl arachidonyl 
fluorophosphonate), or with the serine protease inhibitor 
TLCK and assessed the activation of caspase-1 in macro-
phages infected with  Salmonella  or stimulated with LPS 
+ ATP. We found that treatment with TLCK efficiently 
inhibits caspase-1 activation. In contrast, neither phos-
pholipase inhibitor blocked caspase-1 activation ( fig. 7 ). 

These results suggest that serine protease(s), rather than 
phospholipases, regulate the activation of the Nlrc4 and 
Nlpr3 inflammasomes.

  Discussion 

 Recent studies have revealed a crucial role for NLR 
proteins, such as Nlrc4 and Nlrp3, in caspase-1 activation 
and IL-1 �  production. While much progress has been 
made regarding the microbial stimuli that are sensed by 
Nlrc4 and Nlrp3  [2, 31–35] , the regulatory events that link 
microbial molecules to inflammasome activation remain 
poorly understood. Earlier work using BEL suggested an 
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lipases, regulates caspase-1 activation. 
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ATK (     a ; 25        �  M ) or MAFP (         b ; 25      �                                      M ) or 
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Extracts were prepared from cell and cul-
ture supernatants and immunoblotted 
with caspase-1 antibody. Arrows denote 
procaspase-1 and its processed p20 sub-
unit. Results are representative of 2 sepa-
rate experiments.         
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important role for iPLA 2  in the activation of caspase-1 
and IL-1 �  secretion induced by LPS and ATP  [8–11] . In 
this report, we demonstrate that BEL inhibits not only 
caspase-1 activation induced by LPS and ATP, but also 
the Nlrc4 inflammasome that is triggered by  Salmonella  
infection and cytosolic flagellin  [19, 20] . More impor-
tantly, we have shown that the inhibition of both inflam-
masomes by BEL is not mediated by inhibition of iPLA 2  �  
as previously proposed  [11] . Instead, our findings suggest 
that serine protease(s) targeted by BEL are important in 
inflammasome activation. Consistent with this notion, 
BEL was originally described as a serine protease inhibi-
tor, although iPLA 2  �  has previously been considered as 
the critical target underlying its suppression of caspase-1 
activation and IL-1 �  release  [14] . 

  The regulation of the inflammasome is complex and 
still poorly characterized  [2] . Previous studies suggested 
that intracellular K +  efflux is important or contributes to 
the activation of the Nlrp3 inflammasome  [23] . Further-
more, BEL does not inhibit the ATP-induced release of 
intracellular K +  in macrophages  [9] . Here, we found that 
BEL also inhibits Nlrc4-dependent activation of caspase-
1 which is independent of K +  efflux  [36, 37] . These new 
results indicate that BEL targets a common signal(s) that 
intersects both the K + -sensitive Nlrp3 inflammasome 
and the K + -insensitive Nlrc4 inflammasome. The finding 
that the 4 serine protease inhibitors, TPCK, TLCK, P-
cmk and AAF-cmk, blocked inflammasome activity sug-
gests that serine proteases are important for caspase-1 ac-
tivation. Future studies will address the identity of the 
serine protease(s) targeted by BEL which are critical for 
the activation of the Nlrc4 and Nlrp3 inflammasomes in 
response to microbial stimuli. It is worth mentioning that 
cathepsin B, a lysosomal cysteine protease, has been pre-

viously implicated in the activation of the Nlrp3 inflam-
masome induced by silica, but not LPS + ATP  [38] . In 
agreement with these observations, we found that a pan-
cathepsin inhibitor, as well as specific cathepsin B inhib-
itors, did not impair caspase-1 activation induced by LPS 
+ ATP or  Salmonella  ( fig. 6  and data not shown). Collec-
tively, these results suggest that the activation of the Nlrp3 
or the Nlrc4 inflammasome induced by microbial stim-
uli depend on serine protease activity. One possibility is 
that serine protease(s) activated by microbial stimuli may 
degrade an inhibitor or alternatively induce proteolytic 
activation of a cellular factor that activates the inflamma-
some. This model is consistent with the indirect mecha-
nism of activation of plant NLR homologs by pathogens 
 [39, 40] . For instance, the bacterial effector AvrRpt2 is a 
protease that cleaves the plant RIN4, a step that leads to 
activation of the NLR homolog RPS2  [39, 40] . Similarly, 
the microbial cysteine protease AvrPphB cleaves the host 
protein PBS1, and this triggers activation of the plant 
NLR homolog RPS5  [39, 40] . Another possibility is that 
serine protease(s) form a complex with Nlrp3 and Nlrc4 
or other components of the inflammasome and directly 
promote the activation of caspase-1. A better understand-
ing of the role of serine proteases in inflammasome acti-
vation awaits the identification of the serine protease in-
volved and of its substrates. 
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