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v

 Infl ammation is the most fundamental defense mechanism developed by multicellular organ-
isms [1]. Central to infl ammation is the ability to discriminate noxious from non- noxious 
agents and to detect signs of tissue damage or cellular distress that might signal an impend-
ing danger. Given the multiplicity of foreign microorganisms which our body gets in contact 
with throughout its life, the ability to tell “dangerous” from “non-dangerous” is crucial 
because we do not want to rouse a potentially destructive response, such as infl ammation, if 
not absolutely necessary. The immune system selected the capability to cause cell or tissue 
damage as an unequivocal proof of a given microorganism “dangerousness.” Furthermore, 
as it is well known to clinicians, harmful agents are very often of endogenous origin (e.g., 
misfolded proteins or products of abnormal metabolic pathways); thus, an effi cient defense 
mechanism should also be able to detect the presence of these agents. Thus, as pointed out 
by Carl Nathan, in order to start infl ammation in response to a foreign microorganism, our 
body needs to detect the guest (the pathogen) and have evidence of its “dangerousness,” 
i.e., detect the damage [2]. This “two-hit” system is based on the ability to identify on one 
hand molecular signs of the presence of the pathogen, i.e., pathogen- associated molecular 
patterns, PAMPs, and on the other molecular signs of possible cell damage or distress, i.e., 
damage-associated molecular patterns, DAMPs [3]. Very interestingly, DAMPs released as a 
consequence of sterile tissue damage, as, for example, in the case of closed trauma, autoim-
mune diseases, or metabolic stress, are themselves suffi cient to trigger infl ammation (sterile 
infl ammation), in the absence of PAMPs. This self-suffi ciency of endogenous factors may tell 
us something of the evolutionary driving forces behind the infl ammatory response. 

 Immune cells have developed a sophisticated array of receptors to monitor the extracel-
lular and intracellular environment for the presence of PAMPs and DAMPs. At least four 
different families of receptors are known: (1) C-type lectin receptors (CLRs), (2) retinoid- 
acid inducible gene (RIG)-I-like receptors (RLRs), (3) toll-like receptors (TLRs), and (4) 
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). TLRs are spe-
cialized to detect pathogens in the extracellular space or in the endosome lumen that can 
be equated to the extracellular space. NLRs are specialized to sense pathogen presence in 
the cytoplasm; thus, they can be considered the prototypic intracellular pathogen/danger- 
sensing receptors. Over the last 10 years, our knowledge of NLRs, as well as the number of 
diseases in which these key defense molecules are involved, has increased exponentially. We 
now know that some NLRs are intracellularly assembled together with other proteins (i.e., 
ASC and caspase-1) in a macromolecular complex named the infl ammasome and that this 
complex undergoes a complex molecular rearrangement during immune cell activation [4]. 
Such changes (translocation to different intracellular compartments, shift in the affi nity for 
intracellular nucleotides, conformational changes) are intimately linked to immune cell 
effector responses. 

 The tumultuous growth of interest on the NLRs requires a parallel increase in the tech-
nical weaponry for the molecular and biochemical investigation. This is the need that this 
book aims to satisfy. In the fi rst chapter (by Edward Lavelle), we provide a succinct albeit 
authoritative appraisal of current knowledge of innate immune receptors. In the second 
chapter Fayyaz Sutterwala reports on the so-called “atypical” infl ammasomes. Then four 
chapters, by Isabelle Couillin, David Brough, Pablo Pelegrin, and Veit Hornung, follow on 
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classical biochemical and novel bioluminescence techniques for the measurement of IL-1β 
release as a readout of infl ammasome activation. Francesco Di Virgilio describes a novel 
bioluminescent probe for in vivo imaging of extracellular ATP, the prototypic DAMP. The 
following fi ve chapters, by Christian Stehlik, Bernardo Franklin, Fatima Martin, Monica 
Comalada, and Ming-Zong Lai, reports on different biochemical and microscopy tech-
niques that can be used to monitor NLR oligomerization. The following chapters focus on 
the consequences of infl ammasome activation. Virginie Petrilli describes techniques to 
measure caspase-1 activation. Fabio Martinon reports on cell- free   systems for the study of 
infl ammasome function. On the other hand, Vincent Compan details the protocols for 
NLR reconstitution in a cell model such as HEK293 cells. Gloria Lopez-Castejon describes 
the procedure to investigate posttranscriptional NLR modifi cations. Lorenzo Galluzzi 
describes the protocols for the study of one of the most unfavorable consequences of 
infl ammasome activation, i.e., cell death.  Finally, Marco Gattorno and Anna Rubartelli 
give an update appraisal of the application of infl ammasome studies to the clinic . 

 We hope that this book will provide a sound basis for the molecular investigation of 
NLR function in health and disease and will sparkle interest in these fascinating molecules 
by investigators from many different and faraway disciplines.

Ferrara, Italy Francesco Di Virgilio
Murcia, Spain Pablo Pelegrín 
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    Chapter 1   

 Innate Immune Receptors                     

     Natalia     Muñoz-Wolf       and     Ed     C.     Lavelle      

  Abstract 

   For many years innate immunity was regarded as a relatively nonspecifi c set of mechanisms serving as a fi rst 
line of defence to contain infections while the more refi ned adaptive immune response was developing. 
The discovery of pattern recognition receptors (PRRs) revolutionised the prevailing view of innate immunity, 
revealing its intimate connection with adaptive immunity and generation of effector and memory T- and 
B-cell responses. Among the PRRs, families of Toll-like receptors (TLRs), C-type lectin receptors (CLR), 
retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and nucleotide-binding domain, leucine-rich 
repeat- containing protein receptors (NLRs), along with a number of cytosolic DNA sensors and the family 
of absent in melanoma (AIM)-like receptors (ALRs), have been characterised. NLR sensors have been a 
particular focus of attention, and some NLRs have emerged as key orchestrators of the infl ammatory 
response through the formation of large multiprotein complexes termed infl ammasomes. However, sev-
eral other functions not related to infl ammasomes have also been described for NLRs. This chapter intro-
duces the different families of PRRs, their signalling pathways, cross-regulation and their roles in 
immunosurveillance. The structure and function of NLRs is also discussed with particular focus on the 
non-infl ammasome NLRs.  

  Key words     Innate receptors  ,   Toll-like receptors  ,   NOD-like receptors  ,   MyD88  ,   Pattern-recognition 
receptors  ,   Non-infl ammasome NLRs  

1      PRRs, Ancient Receptors and the Answer to a One Hundred-Year-Question 

 The host response to invading pathogens is an essential physiological 
response; hence, maintenance of an organism’s integrity in the face of 
such challenges has been a driving force in evolution. Indeed evi-
dence for a “defence system” can be traced back to prokaryotes [ 1 ]. 

 Before the molecular era in immunology, the notion that the 
immune system had evolved to defend the host from invaders was 
already accepted. However, it took almost one century to identify 
the mechanisms underlying immune recognition. In 1884, Élie 
Metchnikoff observed that cells of the water fl ea Daphnia could 
engulf and destroy spores of a yeast-like fungus with “some sort of 
secretion”. He named these cells phagocytes [ 2 ] and for the fi rst 
time described three functions that we now recognise as key attri-
butes of the innate immune system: swift detection of microbes, 
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 phagocytosis and antimicrobial activity. During the twentieth 
century, the research of Paul Ehrlich and later of Karl Landsteiner 
shifted the focus of attention from phagocytes to humoral immu-
nity. In the early 1900s, Ehrlich proposed his “side-chain theory”, 
anticipating the existence of a mechanism of immune recognition 
based on what was later described as the antigen–antibody interac-
tion [ 3 ]. Then in 1933, Karl Landsteiner characterised the specifi c-
ity of the antibody- antigen interaction opening the molecular era 
of immunology [ 4 ]. “The clonal selection theory of acquired 
immunity” was introduced by Frank M. Burnet. Burnet’s theory 
explained how the specifi city of antibodies was generated in the fi rst 
place [ 5 ], becoming a central paradigm in immunology for nearly 
50 years, bringing adaptive immunity to the centre of attention of 
the scientifi c community. 

 For many years adaptive immunity was the subject of intense 
research and the remarkable diversity of the adaptive receptors 
overshadowed innate immunity. The immune response was con-
ceived as a two-compartment system in which the early innate 
response was seen as an unsophisticated array of mechanisms con-
taining the infection, while the more complex adaptive response 
was being generated to fi nally eliminate the pathogen and give rise 
to immunological memory. However, this paradigm was unable to 
explain a very basic observation: how primitive organisms lacking 
the adaptive components were able to protect themselves and dis-
tinguish self from non-self? 

 Even though diversifi cation of living creatures has led to a mul-
tiplicity of non-self recognition strategies, the key molecular prin-
ciples of discrimination seem to be conserved among phyla [ 1 ]. 
These observations led to the idea that the templates for innate 
immunity have been conserved from primitive life forms to humans 
and that discrimination of self vs non-self and recognition of patho-
gens rely on phylogenetically ancient fi rst-line sensors that recog-
nise invariant non-self patterns. Clearly not all the encounters 
taking place within the course of a life cycle will pose a threat to the 
host. Hence, the onset of the immune response must also be tightly 
regulated and directed to specifi c targets that may put the host’s 
integrity at risk and to avoid self-recognition. This implies that the 
recognition of the invader must precede the onset of any effector 
mechanism and also contribute to instruct the system to mount an 
appropriate response. 

 The contemporary view of the innate immune system was rev-
olutionised in 1989 by Charles A. Janeway Jr.. In his monograph 
“Approaching the Asymptote? Evolution and Revolution in 
Immunology”, Janeway Jr. introduced the concept of “pattern rec-
ognition receptors” (PRRs) [ 6 ] postulating that PRRs recognising 
microbial- derived products link innate and adaptive immunity by 
activating antigen-presenting cells (APCs) to provide the second 
signal required for T-cell activation and initiation of the adaptive 
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response. He proposed that, opposed to the adaptive receptors, 
PRRs were non-clonally distributed receptors encoded by single 
non-rearranging genes. The proposed function of PRRs was to 
recognise structural patterns in molecules found in microorgan-
isms but not in multicellular organisms to effi ciently differentiate 
noninfectious self from infectious non-self. Janeway postulated 
that these conserved “pathogen-associated molecular patterns” 
(PAMPs, now also referred to as MAMPs for “microbe-associated 
molecular patterns”) recognised by PRRs should be the result of a 
specifi c metabolic pathway characteristic for the microorganisms 
like a carbohydrate or lipopolysaccharide absent from the host. 

 He also reasoned that the adaptive immune response required 
two signals for activation: ligation of the specifi c receptor on the 
surface of a T or B cell by the antigen and a second signal derived 
from the antigen-presenting cell later identifi ed as costimulatory 
molecules [ 6 ]. Janeway’s lab subsequently established that several 
components of bacteria, yeast, and viruses had the ability to enhance 
costimulatory activities for T cells [ 7 ] and also demonstrated that 
cis- presentation of both antigen and costimulators was needed for 
T-cell activation [ 8 ] linking innate and adaptive immunity. 

 Later on, Polly Matzinger challenged Janeway’s theory intro-
ducing the “danger theory”, suggesting that the main determinant 
of immune activation is not the origin of the antigen itself but the 
extent of damage. Consequently, instead of sensing PAMPs or 
MAMPs, the immune system would recognise danger-associated 
molecular patterns (DAMPs) that could be produced by the host 
itself [ 9 ]. Anything that can cause tissue damage, whether of 
microbial or nonmicrobial origin, can be sensed and will trigger an 
immune response, while if the stimulus does not pose any hazard 
to the host, even being a microbe, it will be “ignored”. 

 While these theories introduced new concepts on how innate 
recognition contributes to self–non-self discrimination, the discov-
ery of the fi rst PRR, a member of the Toll-like receptors (TLRs) 
[ 10 ,  11 ], provided essential proof. The discovery of TLRs subse-
quently led to the characterisation of other families of innate 
immune receptors and their ligands, and later studies revealed 
DAMPs, including ATP, heparan sulphate, HMGB1 and S-100 
proteins that can trigger immune responses upon ligation of innate 
receptors [ 12 ]. 

 In addition to this essential role in sensing microbes and dam-
age, innate immunity also regulates and directs the activation of 
the adaptive immune system through polarisation of antigen- 
presenting cells equipped with the germline-encoded PRRs, shap-
ing the overall outcome of the response (Fig.  1 ). Haematopoietic 
cells, including dendritic cells, macrophages, and neutrophils, and 
even T and B cells, as well as non-haematopoietic cells such as 
epithelial cells, contribute to this host-defence system by expressing 
different arrays of PRRs.

Innate Receptors
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   To date, along with TLRs, several other families of innate 
receptors have been characterised. PRRs can be subdivided into 
membrane- bound receptors that include TLRs, along with C-type 
lectin receptors (CLR), and cytoplasmic receptors including reti-
noic acid-inducible gene-I (RIG-I)-like receptors (RLRs) and the 
nucleotide- binding domain, leucine-rich repeat-containing protein 
receptors (NLRs). A number of other PRRs including the cytosolic 
DNA sensor cGAS (cyclic GMP-AMP synthase) and the family of 
absent in  melanoma (AIM)-like receptors (ALRs) have also been 
recently described [ 13 ]. 

  Fig. 1    Three-signal model of T-helper cell activation by antigen-presenting cells (APCs). APCs, typically den-
dritic cells (DC), sense microbial components (microbe-/danger-associated molecular pattern, MAMPs/DAMPs) 
through pattern recognition receptors (PRRs) triggering intracellular signalling cascades. This activates DCs, 
enhancing antigen uptake and processing for presentation in MHC class II molecules. Antigen-MHC-II complex 
constitutes  signal 1  for the T-helper (Th) cell that interacts with it through its specifi c T-cell receptor (TCR). 
PAMP–PRR interaction also stimulates expression of costimulatory molecules on the APC, such as CD40, CD80 
and CD86 that will constitute  signal 2  for the Th cell.  Signal 3  is given by the polarising cytokines and other 
various soluble or membrane-bound factors, such as interleukin (IL-) 12, interferon gamma (IFNγ), IL-4, IL-1, 
IL-6 IL-21, IL23, IL-10, tumour growth factor beta (TGFβ) or retinoic acid (RA). The specifi c combination of 
polarising cytokines promotes the development of Th1, Th2, Th17, T follicular helper cells (Tfh) or inducible T 
regulatory cells (iTreg). While the specifi c profi le of T-cell-polarising factors is triggered by recognition of spe-
cifi c MAMPs and DAMPs by an array of PRRs, the interaction between CD40 on the APC and CD40-ligand 
(CD40L) expressed on the activated  T cell contributes to stabilise the phenotype.  STAT  signal transducers and 
activators of transcription,  Tbet : T-box transcription factor,  GATA:  globin transcription factor,  ROR:  RAR-related 
orphan receptors,  Bcl : B-cell CLL/lymphoma 2,  FoxP3:  forkhead box P3       
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 When these receptors bind their agonists, they trigger an innate 
immune response by engaging certain signalling cascades that 
ultimately activate transcription factors such as nuclear factor kappa 
B (NFκB), activator protein-1 (AP-1), ETS domain-containing 
protein Elk-1, activating transcription factor 2 (ATF2), the phos-
phoprotein p53 and members of the interferon-regulatory factor 
(IRF) family, leading to specifi c gene expression programmes. 
Several of the genes being expressed encode chemokines, such as 
interleukin (IL)-8, CCL-2 and CXCL-1 that promote recruitment 
of leukocytes including neutrophils, monocytes and lymphocytes 
and a vast array of cytokines that will amplify the infl ammatory 
response, enhance antigen presentation and costimulatory mole-
cule expression, initiate tissue repair and direct T-cell polarisation 
and differentiation into different lineages of effector T cells (Th-1, 
Th-2, Th-17, regulatory T-cells (Tregs), among others) [ 14 ].  

2    Toll-Like Receptors 

 The Toll-like receptors are the prototypical innate pattern recognition 
receptors that sense danger- and microbial-associated molecular 
patterns. 

 The fi rst clues that linked TLRs to innate immunity came from 
studies carried out in the fruit fl y  Drosophila melanogaster . The 
founding member of the TLRs, the Toll protein, was initially identi-
fi ed as a gene product essential for the development of embryonic 
dorsoventral polarity in the fl y [ 15 ]. Later, the protein Toll was 
shown to share homology with the previously identifi ed interleu-
kin-1 receptor 1 (IL-1R1) [ 16 ] through which the pleiotropic pro-
infl ammatory cytokine IL-1 exerts its effects [ 17 ]. The fi rst striking 
fi nding was that, even though both proteins had dissimilar physio-
logical functions, they contained similar amino acid sequences 
known to be essential for NFκΒ signalling [ 18 ], a factor originally 
described to mediate the response to lipopolysaccharide in B cells 
[ 19 ]. Finally, in 1996 the work of Bruno Lemaitre showed the 
involvement of the protein Toll in the antifungal response in 
 D. melanogaster  and production of the antifungal peptide droso-
mycin, confi rming its role in innate immunity [ 10 ]. 

 In 1997 the fi rst human homolog for the  Drosophila  Toll pro-
tein was described by R. Medzhitov in Janeway’s lab [ 11 ]. To date, 
13 members of the TLR family have been identifi ed in mammals 
including 10 human TLRs (TLR1–TLR10) and 12 murine TLRs 
(TLR1–TLR9 and TLR11–TLR13). Although most of the TLRs 
are conserved between humans and mice, TLR10 has lost its func-
tionality in mice due to a retroviral insertion; TLR11, TLR12 and 
TLR13 are missing in the human genome [ 20 ]. Orthologs and 
paralogs for several mammalian TLRs have been also identifi ed in 
different taxa including birds, amphibians, teleosts and agnathans. 

Innate Receptors
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In addition to insects, TLRs have been also traced back to ancient 
invertebrates including sponges, cnidarians, oligochaetes, molluscs 
and crustaceans [ 21 ]. 

   Biochemically, TLRs are defi ned as a family of type-I transmembrane 
glycoproteins, typically composed of three domains: the N-terminal 
ectodomains, characterised by the presence of leucine-rich repeat 
(LRR) motifs which dictate ligand specifi city, either by direct inter-
action or through accessory molecules, a hydrophobic transmem-
brane domain and the internal C-terminal domain that mediates 
intracellular signalling [ 22 ]. 

 TLRs can be found either inserted in the cellular membrane or 
as membrane-bound proteins in endosomes. The Toll-like recep-
tors 1, 2, 4, 5 and 6 are found primarily, but not exclusively, in the 
plasma membrane; conversely, TLR3, TLR7, TLR8, TLR9 and 
the murine TLR11, TLR12 and TLR13 are localised in intracel-
lular endosomal and endolysosomal compartments [ 13 ]. Traffi cking 
of TLRs is a tightly regulated process, and endosomal localisation 
normally requires UNC93B1, a transmembrane protein known to 
control the movement of TLRs from the endoplasmic reticulum 
where the assembly of TLRs takes place, to their fi nal location in 
endosomes [ 23 ,  24 ]. 

 The LRR portion of the TLR is responsible for ligand specifi c-
ity [ 25 ,  26 ]. These ectodomains recognise a wide variety of bio-
molecules that can be derived from bacteria, fungi and parasites or 
endogenously generated (Table  1 ). The LRR is either extracellular 
or facing the luminal compartment of endosomes where they 
encounter molecules released by invading pathogens or damaged 
tissue. Typically they present a horseshoe form as described for 
other LRR- containing proteins [ 22 ]. However, the proposed crys-
tallographic structures for several TLR–ligand complexes have 
revealed that, in contrast to what has been observed for most of 
LRR-containing proteins, ligand binding to the LRR portion of 
the TLRs occurs most often on the ascending lateral surface of the 
ectodomains [ 25 ,  27 – 29 ].

   Comparative sequence analysis of the vertebrate LRRs grouped 
TLRs into six subfamilies, revealing that TLRs from different spe-
cies grouped according the primary sequence of their ectodomains 
recognising similar types of ligands. This suggested that selective 
pressure to maintain specifi city for certain ligands has dominated 
the evolution of the ectodomains. Among the mammalian sub-
families, the TLR1 subfamily containing TLR1, TLR2 and TLR6 
is associated with recognition of lipoproteins and lipopeptides; the 
TLR3 subfamily recognises double-stranded RNA; the TLR4 sub-
family is linked to recognition of lipopolysaccharides; the TLR5 
subfamily recognises the structural protein of the bacterial fl agel-
lum, fl agellin; and the TLR7 subfamily comprising TLR7–TLR9 
recognises nucleic acids [ 30 ]. The TLR11 subfamily including 
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murine TLR11, TLR12 and TLR13 has been the least explored so 
far, probably because these receptors are absent in humans [ 31 ]. 
Their natural ligands have been identifi ed only recently, revealing 
that similar to TLR5, TLR11 and TLR12 recognise proteins. 
Originally TLR11 and TLR12 were reported to recognise profi lin, 
a protein derived from apicomplexan parasites like  Toxoplasma gon-
dii  [ 32 ,  33 ]. Surprisingly a recent study reported that fl agellin, 
previously reported as a ligand for TLR5, is also a ligand for TLR11 
[ 34 ,  35 ]. Likewise, new studies revealed that TLR13 acts as a 
receptor for bacterial ribosomal RNA 23S [ 36 ]. 

 Upon ligand binding, TLRs undergo a molecular rearrange-
ment leading to the two extracellular domains forming an “m”-
shaped homo- or heterodimer with the ligand staying in between 
the two receptors in a “sandwich-like” arrangement. This confor-
mational change brings the transmembrane and cytoplasmic 
domains into close proximity, allowing the C-terminal TIR domains 
to generate an active interacting domain that triggers the intracel-
lular signalling cascade. Recent studies have shown that the trans-
membrane domain (TMD) regions have a pivotal role during 
receptor oligomerisation. Strikingly, it was shown that isolated 
TMDs lacking the ectodomains and intracellular TIR domains 
replicate the homotypic and heterotypic interactions with the same 
partner receptors as the full length proteins, revealing the impor-
tance of this region for the interaction between TLRs [ 37 ]. 

 The cytoplasmic signalling C-terminal domain presents 
homology to the IL-1R and is thus referred as the Toll-IL-1-
resistance (TIR) domain. The TIR domain of the TLRs interacts 
with TIR-domain- containing adaptor molecules in the cytosol 
which in turn trigger downstream signalling pathways that lead to 
the expression of proinfl ammatory cytokines, chemokines, antiviral 
and antibacterial proteins, among others [ 38 ]. 

 Notwithstanding the substantial progress on the structural 
characterisation of TLRs, more information is required to fully 
understand the interaction between each TLR and its proposed 
ligand. There are still no crystal structures available for several 
TLRs including mammalian TLR5 and TLRs 7–13. If ligand rec-
ognition is mediated by yet uncharacterised proteins bridging the 
interaction between the ligand and the LRRs, as is the case for 
TLR4 and LPS interaction, they will need to be elucidated. Finally, 
more information is needed to understand how TLR-TIR domains 
interact with each other or with the TIRs of adaptor molecules.  

   Typically, upon ligand recognition TLRs experience conforma-
tional changes that are critical for the recruitment of TIR-domain-
containing proteins to the TIR domain of the receptor and 
transduction of the signal. There are fi ve TIR-domain adaptor 
molecules: myeloid differentiation primary-response protein 
88 (MyD88), MyD88-adaptor- like (MAL) also known as 

2.2  TLR Signalling 
Pathways
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TIR-associated protein (TIRAP), TIR-domain-containing adaptor 
protein-inducing IFN-β (TRIF) also named TIR-domain-
containing molecule 1 (TICAM1) and TRIF- related adaptor mol-
ecule (TRAM) and sterile-α-and armadillo-motif- containing 
protein 1 (SARM1) [ 39 ]. 

 MyD88 and TRIF act as switches for distinct signalling path-
ways that in turn activate two important families of transcription 
factors involved in regulation of several genes that are implicated in 
the control of the immune response. The MyD88 pathway ulti-
mately, but not exclusively, leads to the nuclear translocation of the 
transcription factor NFκB, whereas the TRIF pathway mainly trig-
gers translocation of the IRFs, particularly IRF3. 

 NFκB proteins regulate expression of a diverse array of genes 
involved in control of innate and adaptive immunity, cell cycle, 
anti- apoptotic response and stress responses. In the context of 
innate responses, NFκB has been implicated in the induction of 
genes encoding proinfl ammatory cytokines and leukocyte recruit-
ment [ 40 ]. 

 The family of IRF transcription factors plays important roles in 
cell growth, survival and differentiation of haematopoietic cells, a 
key function being the orchestration of antiviral responses through 
the induction of type-I interferons (IFN-I) [ 41 ]. 

 In the past decade, several studies suggested that IRFs can also 
be activated in a MyD88-dependent fashion, and it is now widely 
accepted that the MyD88-IRF axis makes a major contribution to 
the immune response triggered by TLR activation. In the next 
sections MyD88-dependent and MyD88-independent signalling 
pathways are introduced followed by an overview of the role of 
IRFs in TLR signalling. 

   MyD88 is recruited by all TLRs except for TLR3, upon ligand rec-
ognition (Fig.  2 ). The fi rst event in the MyD88 signalling pathway 
is the formation of a complex involving IL-1R-associated kinase 
(IRAK) members and MyD88 adaptor named the “myddosome” 
[ 42 ]. MyD88 associated with the cytoplasmic portion of TLRs 
interacts with IRAK members through homophilic interactions of 
the death domains. IRAK members associate with TRAF6, which in 
turn activates transforming growth factor-activated kinase 1 
(TAK1). TAK1 then activates the I kappa B kinase (IKK) complex 
and mitogen-activated protein kinase (MAPK) pathway [ 43 ].

   The IKK complex is the core element of the NFκB cascade, 
and it is essentially composed of two kinase subunits, IKKα and 
IKKβ, and a regulatory subunit, NEMO/IKKγ. NFκB is a family 
of transcription factors that while inactive, is kept in the cytosol 
through interaction with members of the IκB family. The TAK1 
complex activates the IKK complex by phosphorylation, which in 
turn phosphorylates IκB proteins, allowing their ubiquitination 
and degradation by the  proteasome. IκB degradation releases NFκB, 

2.2.1  MyD88 Signalling 
Pathway
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consisting of p65 (also known as RelA), c-Rel and p50 which 
translocates into the nucleus to activate transcription of cytokine 
genes associated with infl ammation including TNF-α, IL-1β, IL-6 
and IL-12p40; genes encoding cell adhesion and recruitment 
molecules like CXC and CC chemokines; and growth factors and 
antiapoptotic signals [ 44 ]. 

  Fig. 2    TLR-activated signalling pathways. MyD88 associates with IL-1R-associated kinase (IRAK) members 
forming the myddosome. IRAK4 activates IRAK1, which in turn catalyses its autophosphorylation before it is 
released from the myddosome. IRAK1 then associates with TRAF6, an E3 ligase that together with UBC13 and 
UEV1A catalyses its own ubiquitination as well as ubiquitination of the transforming growth factor-activated 
kinase 1 (TAK1) protein complex formed by TAB1, TAB2 and TAB3. TAK1 then activates the I kappa B kinase (IKK) 
complex and mitogen-activated protein kinase (MAPK) pathway. The TAK1 complex activates the IKK complex 
by phosphorylating the IKKβ subunit. In turn, the active IKK complex phosphorylates IκB proteins which allows 
ubiquitination and degradation by the proteasome. As a result of IκB degradation, NFκB is released. Free NFκB 
translocates into the nucleus. Effector kinases of the MAPK pathway JNK, p38 and ERK are also activated, lead-
ing to AP-1 translocation into the nucleus to activate transcription of infl ammatory genes. IRF5 can be also 
recruited to the MyD88–IRAK4–TRAF6 complex, phosphorylated and translocated to the nucleus to promote 
expression of proinfl ammatory cytokines. TLR4, TLR1/TLR2 and TLR2/TLR6 require recruitment of the adaptor 
MAL to activating the MyD88-dependent pathway. TRIF is recruited to TLR3 and endosomal TLR4. Endosomal 
TLR4 also requires recruitment of TRAM to initiate signalling. TRAF3 activates TBK1 and IKKi, which mediate 
phosphorylation of IRF3 triggering its dimerisation. IRF dimers translocate to the nucleus to induce expression 
of type-I IFN and IFN-inducible genes. TRIF also interacts with TRAF6 and RIP1, mediating NFκB activation. 
Endosomal TLRs sensing nucleic acids can activate the MyD88–TRAF6–IRF7 axis. Preferentially in plasmacytoid 
DCs, a complex consisting of MyD88–TRAF6–IRAK4–IRAK1–IRF7 is formed. OPN-i, TRAF3 and IKKα are also 
involved in this complex. Formation of the complex triggers IRF7 phosphorylation by IRAK1 and subsequent 
translocation to the nucleus to induce expression of type-I IFN and IFN-inducible genes       
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 MAPK pathway activation results in the activation of the effector 
kinases c-Jun N-terminal kinase (JNK), p38 and extracellular 
signal- regulated kinase (ERK). Following TLR dimer formation in 
response to ligand recognition, activation of TRAF6 and TAK1 
will activate the kinases MKK3 and MKK6, which will phosphory-
late p38 and JNK, respectively. JNK phosphorylates c-Jun which 
binds to c-Fos to form the complex known as AP-1, which is then 
translocated into the nucleus to activate transcription of infl amma-
tory genes [ 45 ]. 

 Additionally, the p38 pathway can regulate gene expression 
through phosphorylation of the transcription factor cAMP response 
element-binding protein (CREB). TLR-dependent phosphoryla-
tion of CREB enhances its transactivation potential and plays an 
important role in regulating the transcriptional induction of many 
proinfl ammatory mediators, including cyclooxygenase 2 (COX-2) 
and TNF-α [ 46 ]. 

 The role of the ERK pathway in TLR-induced responses has 
received less attention, but it is known to regulate gene expression 
at transcriptional and posttranscriptional levels. Another MAP3K 
known as Tpl2 is used instead of TAK1 to activate the ERK path-
way downstream most of the TLRs [ 47 ]. 

 The generation of MyD88 knockout mice and cell lines con-
fi rmed the crucial role of MyD88 in proinfl ammatory cytokine 
production and NFκB activation upon TLR ligation. Defi ciency in 
the MyD88 signalling pathway resulted in impaired infl ammatory 
cytokine secretion in response to several TLR agonists including 
the ligand for TLR2/TLR6, mycoplasmal macrophage-activating 
lipopeptide- 2 (MALP-2) [ 48 ], CpG DNA which signals through 
TLR9 [ 49 ], the TLR5 ligand fl agellin [ 50 ] and LPS and the ligand 
for TLR4 [ 51 ]. 

 MyD88 defi ciency also impaired cytokine secretion and NFκB 
activation in the response to IL-1β and IL-18, but not to TNF-α, 
IL-2 or IL-4 [ 51 ,  52 ]. While TNF-α, IL-2 and IL-4 signal through 
unrelated receptors, IL-1β, IL-18 and all the TLR ligands require 
different receptors of the TLR–IL-1R superfamily [ 53 ]. These 
observations suggested that MyD88 is a universal adaptor for this 
receptor superfamily. However, not all the effects induced by the 
TLR4 ligand LPS or the TLR3 ligand poly(I:C) were completely 
abrogated in MyD88 knockout mice, pointing to the existence of 
an alternative MyD88- independent signalling pathway that was 
exclusively activated upon engagement of TLR4 and TLR3.  

   Several observations contributed to the hypothesis that a MyD88- 
independent TLR signalling pathway existed. First, it was reported 
that LPS and poly(I:C) were able to induce dendritic cell matura-
tion in MyD88 −/−  dendritic cells as revealed by upregulation of 
costimulatory molecules [ 51 ,  54 ]. Also, even though degradation 
of IκBα was delayed in MyD88 −/−  macrophages stimulated with 

2.2.2  TRIF-Dependent 
Pathway
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poly(I:C) or LPS, JNK and p38 were activated to a similar extent 
and with comparable kinetics to those seen in the wild-type cells 
[ 54 ]. Besides, despite the fact these cells failed to produce infl am-
matory cytokines, NFκB and MAPK were activated, albeit with 
delayed kinetics [ 55 ]. Moreover, these cells responded to TLR4 
and TLR3 agonists by secreting IFN-β [ 56 ] and IP-10 (CXCL-10) 
[ 56 ]. TRIF was identifi ed as the alternative adaptor molecule down-
stream of TLR4 and TLR3 [ 57 – 59 ]. Generation of TRIF knockout 
mice confi rmed that TRIF was required for IFN-β production in 
cells stimulated with LPS or poly(I:C) and late activation of NFκB 
and MAPK was abolished in MyD88/TRIF knockout mice [ 58 ]. 

 Interestingly, TRIF has the ability to trigger both IRF and 
NFκB translocation to the nucleus, activating type-I interferon 
(IFN-I) and interferon-inducible genes as well as transcription of 
infl ammatory genes (Fig.  2 ). Amino and carboxy-terminal domains 
of TRIF have a different ability to bind proteins that act down-
stream in the signalling pathway. The C-terminal region interacts 
with receptor- interacting protein 1 (RIP1) kinase through its 
RHIM (RIP homotypic interaction motif), which after ubiquitina-
tion forms a complex with TRAF6 and TAK1. Ultimately, the for-
mation of this complex will activate TAK1 and result in NFκB and 
MAPK activation, but not IFN-β secretion [ 60 ]. On the other 
hand, the N-terminal domain recruits the noncanonical IKKs 
TBK1 and IKKi and TRAF3, leading to activation of IRF3, which 
after forming a dimer translocates into the nucleus to induce tran-
scription of IFN-I genes including IFN-β. The N-terminal domain 
can also recruit TRAF6, leading to nuclear translocation of NFκB 
and proinfl ammatory cytokine secretion [ 60 ]. 

 TLR4 is unique in its capacity to activate both the MyD88 and 
TRIF pathways and entails the most complex signalling machinery 
of all TLRs. TLR4 uses the adaptor protein MAL as a bridge 
between the receptor and MyD88. MAL is also used by TLR2 
although to a lesser extent. The adaptor TRAM links TRIF to 
TLR4 to induce IRF3 signalling. Subcellular localisation seems to 
be a critical factor for the activation of the TRIF pathway; indeed all 
TLRs activating this pathway are localised in endosomes. For the 
particular case of TLR4 upon activation, the receptor is endocy-
tosed in endosomes. Change in its subcellular localisation acts as a 
switch between the MAL/MyD88 and the TRAM/TRIF signal-
ling pathways, wich are activated sequentially rather than simulta-
neoulsly. [ 39 ]. SARM has been shown to be another important 
TIR-adaptor protein involved in the regulation of the TRIF path-
way. However, in contrast to the other TIR-adaptor molecules, 
SARM acts as a negative regulator of TRIF [ 61 ].  

   Apart from IRF3, other members of the IRF family of transcription 
factors also play important roles in MyD88-dependent signalling 
upon recognition of viral products through TLRs. 

2.2.3  IRF and Myd88
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 IRF7 has been described as a master regulator and is activated 
downstream of MyD88 in response to TLR7 and TLR9 ligation to 
induce IFN-I secretion [ 62 ]. In particular, plasmacytoid dendritic 
cells (pDCs) constitutively express IRF7 and respond swiftly by 
secreting IFN-I when exposed to viral products. The MyD88-
IRF7 pathway is absolutely required for IFN-I secretion in pDCs 
[ 63 ]. MyD88 can directly associate with IRF7 which, when inac-
tive, stays in the cytosol. IRF7 is subsequently phosphorylated and 
activated to form part of a complex composed of MyD88, IRAK1, 
IRAK4, TRAF3, TRAF6 and IKKα. The ubiquitin–ligase activity 
of TRAF6 is required for maximal activation of IRF7 [ 64 ]. The 
production of IFN-α in response to TLR9 ligands in pDCs requires 
activation of the phosphoinositide 3-OH kinase (PI3K)/mamma-
lian target of rapamycin (mTOR) pathway [ 63 ]. The intracellular 
phosphoprotein osteopontin (Opn-i) that has been described as 
essential for the development of T-helper 1 responses also plays a 
key role in MyD88-IRF7 pathway in pDCs stimulated with CpG 
and has been found as a component of the MyD88 signal transduc-
tion complex [ 65 ]. While MyD88, IRAK4, TRAF6 and IKKα are 
required for NFκB and IRF7 activation, IRAK1, TRAF3 and Opn-i 
selectively induce activation of IRF7 [ 66 ] (Fig.  2 ). 

 Like IRF7, IRF8 also interacts with MyD88 and mediates pro-
duction of IFN-I and other infl ammatory cytokines when activated 
by TLR9 engagement. IRF8 is a nuclear protein expressed in pDCs 
and also in conventional dendritic cells (cDCs) [ 67 ]. It has been 
implicated in TLR9-induced production of IFN-I and proinfl am-
matory cytokines and also in the amplifi cation phase of IFN-I 
production during viral infections [ 68 ]. 

 IRF5 was essential for the MyD88-dependent production of 
IL-6 and IL-12 in TLR-mediated responses but was not required 
for IFN-α production [ 69 ]. 

 IRF1 is induced by IFN-γ and also interacts with MyD88 upon 
TLR activation. MyD88-IRF1 interaction induces effi cient trans-
location of IRF1 into the nucleus. The importance of IRF1 down-
stream of TLR engagement is supported by studies in IRF1-defi cient 
cells showing impaired IFN-β secretion, inducible nitric oxide syn-
thase (iNOS) activation and IL-12p35 production in response to 
TLR9 or TLR3 ligands [ 70 ]. 

 TLR activation plays a key role in promotion of both humoral 
and the cell-mediated immunity. Optimal TLR signalling deter-
mines the combination of cytokines that will in turn defi ne the out-
come of the adaptive immune response. These receptors work in 
tandem with other receptors of the innate immune system to regu-
late innate responses, and they are key partners of NLRs, providing 
the fi rst signal that is required for assembly of infl ammasomes and 
further amplifi cation of infl ammation.    

Innate Receptors
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3    C-Type Lectin Receptors 

 The C-type lectin receptors or CLRs comprise another important 
family of PRRs that play a major role in antimicrobial immunity. 
The CLR superfamily is divided into 17 groups (I–XVII) accord-
ing to their diverse structure and phylogeny including more than 
1000 proteins [ 71 ,  72 ]. 

 The CLRs were fi rst described by the presence of a calcium- 
dependent carbohydrate-binding motif known as the carbohydrate 
recognition domain (CDR). However, it was later found that there 
were similar structurally conserved domains able to bind diverse 
ligands including glycans, lipids and proteins, among others [ 73 ]. 
These domains are now known as C-type lectin-like domains (CTLD) 
and are also characteristic of the CLRs [ 74 ]. Structurally CDRs and 
CTLD contain a motif composed of two loops harbouring conserved 
cysteine residues that stabilise the structure by establishing disulphide 
bridges between the two chains [ 73 ]. It is now clear as well that some 
CLRs can bind ligands independently from Ca 2+  [ 74 ]. 

 Given the vast and diverse number of proteins in the CLR 
superfamily, general characteristics of some membrane-bound 
CLRs and its signalling pathways are discussed below. Detailed 
information on particular receptors can be found in several com-
prehensive reviews [ 71 ,  73 ,  75 ]. 

   CLRs which are mainly expressed in myeloid cells can be soluble or 
membrane bound and sense a wide variety of self and non-self 
ligands [ 75 ,  76 ]. The membrane-bound CLRs are classifi ed into 
two groups: type-I CLRs that include receptors belonging to the 
mannose receptor family and group II CLRs that are part of the 
asialoglycoprotein receptor family. The latter includes the 
DC-associated C-type lectin 1 (dectin 1, also known as CLEC7A) 
subfamily and the DC immunoreceptor (DCIR or CLEC4A) sub-
family [ 76 ]. CLRs appear more promiscuous than other PRRs and 
have been shown to bind several types of ligands. The CLRs 
expressed by DCs seem to preferentially recognise mannose, fucose 
and glucans, which allow them to recognise most types of pathogens 
including bacteria, fungi, viruses and parasites. Others, including 
Lox-1 or DNGR-1, respond to self ligands such as dead cells, while 
mincle or DC-SIGN can recognise ligands of microbial and self-
origin and may mediate distinct responses to each one. CLRs have 
also been implicated in antitumor responses [ 72 ,  77 ] (Table  2 ).

   The effects of CLRs upon ligand recognition are varied. Many 
CLRs can promote phagocytosis and endocytosis of the ligands, 
leading to degradation, which favours antigen presentation to T 
cells. Depending on the targeted CLR, the antigen will be directed 
towards either the MHC class I or MHC pathway or both [ 76 ]. 
Some CLRs can also promote microbicidal activity in innate cells, 
thereby enhancing pathogen clearance [ 71 ]. 

3.1  Role of CLR 
in Microbial 
Recognition
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   A number of CLRs contribute to antifungal responses including 
dectin 1, dectin-2, mincle and the mannose receptor (MR). 
However, to date only mutations in dectin-1 have been associated 
with increased susceptibility to fungal infections in humans [ 77 ] 
suggesting that several CLRs may have redundant roles in antifun-
gal responses. 

 Dectin-1 recognises β-glucan moieties present in the cell wall 
of fungal pathogens including  Candida ,  Aspergillus,   Pneumocystis  
and  Coccidioides  species. Activation of dectin-1 involves receptor 
clustering and formation of the phagocytic synapse. This is a pre-
requisite for intracellular signalling. Activation of the dectin-1 

3.1.1  CLRs in Antifungal 
Immunity

   Table 2  

  Ligands and pathogen recognised by some CLRs   

 CLR 
 Ca 2+  
requirement  Ligands  Type of pathogen recognised 

 Dectin-2  Ca 2+  
dependent 

 α-mannans O-linked 
mannobiose-rich 
glycoprotein 

  M. tuberculosis ,  S. mansoni ,  S. mansoni  egg 
antigen,  C. albicans ,  Malassezia  spp. 

 Mincle  Ca 2+  
dependent 

 α-mannose mannitol-
linked glyceroglycolipid 
mannosyl fatty acids 

  M. tuberculosis ,  C. albicans ,  Malassezia  spp. 

 DC-SIGN  Ca 2+  
dependent 

 High mannose surface 
layer A protein 

 HIV-1, Measles, Dengue,  Mycobacterium  
spp., Infl uenza A,  S. mansoni  egg antigen, 
 Leishmania  spp.,  H. pylori ,  Lactobacillus  
spp.,  M. leprae ,  Bacillus Calmette Guerin  

 SIGNR3  Ca 2+  
dependent 

 High mannose and fucose   L. infantum  
  S. mansoni  egg antigen 

 DCIR  Ca 2+  
dependent 

 Not defi ned  HIV 

 Dectin-1  Ca 2+  
independent 

 β-glucans   L. infantum  
  C. albicans  
  Mycobacterium  spp. 

 Mannose 
receptor 
(MR) 

 Ca 2+  
dependent 

 High mannose 
mannosylated 
lipoarabinomannan 

  S. pneumoniae  
  M. corti  
  Mycobacterium  spp .  
  K. pneumoniae  
  S. pneumoniae  
  F. tularensis  
  S. mansoni  egg antigen 

 DEC-205 
(CD205) 

 Ca 2+  
dependent 

 Plasminogen activator   Y. pestis  

Innate Receptors



16

pathway has been shown to be critical in inducing polarisation of 
Th1 and Th17 cells that are essential for fi ghting systemic and 
mucosal fungal infections, respectively [ 77 ]. Besides regulating 
differentiation of Th cells, engagement of the dectin-1 pathway has 
important effects on other cellular processes including phagocyto-
sis, respiratory burst, autophagy and production of a number of 
proinfl ammatory mediators. Importantly, dectin-1 has been shown 
to operate together with the NLRP3 infl ammasome as well as non-
canonical caspase 8 infl ammasomes to induce production of IL-1β 
[ 78 – 80 ]. Additionally, dectin- 1 was required for IFN-I production 
in the context of  Candida albicans  infections through activation of 
the IRF5 pathway [ 81 ]. 

 Dectin-2 has been also implicated in antifungal responses. It 
recognises α-mannans from  C. albicans  and O-linked mannobiose-
rich residues from the  Malassezia  (formerly  Pityrosporum ) spp. 
[ 77 ]. Similar to dectin 1, dectin-2 promotes Th17 responses and 
also stimulates production of several cytokines including IL-23 and 
IL-1β in addition to reactive oxygen species (ROS).  

   Most of the evidence implicating CLRs in antibacterial immunity 
came from the study of CLRs in the context of mycobacterial dis-
eases. A number of CLRs recognise PAMPs derived from myco-
bacteria including mincle, dectin 1, DC-SIGN (mice SIGNR3) 
and dectin-2 [ 72 ]. In vitro studies implicated multiple CLRs, 
namely, dectin-1, DC-SIGN and MR, in  Mycobacterium tuberculo-
sis  infection control. However, when experiments were carried out 
in vivo, each of these CLRs appeared to be redundant [ 74 ]. Despite 
the apparent redundancy of these receptors during in vivo infec-
tion, the common signalling pathway involving CARD9 seems to 
be critical for protection since CARD9 defi ciency in mice leads to 
uncontrolled bacterial replication and death [ 82 ]. 

 CLRs have been also implicated in recognition of several other 
bacterial pathogens. DC-SIGN can recognise  Mycobacterium leprae, 
Bacillus Calmette–Guérin  (BCG),  Lactobacilli  spp. and  Helicobacter 
pylori  [ 76 ]. 

 MR can also recognise bacteria such as  Streptococcus pneu-
moniae  [ 83 ],  Mycobacterium kansasii  [ 84 ] and  Francisella tular-
ensis  [ 85 ]. However, the MR seems not to be essential during 
infection with these pathogens in vivo [ 76 ]. DEC-205 is another 
example of a CLR involved in recognition of bacterial pathogens. 
DEC-205 can bind to plasminogen activator expressed by 
 Yersinia pestis . However, instead of eliciting a protective response 
against the pathogen, DEC- 205 was found to promote dissemi-
nation of bacteria with detrimental consequences for the host 
[ 86 ], suggesting that pathogens can also take advantage of the 
internalisation pathway offered by these receptors to evade the 
immune response.  

3.1.2  CLRs in Bacterial 
Infections
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   The interaction between CLRs and viruses is not always benefi cial 
for the host. Similar to the case of DEC-205 and  Y. pestis , CLRs 
can favour viral infections and transmission, with detrimental con-
sequences for the host. In this regard, DC-SIGN interaction with 
HIV is one of the best characterised examples. Interaction of the 
viral protein gp120 with DC-SIGN favours viral entry into the 
cells, enhancing infection of CD4 +  T cells [ 87 ]. DC-SIGN has 
been also implicated in facilitating infection by infl uenza virus, 
which binds to the receptors through glycans on haemagglutinin 
[ 88 ]. Similar interactions between CLRs and other viruses such as 
dengue virus have been reported [ 76 ]. 

 Despite the negative outcome that the interaction of some 
CLRs with viruses may have, in some cases it can be benefi cial for 
the host and contribute to the antiviral response. CLEC9A is 
important for cross-presentation of antigens from vaccinia virus 
and  Herpes simplex  virus which is crucial for promoting cytotoxic 
antiviral responses [ 89 ,  90 ].  

   CLRs have been implicated in recognition of carbohydrate moi-
eties from parasites, particularly helminths. These parasites express 
a wide range of glycan moieties that can be recognised by different 
CLRs. DC-SIGN was implicated in the recognition of the soluble 
egg antigen of  Schistosoma mansoni  and other  Schistosome  spp. 
[ 91 ]. A range of other CLRs including MR, SIGNR1, SIGNR2 
and dectin-2 have been implicated in recognition of  S. mansoni  
antigens [ 74 ]. Dectin-2 has been shown to reduce Th2-mediated 
pathology in  S. mansoni  infection by promoting secretion of IL-1β 
through NLRP3 activation [ 92 ]. 

 Finally, other infection models, particularly of central nervous 
system parasitic infections (e.g. neurocysticercosis), have shown 
that engagement of CLR by parasite ligands can contribute to 
pathology [ 74 ].   

   As previously mentioned, activation and signalling through CLRs 
has multiple outcomes including phagocytosis, activation of innate 
killing mechanisms by generation of microbicidal compounds such 
as ROS as well as production of infl ammatory mediators. The 
immune response elicited by engagement of CLRs can be very 
different depending on the type of receptor, the cell-type express-
ing it and the nature of the ligand being recognised. Signalling 
pathways triggered by CLRs are only partially understood, and 
experimental  evidence suggested that activation through CLRs 
such as MR, DEC-205 and cluster of differentiation (CD)-207 
alone is insuffi cient to elicit gene transcription and/or microbicidal 
effector functions in myeloid cells, requiring cooperation of other 
receptors. The signalling pathways triggered by CLRs are complex 
and are often implicated in cross talk with other PRRs like TLRs 

3.1.3  CLRs and Viruses

3.1.4  CLRs in Parasitic 
Invasion

3.2  Signalling 
Downstream of CLRs

Innate Receptors



18

and NLRs. On the other hand, some other CLRs including dectin-1, 
dectin-2, SIGNR3 and mincle are self-suffi cient and have been 
shown to directly couple PAMP recognition to myeloid cell activa-
tion and adaptive immunity [ 93 ]. 

 According to the type of cytoplasmic signalling motifs and 
signalling potential, CLRs expressed in the myeloid linage can be 
classifi ed into different categories: Syk-coupled CLRs, immunore-
ceptor tyrosine-based inhibitory motif (ITIM)-expressing CLRs, 
CLRs without immunoreceptor tyrosine-based activation motif 
(ITAM) or ITIM domains [ 71 ]. 

   The self-suffi cient CLRs rely on spleen tyrosine kinase (Syk) as an 
adaptor molecule. Syk binds to proteins with ITAMs. 
Phosphorylation of the tyrosine residues in the ITAM of the recep-
tor by kinases of the Src family creates a dock for Syk, and a further 
conformational change activates Syk. Activation of Syk promotes 
its autophosphorylation and phosphorylation of other proteins 
downstream in the signalling cascade [ 93 ]. Some CLRs that use 
Syk require ITAM-bearing adaptors that associate with them in 
 trans  (e.g. FcRγ or DAP12); others can bind Syk directly through 
a single tyrosine-based motif in the intracellular domain. This 
domain has been named hemITAM [ 93 ]. 

 Dectin-1 is the prototypical example for the Syk-coupled 
receptors with a hemITAM. It has been postulated that upon 
ligand recognition by dectin 1, dimerisation of the receptors 
occurs, bringing together two hemITAMs that serve as a docking 
site for Syk; dectin localises to specifi c lipid microdomains which 
are essential for signalling [ 71 ]. In myeloid cells dectin-1 uses the 
adaptor CARD9 to couple Syk signalling to NFκB activation. In 
humans, dectin-1 signalling triggers the formation of a protein 
complex that includes CARD9–Bcl10–MALT-1 which couples 
dectin-1 to the canonical NFκB pathway by activating NFκB sub-
unit p65 and c-Rel. Dectin-1 also triggers the noncanonical NFκB 
RelB pathway [ 71 ,  94 ,  95 ]. MALT-1 has been shown to act as a 
pivotal regulator of the c-Rel subunit; silencing of MALT-1 specifi -
cally abrogated c-Rel activation in human DCs stimulated with the 
dectin-1 ligand curdlan but did not affect the other NFκB sub-
units. The proteolytic paracaspase activity of MALT-1 was required 
for c-Rel activation [ 96 ]. The ability of MALT-1 to activate c-Rel 
was linked to the production of IL-1β and IL-12p19 in cells stimu-
lated with curdlan or in response to  C. albicans  infection and also 
induction of Th17 responses [ 96 ]. 

 Signalling through dectin-1 not only promotes polarisation of 
Th cells into Th17 cells but also contributes in the development of 
the Th1 phenotype as well as cytotoxic CD8 +  cells [ 97 – 99 ]. 

 Dectin 1–Syk-dependent activation of the NLRP3 infl amma-
some has also been reported in the context of fungal infection 
with  C. albicans . Whereas pro-IL-1β synthesis is a 

3.2.1  Syk-Coupled CLR
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Syk–CARD9-dependent process, NLRP3 infl ammasome activation 
requires ROS production and K +  effl ux. In agreement with these 
results, mice defi cient in NLRP3 are more susceptible to  C. albicans  
infection supporting a role for the infl ammasome in antifungal 
responses [ 80 ]. 

 As mentioned before, dectin-1 can also trigger the noncanoni-
cal activation of NFκB RelB subunit. This activity requires the 
kinase Raf-1. While Syk activates both canonical and noncanonical 
pathways, Raf-1 activation triggers acetylation of the NFκB p65 
subunit which can modulate transcription in association with p50. 
Alternatively, acetylated p65 can bind the RelB activated by Syk to 
render it inactive. This results in negative regulation of the RelB- 
dependent cytokines that include IL-23p19, hence potentiating 
IL-12p70 formation, which in turn favours Th1-biased responses 
[ 95 ]. Additionally, dectin-1 signalling triggers activation of p38, 
ERK and JNK pathways as well as nuclear factor of activated T cells 
(NFAT), an inducible nuclear factor that binds the IL-2 promoter 
in activated T cells [ 71 ]. Activation of NFAT by dectin-1 agonists 
induces secretion of a particular set of cytokines in DCs combining 
proinfl ammatory cytokines together with high levels of IL-10 and 
IL-2 [ 71 ,  100 ]. Dectin-2 also signals through the Syk pathway, but 
since it lacks an intracellular signalling motif, dectin-2 associates 
with ITAM- containing FcRγ chains [ 101 ]. Although dectin-2 also 
triggers NFκB activation, it does it by selectively activating c-Rel 
through the recruitment of MALT-1, resulting in secretion of 
IL-1β and IL-23, important Th17 polarising cytokines. Dectin-2 
has also been shown to trigger ERK, JNK and p38MAPK pathways 
in murine DCs [ 71 ].  

   Little is known about ITIM-bearing CLRs and the signalling 
pathways downstream of these receptors. Several human and 
mouse ITIM- expressing CLRs have been reported in immune 
cells including DCIR (DC-inhibitory receptor), MICL (myeloid 
inhibitory C-type lectin receptor), CLEC12B and Ly49Q [ 71 , 
 93 ]. It has been proposed that activation of ITIM-bearing CLRs 
has a regulatory effect on myeloid cells, raising the threshold for 
cell activation. 

 DCIR has been shown to inhibit TLR signalling. Specifi cally, it 
has been shown that production of IFN-I upon stimulation of 
TLR9 or induction of IL-12 and TNF-α through TLR8 ligation is 
downregulated when DCIR  is   cross-linked with antibodies [ 93 ]. It 
has been proposed that activation of DCIR is followed by phos-
phorylation of the ITIM domain, leading to the recruitment of 
SHP-I and SHP-2, two phosphatases that inhibit TLR-dependent 
NFκB activation [ 71 ]. Similar fi ndings have been reported for 
Ly49Q and other ITIM- expressing CLRs. However, signalling 
pathways have not yet been fully elucidated for these receptors, 
and the effect of their activation still needs to be addressed in vivo.  

3.2.2  ITIM- 
Expressing CLRs
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   Some CLRs engage signalling pathways that function indepen-
dently of ITIM and ITAM domains. These signalling pathways 
seem to play a role in regulation and fi ne tuning of cells activated 
through other receptors rather than themselves acting as a trigger 
for cell activation. MR, DEC-205, DC-SIGN, SIGNR and lan-
gerin are some of the receptors that engage ITAM-/ITIM-
independent signalling pathways [ 71 ]. 

 DC-SIGN has been used as a model for ITAM-/ITIM-
independent CLR signalling. DC-SIGN is involved in endocytosis 
of soluble ligands and particulates. Besides its role in endocytosis, 
DC-SIGN can trigger signalling cascades and act in coordination 
with other PRR like TLRs. It has been shown that DC-SIGN can 
modulate signalling triggered by TLR ligands. Particularly, bind-
ing of the  M. tuberculosis -derived mannosylated lipoarabinoman-
nan (ManLAM) to DC-SIGN impairs LPS-induced maturation of 
DCs and increases the production of the immunosuppressive 
cytokine IL-10. Although the nature of the ligand appears to reg-
ulate the outcome of DC-SIGN-mediated responses, it seems that 
the receptor has the ability to act as an immunomodulator. It has 
been shown that recognition of ManLAM, by DC-SIGN, leads to 
activation of a signalling complex that triggers the threonine–ser-
ine kinase Raf-1 which in turn mediates acetylation of the NFκB 
subunit p65. When TLR signalling is triggered, acetylation of p65 
mediated by DC-SIGN-Raf-1 prolongs transcriptional activity of 
NFκB particularly enhancing IL-10 gene transcription and thus 
modulating TLR responses. IL-10 induction through DC-SIGN 
and TLR-dependent pathways was observed for several mycobac-
teria such as  M. tuberculosis ,  M. leprae  and  M. bovis,  BCG and also 
for  C. albicans  [ 102 ].    

4    RIG-I-Like Receptors 

 The family of RIG-I-like receptors (RLRs) consists of a small group 
of cytosolic receptors that act as sensors of viral RNA. So far three 
members have been described: retinoic acid-inducible gene-I 
(RIG-I), its homolog the melanoma differentiation-associated 
gene 5 (MDA5) and laboratory of genetics and physiology 2 
(LGP2) [ 103 ,  104 ]. Together with endosomal TLRs, the RIG-I-
like receptors detect nucleic acids inside the cells, but in contrast to 
TLRs, which function in the lumen of endosomes, RLRs are 
located in the cytosol. Hence, RLRs sense pathogens that success-
fully bypassed detection in the extracellular or endosomal com-
partments and reached the cytosol. In contrast to TLRs that are 
mainly expressed in immune cells, RLRs are constitutively expressed 
in a wide variety of immune and nonimmune cells including epi-
thelial cells of the central nervous system. Expression of RLRs is 
normally maintained at low levels in resting cells but is inducible by 

3.2.3  CLRs Without ITAM 
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viral infections, IFN-I stimulation and after TLR signalling in a 
IFN-I-independent fashion [ 105 ,  106 ]. 

   The three members of the RLR family show conserved structure 
and domain organisation, particularly in the case of RIG-I and 
MDA5. The receptors are organised in three different domains. 
The N-terminal region of MDA5 and RIG-I but not LGP2 con-
tains a caspase recruitment and activation domains (CARD). 
Because LPG2 lacks CARD domains, it was considered an inhibi-
tory receptor, but it was later found to play a positive role in MDA5 
signalling. A central domain harbouring a DExD/H box RNA 
helicase that hydrolyses ATP and binds RNA is found in all three 
receptors. The C-terminal domain is involved in regulation and is 
partially responsible for ligand specifi city [ 105 ,  107 ].  

   RIG-I and MDA5 have been reported to recognise viruses from 
different families including Paramyxoviridae, Flaviviridae, 
Rhabdiviridae and Picornaviridae. RIG-I has been implicated in 
recognition of hepatitis C virus (HCV), Sendai and Newcastle 
viruses and vesicular stomatitis virus. MDA5 has been shown to be 
involved in recognition of poliovirus and dengue virus which is also 
recognised by RIG-I [ 107 ]. While LGP2 has the ability to bind 
RNA, its role during viral infections it is not yet clear. RIG-I was 
initially described as a sensor for double- stranded RNA (dsRNA), 
including the synthetic ligand poly(I:C) [ 104 ]. It is now clear that 
RIG-I recognises RNA sequences harbouring a triphosphorylated 
5′ end (5′ppp). The 5′ppp end serves as a label for non-self RNA 
[ 108 ]. Although the length of the RNA sequence is not an absolute 
determinant, RIG-I has greater affi nity for short RNA molecules 
with the 5′ppp end and dsRNA motifs [ 109 ]. 5′-hydroxyl (5′-OH) 
and 3′-monophosphoryl short RNA molecules with double- 
stranded stems generated by RNase L have been also reported to 
activate RIG-I, suggesting that RIG-I could recognise ligands 
derived from viral genomes, viral replication intermediates, viral 
transcripts or RNA cleaved by RNase L during infections [ 107 ]. 
Interestingly, RIG-I was also implicated in the sensing of dsDNA, 
specifi cally B-forms of poly(dA:dT). Sensing of poly(dA:dT) 
required the DNA- dependent RNA polymerase III that is able to 
synthesise 5′ppp RNA from poly(dA:dT) [ 110 ]. 

 Ligands for MDA5 are less well characterised. It is known that 
MDA5 can be activated by poly(I:C) which suggests that it acts as 
a sensor for dsRNA [ 111 ]. Until now there are no reported ligands 
for LGP2.  

   In the absence of its ligand, RIG-I adopts an autorepressed form, 
preventing the CARD domains from signalling by blocking dsRNA 
binding to the helicase or modifi cation of the CARD domains by 
ubiquitination enzymes. Binding of the RNA induces a 
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conformational change that together with ATP hydrolysis results 
in release of the CARD domains, leaving them available for signal-
ling interactions. CARDs are polyubiquitinated. This modifi cation 
triggers formation of a complex formed by four RIG-I molecules 
[ 105 ,  107 ]. MDA5 has been reported to form a polar fi lamen-
tous oligomer around the dsRNA ligand, which is regulated by 
ATP hydrolysis [ 112 ]. 

 Signalling downstream of the complex formed by RIG-I relies 
on the mitochondrial protein MAVS (mitochondrial antiviral sig-
nalling), a protein that also functions as an adaptor used by the 
NLR member NOD2 in the context of viral infections. MAVS is 
anchored to the mitochondrial outer membrane and harbours an 
N-terminal CARD domain that allows it to establish homotypic 
interactions with the CARD domains of RIG-I and also MDA5 
[ 113 ,  114 ]. During viral infections, MAVS aggregates and local-
ises to the outer mitochondrial membrane. Together with mainte-
nance of the mitochondrial membrane potential, these events are 
critical for induction of IRF3 translocation and production of 
IFN-I [ 115 ]. 

 Signalling downstream of MAVS involves NEMO, IKK and 
TBK1. Ubiquitination is critical for downstream signalling, and it 
is sensed by NEMO through its ubiquitin-binding domains, allow-
ing recruitment of IKK and TBK1 which in turn phosphorylate 
IκBα and IRF3, respectively, promoting translocation of IRF3 and 
the NFκB subunits p50 and p65 [ 107 ]. Different members of the 
E3 ligases, namely, TRAF6, TRAF2 and TRAF5, have been 
reported to be recruited to MAVS complexes and participate in the 
antiviral responses elicited by RIG-I engagement [ 107 ]. 

 Besides promoting innate responses, RLRs play an important 
role in modulating cell-mediated immunity. IFN-I secretion pro-
motes maturation of APCs and expression of MHC class I mole-
cules in most cell types and is required to promote T-cell survival 
and expansion. It has been also proposed that interferons can pro-
mote the cytolytic activity of cytotoxic T lymphocytes and natural 
killer cells, enhancing the antiviral response [ 116 ,  117 ]. 

 In conclusion RLRs are important PRRs in the context of viral 
infections. RLR activation seems to be crucial for the onset of anti-
viral responses and also serves to upregulate expression of other 
PRRs including TLRs. Enhancement of TLR expression by RLR 
has been shown to have an impact on the MyD88 signalling path-
way and to play an important role in some viral infections. Cross 
talk between RLRs and other PRRs can also enhance infl amma-
tion, having negative consequences for the host [ 105 ]. Coordinated 
cross-regulation of the different signalling pathways is not only 
important for infection control but also for preventing exacerba-
tion of infl ammation and damage to the host.   
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5    NOD-Like Receptor Family 

 The members of the nucleotide-binding oligomerisation domain 
(NOD)-like (NLR) family have emerged as pivotal sensors of infec-
tion and stress in intracellular compartments, capable of orches-
trating innate immunity and infl ammation in response to harmful 
signals within the cell. NLRs detect a wide range of signals includ-
ing the presence of intracellular PAMPs that function as fl ags for 
cellular invasion; other NLRs are activated following loss of cell 
membrane integrity, ion imbalance, radical oxygen species (ROS) 
or sensing of extracellular ATP [ 118 ]. 

 NLRs have the ability to activate NFκB signalling; some of 
them function as scaffolds for the formation of a multiprotein 
complex known as infl ammasomes required for the generation of 
bioactive IL-1β and IL-18 and can also trigger cell death by a 
mechanism known as pyroptosis [ 118 ]. 

 Although the primary physiological role of NLRs is related to 
host defence against infection, in the last decade, it became increas-
ingly clear that NLRs play a vital role in homeostasis as illustrated 
by many infl ammatory and noninfl ammatory diseases that are 
linked to dysregulated NLR signalling [ 119 ]. 

 Vertebrate NLRs have been the subject of intense research, 
while knowledge on invertebrates is limited, probably in part due 
to the absence of NLRs in invertebrate model organisms like 
 D. melanogaster  and  Caenorhabditis elegans  [ 120 ,  121 ]. In any 
case, studies revealing that NLRs are conserved across different 
species and kingdoms suggest they are an essential product of evo-
lution. This is consistent with their conservation from sponges to 
humans and the fi nding that plants also express NB-LRR receptors 
with remarkable structural and functional similarities, although the 
relation of animal NLRs and the latter seems to be a result of con-
vergent evolution rather than shared ancestry [ 121 ]. In the follow-
ing section structure, the ligands and function of NLRs are 
discussed, with a particular focus on non-infl ammasome-related 
NLRs, whereas infl ammasome- forming NLRs are introduced in 
the following chapters. 

   NLRs are cytosolic sensors for microbes, endogenous danger sig-
nals and exogenous insults. The defi ning feature of NLR family 
members is the presence of a nucleotide-binding domain, the 
NACHT domain (acronym standing for NAIP (neuronal apoptosis 
inhibitor protein), CIITA (class II transcription activator), HET-E 
and TP-1 (telomerase- associated protein)) and a second domain 
harbouring a leucine-rich repeat [ 122 ]. Based on in silico studies, 
22 human and 34 murine NLRs have been identifi ed so far [ 123 ]. 
All the NLRs share common structural features and are organised 
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in three functional domains including the aforementioned central 
NACHT (or NBD) domain necessary for oligomerisation, the 
C-terminal LRR that confers ligand recognition specifi city and an 
N-terminal protein–protein interaction domain required for signal 
transduction [ 123 ]. 

 The NLRs are subdivided into four subfamilies according to 
the type of N-terminal effector domain: NLRA, NLRB, NLRC 
and NLRP. The NLRA subfamily contains only one member 
named CIITA which presents an acidic transactivation domain 
[ 122 ] involved in transcriptional regulation of the MHC class II 
genes [ 123 ]. The other three subfamilies are characterised by the 
presence of homotypic protein–protein interaction modules that 
are involved in recruitment of signal transduction molecules. The 
NLRB subfamily is distinguished by the presence of the baculovi-
rus inhibitor repeat (BIR) domain. The presence of a CARD is a 
feature of the NLRC subfamily, while members of the NLRP fam-
ily contain a pyrin domain (PYD). Finally NLRX1, a CARD-related 
X effector domain of unknown function shows no strong homol-
ogy to the N-terminal domain of any other NLR subfamily mem-
ber [ 122 ]. Members of each subfamily are listed in Table  3 .

   NLRs detect a wide range of ligands of diverse origins. As in 
the case of TLRs, NLRs can detect PAMPs, particularly when these 
PAMPs reach the cytosol. Different bacterial components such as 
bacteria muramyl dipeptide (MDP) [ 124 ,  125 ], fl agellin [ 126 ] and 
bacterial secretion systems [ 127 ,  128 ] function as fl ags for cellular 
invasion and trigger NLR activation and signalling. NLRs can also 
be activated by stress or danger signals including loss of cell mem-
brane integrity as induced by certain bacterial toxins that form 
pores in the cell membrane [ 122 ,  129 ,  130 ]. Endogenous signals 
of damage also act as triggers of NLRs, such as membrane rupture 
caused by insoluble crystals [ 131 ], extracellular ATP [ 132 – 134 ], 
ion imbalance [ 135 – 137 ] and reactive oxygen species (ROS) 
[ 118 ]. Sensing the loss of cellular integrity allows NLRs to act as a 
backup system if a pathogen has bypassed detection in the extracel-
lular space and also ensures recognition of DAMPs. Accordingly, 
the cellular infl ammatory programme following NLR triggering is 
complex and varies between NLR members. 

 The NLRs have been shown to function as scaffolds for infl am-
masome formation. These are high molecular weight oligomeric 
complexes that act as caspase 1-activating platforms in response to 
microbial components or sterile danger and stress signals. 
Infl ammasome complexes are formed by a sensor molecule, often 
but not exclusively, a member of the NLR family which connects 
to caspase 1 via an adaptor protein named ASC (apoptosis-associ-
ated speck-like protein containing a caspase recruitment domain) 
equipped with two death-fold domains (pyrin domain and caspase 
activation and recruitment domain (CARD)). The adaptor ASC 
interacts with the infl ammasome sensor molecules via the pyrin 
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domain and triggers the assembly of a large protein speck consisting 
mainly of multimers of ASC dimers. The CARD domains recruit 
caspase 1 to induce self-cleavage and activation, which in turn will 
allow processing of pro-IL-1β and pro-IL-18 into the active 
infl ammatory forms and their release via a nonclassical secretion 
pathway [ 138 ]. 

 The increasing number of studies on NLRs in the context of 
infl ammasome formation in the last decade illustrates the 

   Table 3  
  NOD-like receptors nomenclature   

 NLR member  Family  Domain structure 

 CTIIA  NLRA  (CARD)-AD-NACHT-NADLRR 

 NAIP  NLRB  (CARD)-AD-NACHT-NADLRR 

 NOD1  NLRC  (CARD)-AD-NACHT-NADLRR 

 NOD2  NLRC  CARD2x-NACHT-NAD-LRR 

 NLRC3  NLRC  CARD-NACHT-NAD-LR 

 NLRC4  NLRC  CARD-NACHT-NAD-LR 

 NLRC5  NLRC  CARD-NACHT-NAD-LR 

 NLRP1  NLRP  PYD-NACHT-NAD-LRR-FIIND-CARD 

 NLRP2  NLRP  PYD-NACHT-NAD-LRR 

 NLRP3  NLRP  PYD-NACHT-NAD-LRR 

 NLRP4  NLRP  PYD-NACHT-NAD-LRR 

 NLRP5  NLRP  PYD-NACHT-NAD-LRR 

 NLRP6  NLRP  PYD-NACHT-NAD-LRR 

 NLRP7  NLRP  PYD-NACHT-NAD-LRR 

 NLRP8  NLRP  PYD-NACHT-NAD-LRR 

 NLRP9  NLRP  PYD-NACHT-NAD-LRR 

 NLRP10  NLRP  PYD-NACHT-NAD-LRR 

 NLRP11  NLRP  PYD-NACHT-NAD-LRR 

 NLRP12  NLRP  PYD-NACHT-NAD-LRR 

 NLRP13  NLRP  PYD-NACHT-NAD-LRR 

 NLRP14  NLRP  PYD-NACHT-NAD-LRR 

 NLRX1  NLX  X-NACHT-NAD-LRR 

   AD  acidic activation domain,  CARD  caspase activating and recruitment domain,  LRR  
leucine- rich repeat,  NACHT  NAIP (neuronal apoptosis inhibitor protein), C2TA (MHC 
class 2 transcription activator), HET-E (incompatibility locus protein from Podospora 
anserina) and TP1 (telomerase-associated protein),  PYD  pyrin domain,  NAD  NACHT-
associated domain  
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important and varied roles of these complexes in immunology, 
linking infl ammasome formation not only to antimicrobial 
responses but also autoimmunity. The following chapters will discuss 
in detail the role of NLRs as part of infl ammasomes. However, sev-
eral members of the mammalian NLR family exert important roles 
in immunity beyond infl ammasome signalling. Here we highlight 
the emerging roles of several members of the non-infl ammasome 
NLRs, CIITA, NOD1, NOD2, NLRC3, NLRC5 and NLRX1. 

   CIITA plays a critical role in immune responses, acting as a tran-
scriptional coactivator that regulates major histocompatibility 
complex (MHC) class I and II genes. Its importance as a regulator 
of the MHC genes was identifi ed after fi nding that patients with an 
autoimmune condition known as bare lymphocyte syndrome have 
a 24 amino acid deletion splice mutant of CIITA [ 139 ]. Depending 
on the cell type, CIITA can be constitutively expressed (e.g. in 
DCs, macrophages and other cells with high MHC II expression) 
or can be induced by IFN-γ in a wide range of cell types [ 140 ]. 

 In addition to the conventional tripartite architecture of NLRs, 
CIITA harbours three additional N-terminal domains including an 
acidic domain (AD), a guanosine-binding domain (GB-domain) 
and a Pro-Ser-Thr domain (PST domain). Although CIITA does 
not bind DNA directly, the AD and GBD domains mediate inter-
actions with transcription factors, DNA-binding transactivators 
and chromatin- remodelling enzymes forming a complex known as 
the enhanceosome [ 123 ]. 

 Although NLRs are mostly cytoplasmic receptors, CIITA can 
also reside in the nucleus [ 119 ]. A nuclear localisation signal is pres-
ent in the GB-domain that allows traffi cking into the nucleus [ 123 ]. 

 CIITA function is regulated by phosphorylation. Several protein 
kinases (PK) such as PKA, PKC, glycogen synthase kinase 3 and 
casein kinase 2 can phosphorylate CIITA on different sites affecting 
its activity. CIITA possesses acetyltransferase (AT) and kinase activi-
ties, both of which are needed for effective transcription of MHC 
class I and II genes [ 123 ]. Although CIITA has been primarily 
characterized as a transcriptional regulator of MHC genes, it also 
regulates transcription of over 60 immunologically important genes, 
including IL-4, IL-10 and several thyroid-specifi c genes [ 140 ,  141 ]. 

 Given the distinctive immunomodulatory role of CIITA, the 
potential of other NLR members to exert comparable effects is 
being addressed. It was recently proposed that NLRC5 can act as a 
class I transactivator. NLRC5 presents a similar domain structure to 
CIITA, and it has been proposed to assemble a multiprotein complex 
similar to the enhanceosome on MHC class I promoters [ 142 ].  

   NOD1 and NOD2 were the fi rst members of the NLR family to be 
described. Also known as CARD4 and CARD15, NOD1 and 
NOD2 were fi rst described as receptors for LPS. However, it was 

5.1.1  CIITA

5.1.2  NOD1 and NOD2
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later confi rmed that the LPS preparations used for the experiments 
were contaminated by peptidoglycan moieties [ 119 ]. 

 Gram-positive and Gram-negative bacteria synthesise peptido-
glycan although they may present different motifs. Both Gram- 
positive and Gram-negative bacteria express muramyl dipeptide 
(MDP) (MurNAc- L -Ala- D -γ-Gln), but only Gram-negative bacte-
ria and a limited number of Gram-positive bacteria express iEDAP 
(γ- D - glutamyl-meso-diaminopimelic acid); when it also includes 
the  D -alanine residue from the peptidoglycan, the ligand is termed 
TriDAP. The difference between MDP and iEDAP is the replace-
ment of the meso-diaminopimelic acid in the iEDAP by an  L -lysine 
residue in MDP (Fig.  3a ). NOD1 recognises the iEDAP/TriDAP, 
while NOD2 recognises MDP [ 124 ,  143 ,  144 ]. More recently, 
N-glycolyl MDP was shown to be a more potent activator of 
NOD2 [ 145 ]. The fact that iEDAP is mainly expressed in Gram-
negative bacteria led to the idea that NOD1 was acting as a sensor 
for this type of microorganism. Indeed, NOD1 was shown to be 
involved in recognition of many different Gram-negative bacteria 
including  Helicobacter pylori  [ 146 ],  Pseudomonas aeruginosa  [ 147 ] 
and  Shigella fl exneri  [ 148 ]. However, NOD1 has also been impli-
cated in defence against Gram-positive bacteria including  Listeria 
monocytogenes  [ 149 ] and  Streptococcus pneumoniae  in a model of 
coinfection with Gram-negative bacteria [ 150 ,  151 ] and more sur-
prisingly against the parasite  Trypanosoma cruzi , etiological agent 
of Chagas disease [ 152 ].

   NOD2 is seen as a more general sensor because its ligand MDP 
is widely expressed. Experimental evidence has confi rmed a role for 
NOD2 during infection with  M. tuberculosis  [ 145 ],  Listeria mono-
cytogenes  [ 153 ] and  Toxoplasma gondii  [ 154 ]. NOD2 may also play 
a role in antiviral immunity; NOD2-defi cient mice exhibited a 
marked susceptibility to respiratory syncytial virus infection 
compared to the wild-type counterparts [ 155 ]. 

 NOD2 has been also linked to pathology in Crohn’s disease, an 
infl ammatory disease that mainly affects the ileum and colon. An 
increased susceptibility to developing this condition was linked to 
several mutations in NOD2, although the aetiology is not fully 
understood. It has also been postulated that NOD2 could negatively 
regulates TLR-mediated infl ammation since NOD2 defi ciency or a 
mutation related to Crohn’s disease increased Toll-like receptor 
2-mediated activation of NFκB and Th1 responses. Moreover, 
NOD2 inhibited TLR2-driven activation of NFκB [ 156 ]. 

 NOD1 and NOD2 expression has been reported in a wide 
variety of cells including dendritic cells [ 157 ], monocytes/macro-
phages [ 158 ], keratinocytes [ 159 ], lung and intestinal epithelial 
cells [ 160 ,  161 ] and endothelial cells [ 162 ]. Although several cell 
types constitutively express NOD1 and NOD2, its expression can 
also be induced in response to cytokines [ 163 ], TLR ligands and 
bacteria [ 164 ,  165 ]. Signalling through NOD1 and NOD2 
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ultimately triggers NFκB activation and MAPK. The IRF pathway 
and IFN-I transcription can be also triggered by NOD receptors 
(Fig.  3b ). 

 The fi rst step in the signalling cascade involves dimerisation of 
the receptors [ 119 ]. Although both are considered cytosolic recep-
tors, association with the plasma membrane seems to occur after 
ligand binding [ 166 ]. 

 It has been proposed that bacterial peptidoglycans are inter-
nalised in endosomes and can access the cytosol by exiting the ves-
icles through channels including hPepT1 and SLC15A. Scavenger 
receptors such as MARCO and SR-A have been implicated in rapid 
internalisation of NOD ligands [ 123 ]. After recognition of the 
ligand and assembly of the dimers, a protein adaptor known as 
RICK/RIP2 is an ubiquitinated interaction with the CARD 
domains of NOD1 or NOD2 [ 167 ]. RICK participates in the 
recruitment of TAK1; it also promotes ubiquitination of IκKγ which 
acts as a regulator of the IκK complex. NEMO, another regulator 
of NFκB, is also recruited and facilitates TAK1 recruitment to the 
complex. Formation of this complex promotes phosphorylation and 
targeting of the IκK complex subunits for proteasomal degradation, 
promoting release of NFκB [ 119 ,  123 ]. Activation of NOD1 and 
NOD2 also triggers activation of the MAPK pathway although this 
has received less attention. 

 Finally, NOD receptors have been shown to activate the IRF 
pathway (Fig.  3b ). NOD2 induces type-I IFN secretion upon rec-
ognition of viral single-stranded RNA or during infections with 
respiratory syncytial virus and infl uenza virus [ 155 ]. Induction of 
IFN-I involves activation of a RICK-independent pathway with 
formation of a complex with the protein MAVS, the adaptor used 
by RLRs during viral infections [ 118 ]. 

 NOD1 has been shown to induce IFN-I production after 
recognition of iE-DAP. Binding of iE-DAP to NOD1 triggered 
RICK signalling and also the recruitment of TRAF3 which was 
shown to trigger TBK1, IKKε and activation of IRF7, inducing 
IFN-β production. This ultimately led to activation of the tran-
scription factor complex ISGF3 and secretion of CXCL-10 and 
further production of IFN-I [ 168 ]. 

 As seen for TLRs, activation of the NFκB pathway through 
NOD1 and NOD2 receptors promotes expression of several 

Fig. 3 (continued) of the IκK complex. NEMO, another regulator of NFκB, is also recruited and facilitates TAK1 
recruitment to the complex. Formation of this complex promotes phosphorylation, and targeting of the IκK 
complex subunits for proteasomal degradation promoting release of NFκB of NOD1 and NOD2 also triggers 
activation of the MAPK pathway. The type-I IFN pathway can also be activated by NOD receptors. NOD2 induces 
type-I IFN secretion after recognising viral single-stranded RNA or during viral infections with respiratory syncytial 
virus and infl uenza virus. A RICK-independent pathway is triggered for IFN-I production. This pathway involves 
formation of a complex with the protein MAVS. Translocation of IRF3 and IRF7 takes place       
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  Fig. 3    Ligands and signalling pathways for NOD1 and NOD2. ( a )  Structure of peptidoglycan (PGN) of Gram-
negative bacteria.  PGN is composed of the alternating amino sugars N-acetylglucosamine (NAG) and N-acetyl 
muramic acid (NAM) cross-linked by ß1-4 linkages. NAG and NAM units are cross-linked by stem peptides 
containing amino acids such as  D -glutamic acid and  D-  or  L- alanine. Generally, the third position amino acid in 
Gram-positive bacteria is  L -lysine (Lys), while in Gram- negative bacteria it is meso-2,6-diaminopimelic (meso-
DAP) acid. Gram-positive bacteria have peptide stems usually cross-linked through an interpeptide bridge 
(normally glycine), whereas Gram-negative bacteria peptide stems are usually directly cross-linked. 
Abbreviations:  iE-DAP   D -g- glutamyl-meso-DAP,  Tri-Dap   L -Ala-γ- D -Glu-mDAP,  MDP  muramyl dipeptide. ( b ) 
 Signalling pathways for NOD1 and NOD2.  Transport of bacterial PNG fragments is mediated by endosomal 
SLC15A channel, the hPepT1 plasma membrane transporter or scavenger receptors (SR-A, MARCO). MDP and 
iE-DAP from PNG activates NOD1 and NOD2, respectively. Direct or indirect sensing of PNG leads to NOD1 and 
NOD2 dimerisation and relocalisation to the plasma membrane and triggers and recruitment of the adaptor RICK. 
RICK participates in recruitment of TAK1; it also promotes ubiquitination of IκKγ which acts as a regulator
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infl ammatory factors including inducible nitric oxide synthase, 
cyclooxygenase 2, adhesion molecules and proinfl ammatory cyto-
kines and chemokines such as such as TNF-α, IL-8, IL-6 [ 118 , 
 119 ]. Relatively little is known about how NOD1 and NOD2 sig-
nalling pathways are  regulated. It has been suggested that the 
ubiquitin-editing enzyme A20 plays a key role in regulating RICK 
activity upon MDP recognition by NOD2. A20 defi ciency ampli-
fi ed the responses to MDP in cells by increasing RICK ubiquitina-
tion, resulting in prolonged NFκB signalling and increased 
production of proinfl ammatory cytokines. A similar phenotype has 
been found in A20-defi cient mice [ 169 ]. Caspase 12 has been also 
implicated in negative regulation of the NOD signalling pathway 
by binding to RIPK2 and destabilising the complex between RICK 
and TRAF6, ultimately inhibiting the ubiquitin-ligase activity of 
the complex [ 170 ]. 

 NOD agonists have also been implicated in enhancing antigen- 
specifi c antibodies and T-cell responses when combined with TLR 
ligands. One example of the importance of NOD receptor in 
enhancing adaptive responses is given by the diminished responses 
observed in NOD1-defi cient mice immunised with a model pro-
tein antigen (ovalbumin) formulated in complete Freund’s adju-
vant (CFA). CFA contains mycobacterial cell wall elements known 
to activate both NOD and TLR receptors. NOD1-defi cient mice 
showed lower frequencies of antigen-specifi c IFN-γ, IL-17 and 
IL-4-producing CD4 +  and CD8 +  T cells, and diminished antibody 
titres compared to wild-type mice. Besides, increased susceptibility 
of NOD1-defi cient mice to  Helicobacter pylori  infection was linked 
to diminished urease- specifi c IgG2c titres compared to wild-type 
mice, whereas IgG1 titres remained the same. This suggested that 
NOD1 defi ciency was linked to a diminished type 1 immune 
response [ 171 ]. This is in agreement with other studies showing 
that NOD1 and NOD2 agonists in combination with TLR3, 
TLR4 and TLR9 agonists synergistically induce IL-12 and IFN-γ 
production in DCs to induce Th1-biased immune responses [ 157 ]. 
Another example of the potential synergistic effects of TLR-NOD 
on adaptive responses was given by a study showing that a chimeric 
NOD2/TLR2 agonist not only induced dendritic cell maturation 
and proinfl ammatory cytokine secretion in vitro but also boosted 
systemic and mucosal immune responses after parenteral immuni-
sation of mice when formulated as a nanoparticle-based vaccine 
carrying the HIV antigen Gag p24 [ 172 ].  

   NLRC3 is another member of the NLR family, but instead of pro-
moting infl ammation, NLRC3 acts as a negative regulator of sev-
eral innate receptors. It was fi rst described as a negative regulator 
of T-cell proliferation, an effect mediated by downregulation of 
the transcription factors NFκB, AP-1 and NFAT. NLRC3 expres-
sion was shown to be high in T cells and downregulated upon 
activation [ 173 ]. 

5.1.3  NLRC3

Natalia Muñoz-Wolf and Ed C. Lavelle



31

 The same receptor was also shown to have regulatory effects 
on TLR-mediated signalling by directly interacting with TRAF6 as 
evidenced by the increased proinfl ammatory cytokine production 
in NLRC3-defi cient mice upon stimulation with LPS [ 174 ]. 

 Lastly, NLRC3 has been shown to act as a negative regulator 
of the cytosolic DNA sensor STING by directly associating with it 
and TBK1, preventing the interaction between the two of them 
reducing production of IFN-I in response to cyclic diguanylate 
monophosphate (c-di-GMP) and DNA viruses [ 175 ]. NLRC3 
illustrates how PRRs can regulate each other to fi ne-tune the 
immune response in the host.  

   NLRC5 is structurally similar to CIITA and is also involved in 
regulation of MHC genes, more specifi cally as a class I transactiva-
tor. It has been described as the largest member of the NLR fam-
ily, harbouring an atypically long LRR motif and death domain 
[ 142 ]. Several isoforms of NLRC5 with unknown function have 
also been described [ 176 ]. Expression of NLRC5 has been 
reported in several cell types, mainly of haematopoietic origin. It 
is highly expressed in lymphoid tissues like the spleen and lymph 
nodes and has also been reported to be expressed in the bone 
marrow. NLRC5 has been documented in T cells, B cells and 
mononuclear cells [ 176 ]. 

 NLRC5 promotes the expression of conventional MHC class I 
genes (HLA-A, HLA-B, HLA-C) as well as nonconventional MHC 
class I genes and proteins like HLA-E. NLRC5 regulation was shown 
to be exclusive for MHC class I genes and not MHC class II, whereas 
as previously mentioned, CTIIA is a MHC-II regulator [ 177 ]. 

 Besides its function as a class I transactivator, NLRC5 has been 
implicated in negative regulation of NFκB and IRF pathways. 
NLRC5 can inhibit the IKK complex and RIG-I/MDA5 function. 
By blocking phosphorylation of IKKα and IKKβ, NLRC5 blocked 
the activation of NFκB. Additionally, interaction with RIG-I and 
MDA5 was shown to inhibit IFN-I responses triggered by RIG-
like receptors [ 178 ]. Despite this, macrophages and dendritic cells 
derived from NLRC5-defi cient mice did not exhibit compromised 
production of IFN-β, IL-6 or TNF-α when stimulated with RNA 
viruses, DNA viruses or bacteria [ 179 ]. Hence, the regulation 
could be cell-type specifi c.  

   This member of the NLR family has been one of the most contro-
versial regarding its function. Although NLRX1 was fi rst described 
as a negative regulator of antiviral responses, particularly by down-
regulating IFN-I secretion in response to viral infections [ 180 ], 
other studies could not confi rm this effect. Additionally, knockout 
mice showed normal IFN-β production after infl uenza A infection 
or systemically administered poly (I:C) [ 181 ,  182 ]. In other set of 
studies NLRX1 was shown to negatively regulate TLR-mediated 
activation of NFκB and JNK signalling pathways [ 183 ].    

5.1.4  NLRC5

5.1.5  NLRX1
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6    Newly Described PRRs 

 The recent discovery of NLRs and RLRs opened new avenues for 
studying other cytosolic receptors, leading to discovery of new 
PRRs. In the past decade, several proteins have been described as 
intracellular sensors for nucleic acids, in particular the family of 
AIM2-like receptors or ALRs together with the DNA sensor cGAS. 

   The family of AIM2-like receptors comprises four members in 
humans and six in mice. The founding member of this new family 
of PRRs is the absent in melanoma 2 (AIM2) protein that was 
described in 2009 [ 184 – 186 ]. The members of the ALR family are 
characterised by the presence of a HIN200 domain, also known as 
IFI200. Three members of the family in humans (MNDA, PYHIN1 
and AIM2) present an N-terminal PYD domain, whereas the 
fourth member IFI16 harbours two tandem HIN200 domains and 
one PYD. The HIN200 domains can interact with cytosolic 
dsDNA, either of viral or bacterial origin, triggering IFN-I pro-
duction [ 187 ]. Also, the PYD domain can recruit the adaptor ASC 
to form an infl ammasome and lead to production of bioactive 
IL-1β. Importantly, until now only AIM2 and IFI16 have been 
reported as PRRs. The fact that ALRs have only been described in 
mammals suggests they are a novel family of receptors that appeared 
later in evolution [ 187 ].  

   cGAS has recently emerged as a major sensor for cytosolic DNA 
and together with the adaptor protein  STING which is widely 
expressed in various cell types, they contribute to DNA sensing 
from different origins including DNA from viruses, self DNA and 
sensing of bacterial cyclic dinucleotides such as c-di-GMP and c-di-
AMP [ 107, 188, 189 ]. Activation of STING triggers traffi cking of 
the adaptor from the endoplasmic reticulum to the Golgi appara-
tus for the assembly of protein complexes with TBK1 [ 190 ]. The 
STING pathway can trigger IFN-I production and has been also 
reported to recruit STAT6, promoting secretion of chemokines 
including CCL-2, CCL-20 and CCL- 26 [ 191 ]. 

 The cyclic GMP-AMP synthase (cGAS), a member of the 
nucleotidyltransferase family, has been identifi ed as a cytosolic 
DNA sensor that contributes to the production of IFN-I. cGAS 
catalyses the synthesis of cyclic GMP-AMP (cGAMP) from ATP 
and GTP, which in turn acts as a second messenger for STING 
[ 192 ,  193 ]. 

 Defi ciency of cGAS in vivo abolished type-I IFN production in 
response to cytosolic DNA [ 194 ]. cGAS signalling has proven 
important in the context of several viral infections caused by DNA 
viruses and interestingly also contributes to antiviral immunity to 
RNA viruses [ 195 ,  196 ].   

6.1  AIM2-Like 
Receptors

6.2  cGAS and STING
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7    Conclusion 

 Overall, the discovery of PRRs has changed the way innate immu-
nity is viewed and has brought it back to the foreground. 
Unravelling the molecular mechanisms of immune recognition 
revealed the interconnection between innate and adaptive immu-
nity, supporting the notion that innate recognition is a key event 
that allows the host to mount the most effective immune response. 

 Even though recognition of microbes or abnormal-self is 
restricted to a fi nite number of molecular patterns, these confer a 
signifi cant degree of specifi city allowing for tailored responses. 
During infection several receptors are simultaneously activated, 
triggering specifi c combinations of signalling pathways that con-
verge on NFκB, MAPK and IRFs. These pathways that share com-
mon players downstream from the PRRs engage in cross-talk that 
can result in synergy, enhancement, negative regulation and fi ne-
tuning of gene expression. Moreover, given that the different PRRs 
display differential expression patterns that can be tissue or cell-
type specifi c, those interactions will be dependent on the context 
in which the activation takes place. PRRs have been shown to 
cross-regulate each other, and defi ning how this cross-talk is regu-
lated is crucial to better understand how pathways that seem to 
converge on the same master regulators can facilitate different out-
comes. This will certainly open new avenues for treatment of 
infl ammatory diseases and immune defi ciencies and will make it 
possible to exploit PRRs as a means to induce protective immunity 
through vaccination.     
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    Chapter 2   

 Atypical Infl ammasomes                     

     Ann     M.     Janowski     and     Fayyaz     S.     Sutterwala       

  Abstract 

   Pattern recognition receptors, including members of the NLR and PYHIN families, are essential for rec-
ognition of both pathogen- and host-derived danger signals. A number of molecules in these families are 
capable of forming multiprotein complexes termed infl ammasomes that result in the activation of cas-
pase-1. In addition to NLRP1, NLRP3, NLRC4, and AIM2, which form well-described infl ammasome 
complexes, IFI16, NLRP6, NLRP7, NLRP12, and NLRC5 have also been proposed to form infl amma-
somes under specifi c conditions. The structure and function of these atypical infl ammasomes will be high-
lighted here.  

  Key words     NLR  ,   Caspase-1  ,   Infl ammasome  

1       Introduction 

 Much of the infl ammasome literature is focused around four distinct 
infl ammasomes. These include the NLRP1, NLRP3, NLRC4, and 
AIM2 infl ammasomes [ 1 ]. The structure, function, and ligand rec-
ognition of these infl ammasomes is an area of intense investigation, 
with NLRP3 being one of the most studied due to its contribution 
in the immune response to a wide variety of pathogens and diseases. 
However, the NLR and PYHIN family of proteins are quite large, 
and there are a handful of additional molecules that form multipro-
tein complexes that differ from the four typical infl ammasomes. 
Included in the family of atypical infl ammasomes are IFI16, NLRP6, 
NLRP7, NLRP12, and NLRC5. For the purposes of this chapter, 
an infl ammasome is defi ned as a multiprotein complex that func-
tions as a platform for caspase-1 activation. These atypical infl am-
masomes have a vast array of functions and also demonstrate that 
infl ammasome biology is still a budding area of research. This 
review will shine a spotlight on atypical infl ammasomes and their 
contribution to the host immune response.  
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2     IFI16: A Nuclear Infl ammasome 

 Pattern recognition receptors are capable of recognizing and bind-
ing conserved sequences associated with pathogens (pathogen- 
associated molecular patterns, PAMPs) and also endogenous danger 
signals (danger-associated molecular patterns, DAMPs). Members 
of the IFI20X/IFI16 (PYHIN) family of proteins play important 
roles in recognizing the presence of cytosolic DNA. There are cur-
rently six identifi ed PYHIN proteins in mice (p202a, p202b, p203, 
p204, MNDAL, and AIM2) and four in humans (IFI16, AIM2, 
MNDA, and IFIX) [ 2 ]. PYHIN family members are characterized 
by the presence of an N-terminal pyrin domain, which allows for 
homotypic interactions with other pyrin-containing proteins to 
form multimolecular complexes. PYHIN family members also 
possess a DNA-binding HIN-200 domain [ 2 ]. There are three 
different subtypes of HIN domains: HIN A, HIN B, and HIN C. 
The PYHIN family member AIM2 (absent in melanoma 2) is capa-
ble of recruiting the adaptor molecule ASC and caspase- 1 to form 
an infl ammasome. Through the sensing of cytosolic dsDNA, the 
AIM2 infl ammasome is crucial for protection against pathogens 
such as  Listeria monocytogenes  and  Francisella tularensis  [ 3 – 6 ]. 

 AIM2 is not the only PYHIN family member that associates 
with ASC and mediates protection against pathogens. A less appre-
ciated, but equally interesting, PYHIN family member that forms 
an atypical infl ammasome is IFI16 (interferon-inducible protein 
16). IFI16 is comprised of a pyrin domain along with HIN-A and 
HIN-B domains [ 7 ]. IFI16 is present in humans but not in mice; 
although an ortholog, p204, is expressed in mice, its function 
remains unclear. Early studies of IFI16 determined that it is 
expressed in CD34 +  myeloid precursor cells and also peripheral 
blood monocytes [ 8 ]. IFI16 is also expressed in T cells and epithe-
lial cells from various tissues including the skin, gastrointestinal 
tracts, and urogenital tract [ 9 ,  10 ]. IFI16, unlike the cytosolic fam-
ily member AIM2, is predominately present in the nucleus of the 
resting cells. Upon activation, IFI16 does however migrate from 
the nucleus to the cytoplasm. IFI16 is thought to be a nuclear pat-
tern recognition receptor important for recognizing viruses that 
enter into the nucleus of cells. IFI16 recognizes a number of patho-
gens including Kaposi sarcoma-associated herpesvirus (KSHV). 
Infection of endothelial cells with KSHV led to the formation of an 
infl ammasome complex containing IFI16, ASC, and caspase-1 in 
the nucleus and the cytoplasm of cells as seen in Fig.  1  [ 11 ]. IFI16 
infl ammasome activation by KSHV led to subsequent caspase-1 activa-
tion and IL-1β cleavage. IL-1β and IL-6 expressions along with 
caspase-1 activation in response to KSHV infection were dependent 
on expression of IFI16 and ASC indicating that IFI16, and not 
other infl ammasomes, were being activated in response to KSHV 
infection. To further demonstrate that IFI16 is capable of forming 
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an infl ammasome, 293T cells were transfected with pro-IL-1β, 
pro-caspase-1, ASC, and IFI-16 and then infected with KSHV. 
Cells transfected with infl ammasome components secreted IL-1β 
indicating that IFI16 is indeed able to form a functional infl amma-
some [ 11 ]. The IFI16 infl ammasome was activated by KSHV; 
however, other viruses such as herpes simplex virus 1 (HSV1) also 
enter into the nucleus of cells. It is reasonable to postulate that 
other infl ammasomes may also assemble within the nucleus of cells 
in response to viral infection. The presence of both cytosolic and 
nuclear infl ammasomes demonstrates the immune systems multi-
faceted approach to detecting intracellular pathogens.

   IFI16, in addition to forming an infl ammasome, also regulates 
the type I IFN response during viral infection or in response to 
synthetic DNA [ 12 ]. IFI16 binds to viral DNA and mediates pro-
duction of IFN-β. IFI16 directly interact with STING, which is 
known to be critical for IFN-β production in response to viral 
DNA [ 12 ]. Interaction between IFI16 and STING leads to TBK1-
mediated phosphorylation of IRF3 and activation of NF-κB 

  Fig. 1    Activation of IFI16 by viral DNA. In the cytoplasm, IFI16 recognizes DNA, either viral or synthetic, through 
the HIN domains. Upon recognition of DNA, IFI16 interacts with STING leading to TBK1-mediated phosphoryla-
tion of IRF3 and activation of NF-κB. IRF3 and NF-κB then translocate into the nucleus and induce transcription 
of IFN-α and IFN-β. In the nucleus of endothelial cells, IFI16 senses DNA from KSHV resulting in recruitment of 
the adaptor protein ASC and the cysteine protease caspase-1 to form an infl ammasome. Active caspase-1 
then cleaves pro-IL-1β and pro- IL- 18 into their mature secreted forms. Upon activation, the IFI16 infl amma-
some migrates out of the nucleus into the cytoplasm       
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leading to transcription of IFN-α and IFN-β (Fig.  1 ) [ 12 – 14 ]. 
Production of IFN-β in response to DNA viruses was dependent 
on both IFI16 and STING therefore indicating that IFI16 modu-
lates the STING pathway. IFI16 has proven to be a particularly 
interesting pattern recognition receptor with dual roles in the cyto-
plasm and nucleus. It is also evident that IFI16 is necessary for the 
host immune response to viral infection through production of 
type I interferons and IL-1β.  

3     NLRP6: Regulator of Gut Microbiota 

 The NLR family of proteins is a large family of pattern recognition 
receptors with 23 defi ned members in humans and 34 in mice [ 1 , 
 15 ]. NLR proteins have three conserved domains: a central 
nucleotide- binding and oligomerization domain (NACHT), a 
C-terminal leucine-rich repeat domain (LRR), and an N-terminal 
effector domain [ 16 ,  17 ]. The particular N-terminal effector 
domain further subgroups them; those that contain an N-terminal 
pyrin domain are members of the NLRP subgroup and those with 
a caspase activation and recruitment domain (CARD) are part of 
the NLRC subgroup. NLRP6 is expressed by a variety of hemato-
poietic cells including dendritic cells, neutrophils, macrophages, 
and T cells. NLRP6 is also highly expressed in the duodenum, 
ileum, and colon specifi cally in colonic epithelial cells [ 18 ,  19 ]. 
Due to the high expression of NLRP6 in the intestines, it is not 
surprising that NLRP6 plays an important role in intestinal 
homeostasis. 

 NLRP6, like many of the NLR proteins, has multiple roles in 
the immune response. In addition to being a regulator of intestinal 
homeostasis, NLRP6 also dampens infl ammation and infl amma-
tory signaling during bacterial infection [ 20 ]. Mice defi cient in 
NLRP6 exhibited decreased mortality and bacterial burdens when 
challenged with  L. monocytogenes  and  Salmonella enterica  serovar 
Typhimurium. NLRP6-defi cient mice also had reduced neutrophil 
infl ux in response to these pathogens [ 20 ]. Mechanistically, 
NLRP6- defi cient macrophages had increased NF-κB activation 
and ERK signaling in response to bacterial infection [ 20 ]. Although 
dampening infl ammation during bacterial infection may be detri-
mental to the host, NLRP6 may also help dampen aberrant immu-
nopathology and damage to host tissues. 

 A central focus of NLRP6 research has been on the role 
NLRP6 plays in the intestines. NLRP6 has been heavily studied in 
models of colitis and colitis-associated colorectal cancer (CAC). 
Mice defi cient in NLRP6 had increased tumor burden and pathol-
ogy compared to wild-type mice in a model of azoxymethane and 
dextran sodium  sulfate (AOM-DSS) CAC [ 19 ,  21 ]. NLRP6-
defi cient mice had increased expression of TNF-α, IL-1β, and 
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IFN-γ in the colonic tissue indicating an inability of NLRP6-
defi cient mice to control infl ammation. NLRP6 was not only nec-
essary for control of infl ammation but also epithelial repair in the 
intestines [ 19 ,  21 ]. Taken together, these studies suggest that 
NLRP6 prevents excessive infl ammation and epithelial damage, 
which decreases pathology and susceptibility to CAC. 

 Studies focusing on the microbial ecology in the intestines of 
mice revealed the NLRP6 infl ammasome as master regulator of the 
intestinal microbiota [ 22 ]. NLRP6 was previously described to 
form an infl ammasome in vitro. Expression of NLRP6 and ASC in 
293T cells resulted in the recruitment of NLRP6 to ASC speck-
like structures. In addition, COS-7L cells transfected with plasmids 
encoding pro- caspase- 1, ASC, and NLRP6 were shown to secrete 
IL-1β [ 18 ]. NLRP6 infl ammasome formation was further sug-
gested by the observation that similar to NLRP6-defi cient mice, 
ASC- and IL-18-defi cient mice also developed enhanced DSS-
induced colitis. Interestingly, cohousing of wild-type mice with 
NLRP6- or ASC-defi cient mice led to enhanced disease in the 
wild-type mice [ 22 ]. This identifi ed the microbiota as being a driv-
ing factor of enhanced colitis. The NLRP6- defi cient microbiota 
had enhanced phylum Bacteroidetes family  Prevotellaceae . 
Outgrowth of  Prevotellaceae  resulted in enhanced colonic infl am-
mation and increased levels of the chemokine CCL5. CCL5 is an 
important neutrophil chemoattractant and may contribute to neu-
trophil-mediated pathology in the intestines. In these studies, 
IL-18 production was also key in preserving intestinal homeostasis 
[ 22 ]. In the absence of IL-18, mice developed signifi cantly 
enhanced disease compared to wild-type mice. It is hypothesized 
that the NLRP6 infl ammasome is activated in the intestinal epithe-
lial cells by an unknown ligand. Activation of the infl ammasome 
leads to processing of IL-18 into its mature form, which then 
through an unknown mechanism regulates microbiota to prevent 
dysbiosis (Fig.  2 ) [ 22 ].

   Excessive infl ammation in the intestines is commonly caused 
by a breakdown of the intestinal barrier. An important component 
of the intestinal barrier is a thick layer of mucus that separates the 
intestinal epithelium from microbes present in the intestines. 
Further insight into the role of the NLRP6 infl ammasome in intes-
tinal homeostasis was provided by studies looking at mucus pro-
duction in the intestines of mice challenged with the enteric 
pathogen  Citrobacter rodentium  [ 23 ]. Mice defi cient in NLRP6, 
ASC, or caspase-1 all had a marked decrease in mucus thickness 
leading to increased cell adherence by  C. rodentium  followed by 
increased bacterial dissemination. The decrease in mucus thickness 
was found to be due to a defi ciency in mucin granule exocytosis in 
goblet cells. Mechanistically, it was determined that defects in 
autophagy led to altered goblet cell function and mucus secretion 
[ 23 ]. It is still unclear what the ligand that activates the NLRP6 
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infl ammasome is in the intestines. However, it is clear that the 
NLRP6 infl ammasome helps provide a protective intestinal barrier 
and regulate dysbiosis (Fig.  2 ).  

4     NLRP7: Regulator of Embryonic Development and Infl ammation 

 The NLR family of proteins has a wide array of functions outside 
of pathogen and cellular damage recognition. NLRP7 is a prime 
example of this. NLRP7 has multiple roles including regulating 
 infl ammation and recognition of microbial lipopeptides and plays a 

  Fig. 2    NLRP6 infl ammasome-mediated regulation of the gut microbiota. NLRP6 is highly expressed in the 
intestines of mice, and its expression is required for maintenance of the intestinal microbiota. Upon activation 
by an unknown ligand, NLRP6 associates with ASC and caspase-1 to form an infl ammasome. Infl ammasome 
activation results in cleavage and secretion of IL-18. IL-18 production is necessary to prevent outgrowth of the 
colitogenic bacteria  Prevotellaceae  in the intestines and to prevent tissue damage caused by the immune 
response to  Prevotellaceae . The NLRP6 infl ammasome also plays a role in goblet cell function. Through an 
undefi ned mechanism, the NLRP6 infl ammasome mediates mucin granule exocytosis in goblet cells and is 
important for maintaining the mucus barrier in the intestines       
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critical role in embryonic development [ 24 – 26 ]. The structure of 
NLRP7 includes an N-terminal pyrin domain, which is involved in 
protein- protein interactions and downstream signaling pathways, a 
central large NACHT domain that contains a nuclear localization 
signal and an LRR domain that varies in length depending on 
splicing [ 27 ]. NLRP7 is only expressed in humans and the closest 
mouse analog is NLRP2, which is also involved in embryonic 
development [ 28 ]. NLRP7 is expressed in human cell lines including 
B cell lines, T cell lines, and monocytic cell lines [ 28 ]. NLRP7 is also 
expressed in human lung, spleen, thymus, and reproductive organs 
including the testis and ovaries [ 25 ,  29 ]. In particular, NLRP7 is 
expressed in oocytes in the ovaries, and this expression highlights the 
important role it plays in embryonic development [ 30 ]. 

 NLRP7 research is heavily focused on the role it plays in recur-
rent hydatidiform mole formation. Hydatidiform moles are a ges-
tational trophoblastic disease with an incidence of approximately 
1 in 600 pregnancies in Western countries with a higher incidence 
rate in less-developed countries [ 31 ,  32 ]. A hydatidiform mole is 
an aberrant pregnancy that is characterized by a mass exhibiting 
trophoblastic hyperplasia and swelling of chorionic villi resulting in 
a nonviable pregnancy [ 33 ]. Hydatidiform moles can be character-
ized as either a complete mole or partial mole. Through genetic 
screening, NLRP7 was identifi ed as the causative gene [ 26 ]. 
Subsequently, a wide range of NLRP7 mutations have been identifi ed 
in patients, including mutations resulting in a truncated protein 
and also missense mutations, among others [ 26 ,  34 ,  35 ]. A number 
of these mutations were identifi ed in the LRR region, which is 
proposed to be important for ligand sensing [ 30 ]. The mechanism 
by which NLRP7 contributes to embryonic development is still 
unclear. NLRP7 may be mediating cytokine production in oocytes 
that is necessary for development. However, the ligand being 
sensed by NLRP7, or proteins that NLRP7 is interacting with, in 
the oocyte has not been identifi ed. It is becoming increasingly clear 
that the NLR family is critical for embryonic development as family 
members NLRP7, NLRP2, NLRP5, and NLRP9 all contribute to 
this process [ 36 ]. 

 Early in vitro studies involving NLRP7 (also known as PYPAF3) 
demonstrated a role for NLRP7 as a negative regulator of infl am-
mation. In transiently transfected HEK293 cells, NLRP7 directly 
interacted with pro-caspase-1 and pro- IL-1β and inhibited IL-1β 
processing into its mature form [ 25 ]. The same inhibition was also 
observed in THP-1 cells. Upon stimulation with lipopolysaccha-
ride (LPS) or IL-1β, NLRP7 was upregulated in THP-1 cells. 
Furthermore, THP-1 cells stably expressing NLRP7 secreted less 
IL-1β than cells transfected with an empty vector when treated 
with LPS [ 25 ]. The role of NLRP7 as a negative regulator of IL-1β 
processing was confi rmed using similar transient transfection 
experiments [ 28 ]. In these studies, the pyrin domain was identifi ed 
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as the critical domain for inhibition of IL-1β processing. In the same 
study, NLRP7 was shown to co-localize with the microtubule-
organizing center  in   peripheral blood mononuclear cells [ 28 ]. 
It was postulated that this co- localization is important for cytokine 
traffi cking out of the cell. It should be noted that peripheral blood 
mononuclear cells isolated from patients with NLRP7 mutations 
secrete low levels of IL-1β in response to LPS challenge compared 
to controls [ 28 ]. This would suggest NLRP7 is important for 
cleavage of IL-1β. However, when NLRP7 is present in high levels 
it inhibits IL-1β cleavage, hence the role of NLRP7 may be depen-
dent of levels of expression. 

 NLRP7 was recently shown to interact with ASC and caspase-1 
to form an infl ammasome in response to  Mycoplasma  spp. [ 24 ]. 
NLRP7 was identifi ed through the use of a siRNA knockdown 
screen of various NLRs in THP-1 cells treated with heat-killed 
 Acholeplasma laidlawii . THP-1 cells transfected with NLRP7 
siRNA exhibited a marked decrease in IL-1β production in response 
to heat-killed  A. laidlawii ,  Staphylococcus aureus , and  L. monocyto-
genes  [ 24 ]. However, NLRP7 expression did not alter cell  death   
suggesting that NLRP7 infl ammasome formation does not induce 
pyroptosis. NLRP7 also triggered caspase-1-mediated IL-1β pro-
duction in response to various bacterial acylated lipopeptides and 
known TLR2 agonists including FSL-1, MALP-2, Pam2CSK4, 
and Pam3CSK4 (Fig.  3 ). Furthermore, activation of TLR2 was 
required for NLRP7-mediated IL-1β maturation. TLR2 activation 
in response to acylated lipopeptides was needed for transcription of 
both pro-IL-1β and pro-IL-18 and therefore serves as a potential 
priming step for NLRP7 infl ammasome activation. These data 
demonstrates a novel role for NLRP7 in recognition of microbial 
lipopeptides [ 24 ]. Whether NLRP7 forms an infl ammasome in 
other cell types, such as oocytes, and whether other ligands exist 
have yet to be determined and present an interesting area for future 
research.

5        NLRP12: Regulator of Infl ammation 

 The structure of NLRP12 includes an N-terminal pyrin domain, a 
NACHT domain, and a C-terminal LRR [ 37 ]. NLRP12 is highly 
expressed in hematopoietic cells including eosinophils, neutro-
phils, macrophages, and dendritic cells [ 38 ,  39 ]. NLRP12 has 
been shown to modulate NF-κB activation in in vitro transient 
transfection systems; however, the precise role of NLRP12 in acti-
vation of NF-κB remains unclear. Transient transfection of 
HEK293T cells with NLRP12 and ASC constructs leads to tran-
scription of an NF-κB luciferase reporter plasmid [ 38 ]. In contrast, 
NLRP12 was shown to suppress noncanonical NF-κB activation in 
THP-1 cells. NLRP12 suppressed noncanonical NF-κB activation 
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by binding to NF-κB-inducing kinase (NIK) leading to the 
degradation of NIK [ 40 ]. 

 NLRP12 acting as a negative regulator of noncanonical NF-κB 
activation was also seen in vivo [ 41 ]. In a mouse model of CAC, 
 Nlrp12 -defi cient mice exhibited increased pathology and tumor 
burdens.  Nlrp12 -defi cient mice expressed elevated levels of the 
chemokines CXCL12 and CXCL13 and also had increased phos-
phorylation of ERK compared to wild-type mice [ 41 ]. It was 
hypothesized that NLRP12 negatively regulates noncanonical 
NF-κB signaling via interactions with NIK and TRAF3 (Fig.  4 ). 
This coincides with previous in vitro studies that showed NLRP12 
binding to NIK and suppressing noncanonical NF-κB activation 
[ 40 ,  41 ]. By binding to TRAF3 and NIK, NLRP12 is able to act 
as a negative regulator of infl ammation and dampen cancer-pro-
moting chemokines in vivo.

   It is well documented that NLRP12 plays a protective role in 
mouse models of CAC. In a different study, NLRP12-defi cient 
mice also exhibited an increase in tumor numbers compared to 
wild-type mice utilizing the same AOM-DSS model of CAC [ 42 ]. 

  Fig. 3    Activation of the NLRP7 infl ammasome by acylated lipopeptides. Challenge 
with  Acholeplasma laidlawii ,  Staphylococcus aureus , and  Listeria monocytogenes  
triggers NLRP7 infl ammasome mediated cleavage of IL-1β and IL-18. More spe-
cifi cally, acylated lipopeptides and known TLR2 agonists including FSL-1, MALP-2, 
Pam2CSK4, and Pam3CSK4 activate the NLRP7 infl ammasome. TLR2 recognition 
of acylated lipopeptides is required for activation of the NLRP7 infl ammasome sug-
gesting TLR2 activation may serve as an important priming step       
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However, a  different mechanism of tumor modulation was 
proposed. Colons from  Nlrp12 -defi cient mice displayed increased 
tissue damage, infl ammatory cell infi ltrate, and pro-infl ammatory 
cytokine production. Increased activation of signaling pathways 
including ERK, STAT3, and NF-κB were also observed in  Nlrp12 -
defi cient mice [ 42 ]. More specifi cally, expression of NLRP12 in 
hematopoietic cells was critical for ERK and NF-κB signaling and 
subsequent tumor protection. Further in vitro analysis confi rmed 
increased phosphorylation of ERK and IκBα in  Nlrp12 -defi cient 
bone marrow-derived macrophages (BMDMs) when stimulated 
with TLR ligands [ 42 ]. In this specifi c study, NLRP12 was shown 
to modulate the canonical NF-κB pathway in BMDMs [ 42 ]. Thus, 
it was concluded that dysregulation of canonical NF-κB signaling 
in  Nlrp12 -defi cient hematopoietic cells, most likely macrophages, 
leads to increased tumor-driving infl ammation. It is still unclear 
whether NLRP12 modulates the canonical or noncanonical NF-κB 
pathway. Differences seen may be due to mouse background 

  Fig. 4    NLRP12-mediated regulation of infl ammation. In response to an unknown 
ligand, NLRP12 suppresses noncanonical NF-κB activation. NLRP12 binds to 
NF-κB-inducing kinase (NIK) and TRAF3 leading to the degradation of NIK and 
further blocks downstream signaling events. The decrease in noncanonical 
NF-κB signaling leads to decreased expression of chemokines CXCL12 and 
CXCL13 and reduced infl ammation in mouse models of colorectal cancer. In 
response to  Yersinia pestis , NLRP12 associates with ASC and caspase-1 to form 
an infl ammasome. IL-18-mediated cleavage by the NLRP12 infl ammasome is 
necessary for control of bacterial replication and survival in mice       
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differences, differences in animal housing, or differences in the 
model used. It is clear, however, that NLRP12 is an important 
regulator of colonic carcinogenesis. 

 Early in vitro studies demonstrated that NLRP12 is capable of 
interacting with ASC in HEK293T cells [ 38 ]. In the same study, 
NLRP12 was shown to activate caspase-1 in COS-7L cells trans-
fected with ASC, pro-caspase-1, and NLRP12 plasmids. Although 
extensive biochemical studies have not been performed, it is 
hypothesized that NLRP12 forms an infl ammasome with ASC and 
caspase-1. Activation of the NLRP12 infl ammasome is crucial for 
control of  Yersinia pestis  infection [ 43 ]. Mice defi cient in NLRP12 
had reduced survival compared to wild type when infected with an 
attenuated strain of  Y. pestis . It was further shown that NLRP12 
was necessary for caspase-1-mediated cleavage of IL-18 [ 43 ]. 
Subsequently, IL-18 was necessary for control of bacterial infec-
tion by mediating production of IFN-γ (Fig.  4 ). 

 Recently, the role of NLRP12 during bacterial infection has 
been further explored. Although NLRP12 was important for con-
trol of  Y. pestis  infection, it did not play a role during infection with 
 Klebsiella pneumoniae  and  Mycobacterium tuberculosis  [ 44 ]. In 
contrast, NLRP12 expression had deleterious effects during  S. 
typhimurium  infection [ 45 ]. Mice defi cient in NLRP12 were resis-
tant to  S. typhimurium  and exhibited reduced bacterial burdens. 
The decrease in bacterial burdens was attributed to an increase in 
pro- infl ammatory cytokines and increased activation of ERK and 
NF-κB pathways [ 45 ]. These data are consistent with previous 
studies and demonstrate NLRP12 functions as a negative regulator 
of infl ammation. Regulating the ERK and NF-κB pathways is 
important for controlling infl ammation in the context of cancer 
but is detrimental during bacterial infection when infl ammation is 
required for bacterial clearance. Importantly, however, in both of 
these studies, no defect in caspase-1-mediated IL-1β was observed 
in the absence of NLRP12. Together, studies on NLRP12 suggest 
that it functions as a negative regulator of infl ammatory signaling. 
Future studies will be required to determine the ligand that acti-
vates NLRP12 and to determine if NLRP12 truly forms a func-
tional infl ammasome complex.  

6     NLRC5: A Critical Regulator of MHCI Expression 

 NLRC5 belongs to the NLRC subfamily of proteins and possesses 
an N-terminal CARD, a large central NACHT domain, and a 
C-terminal LRR domain. The most well-characterized NLRC pro-
teins include NLRC1 (NOD1), NLRC2 (NOD2), and NLRC4. 
NOD1 and NOD2 recognize the bacterial peptidoglycan frag-
ments from both Gram-positive and Gram-negative bacteria 
[ 46 – 48 ]. The infl ammasome-forming protein NLRC4 is critical 
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for recognition of bacterial fl agellin and parts of the type III and IV 
secretion systems [ 49 – 51 ]. Together the NLRC family makes up 
an important component of the innate defense against bacterial 
pathogens. NLRC5, like its fellow family members, is also impor-
tant in antibacterial defenses; however, it also has an interesting 
role outside of pathogen recognition as a regulator of MHC class 
I expression. 

 Structurally, NLRC5 has the longest LRR domain in the NLR 
family with 27 LRRs making it almost double the size of its other 
family members [ 52 ]. Additionally, the CARD domain of NLRC5 
is not homologous to the other NLRC proteins. NLRC5 most 
closely resembles the NLR family member class II transactivator 
(CIITA) [ 52 ]. CIITA is pivotal for expression of MHC class II 
genes and additionally has a role in MHC class I gene transcription 
[ 53 ,  54 ]. Both NLRC5 and CIITA have N-terminal nuclear local-
ization signals, and NLRC5 is found in both the cytoplasm and 
nucleus of cells [ 55 ]. The homology between CIITA and NLRC5 
may explain their similar roles in regulation of MHC gene expres-
sion. NLRC5 is expressed in a wide array of cell types including 
immune cells such as macrophages, dendritic cells, T cells, B cells, 
and fi broblasts [ 56 ]. Expression of NLRC5 is induced by IFN-γ, 
which leads to STAT1-mediated gene transcription [ 56 ]. 

 NLRC5, as mentioned above, can function as a regulator of 
MHC class I gene expression. Presentation of intracellular antigens 
on MHC class I molecules is imperative for mounting appropriate 
CD8 T cell response. Subsequently, without a CD8 T cell response, 
the host is left susceptible to viral and bacterial infections. NLRC5 
also regulates MHC class I-associated genes including β 2 -
microglobulin, Tap1, and Lmp2 through interaction with the 
MHC class I enhanceosome [ 55 ,  57 – 59 ]. In the absence of 
NLRC5, either through gene knockdown or in knockout mice, an 
overall decrease in the surface expression of MHCI class I in a wide 
array of cell types was observed [ 57 ,  58 ]. Structurally, the NACHT 
domain and the nuclear localization signal of NLRC5 are required 
for nuclear localization and transcription of MHC class I [ 60 ]. 
Lack of expression of MHC I genes in NLRC5-defi cient mice also 
directly impacted the CD8 T cell response during  L. monocytogenes  
infection [ 57 ]. NLRC5-defi cient mice exhibited increased bacte-
rial burdens due to decreased IFN-γ production by antigen- specifi c 
CD8 T cells [ 57 ]. 

 NLRC5 is expressed both in the nucleus and cytoplasm of 
cells. Although the role of NLRC5 within the nucleus as a regula-
tor of gene expression is widely accepted, the role of NLRC5 
within the cytoplasm is less clear. NLRC5 has been described to be 
a negative regulator of NF-κB and type I interferon signaling 
[ 61 – 63 ]. In contrast, during viral challenge, NLRC5 has been 
shown to interact with RIG-I and positively regulates type I 
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interferon signaling [ 64 ,  65 ]. Differences in cell type, level of 
NLRC5 expression, and type of stimulus used to challenge cells 
could possibly be responsible for the variation in results. Thus, the 
precise role of NLRC5 in modulation of innate immune signaling 
pathways may be variable depending on the system used. 

 Another described function of NLRC5 is in the formation of 
an infl ammasome. Knockdown of NLRC5 in monocytes resulted 
in decreased IL-1β secretion and caspase-1 activation in response 
to infection with  Escherichia coli  [ 56 ]. Similar decreases in IL-1β 
secretion were seen upon infection with  S. aureus  and  Shigella fl ex-
neri  or stimulation with TLR ligands [ 56 ]. Interestingly, NLRC5 
modulated IL-1β secretion in response to known NLRP3 agonists. 
NLRC5 was also found to physically interact with NLRP3 and 
ASC (Fig.  5 ). Binding of NLRC5 to NLRP3 required an intact 
NACHT domain [ 56 ]. Expression of ASC, pro-IL-1β, pro-caspase-1, 
NLRC5, and NLRP3 in  HEK293T   cells led to cleavage of IL-1β, 
and the expression of NLRC5 and NLRP3 together appeared to 
have a synergistic effect on IL-1β cleavage. Therefore, it is possible 
that NLRC5 interacts with the NLRP3 infl ammasome to positively 
modulate its activation.

  Fig. 5    NLRC5 and NLRP3 cooperative infl ammasome complex. In response to 
infection with bacteria such as  Escherichia coli ,  Staphylococcus aureus , and 
 Shigella fl exneri , NLRC5 interacts with NLRP3 through the NACHT domain. 
NLRP3 recruits ASC and caspase-1 to the complex and mediates cleavage of 
IL-1β. The presence of both NLRC5 and NLRP3 has a synergistic effect, and 
enhanced levels of mature IL-1β are produced. Therefore, it is possible that 
NLRC5 interacts with the NLRP3 infl ammasome to positively modulate its activa-
tion. NLRC5 is also capable of activating caspase-1 and cleaving IL-1β in the 
absence of NLRP3. Therefore, NLRC5 through its CARD domain may also recruit 
caspase-1 directly to the NLRC5/NLRP3 infl ammasome complex       
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   It should be noted that confl icting results were seen with 
experiments utilizing bone marrow-derived dendritic cells 
(BMDCs) from NLRC5-defi cient mice. There was no difference 
in cytokine production, including IL-1β, between wild-type and 
NLRC5-defi cient BMDCs challenged with various TLR ligands 
and known NLRP3 agonists [ 66 ]. However, when HEK293 cells 
were reconstituted with NLRC5, pro- IL- 1β, and pro-caspase-1, 
IL-1β was cleaved into its mature form [ 66 ]. These data are par-
tially consistent with the above studies [ 56 ] and suggest that 
NLRC5 is capable of forming a functional infl ammasome. 
Additional studies are still required to determine if NLRC5 is capa-
ble of independently forming an infl ammasome complex and to 
further elucidate the biological consequences of modulating 
NLRP3 infl ammasome function.  

7     Concluding Remarks 

 The NLR and PYHIN family of proteins have a diverse array of 
functions in addition to the recognition of pathogens and cellular 
damage. Members of the NLR and PYHIN families have essential 
roles in embryonic development, regulation of key infl ammatory 
signaling pathways, expression of MHC genes, and infl ammasome 
formation. How the various functions of these pattern recogni-
tion receptors (PRRs) are regulated is still ambiguous. It is possi-
ble that the function of various PRRs is ligand dependent. A 
specifi c ligand may trigger infl ammasome formation, while recog-
nition of another ligand may lead to regulation of signaling path-
ways such as NF-κB. Ligand recognition may also impact 
conformational changes of the PRR, which in turn may impact 
function. Identifying the different ligands that these proteins rec-
ognize will be a critical step in determining how they function. 
Additionally, it is likely that the role of PRRs is also dependent on 
tissue and cell type. Within the NLR and PYHIN families, there 
are PRRs with similar functions including atypical and typical 
infl ammasomes. A study of PRRs outside of the four classic infl am-
masomes provides great insight into the multiple functions that 
these family of molecules have and the importance they play in the 
immune response.     
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    Chapter 3   

 Assessment of Infl ammasome Activation by Cytokine 
and Danger Signal Detection                     

     Nicolas     Riteau    ,     Aurélie     Gombault    , and     Isabelle     Couillin       

  Abstract 

   The evaluation of the infl ammasome activation usually addresses the presence of extracellular IL-1β and 
IL-18 or the secretion of danger signal proteins such as HMGB-1 through their quantifi cation using an 
enzyme- linked immunosorbent assay (ELISA). The ELISA is a routine laboratory technique that uses 
antibodies and colorimetric changes to identify a substance of interest. ELISA uses a solid-phase enzyme 
immunoassay to detect the presence of a substance, usually an   antigen    , in a liquid or wet sample. Using 96 
well plates, the ELISA technique enables to quantify the concentration of a single cytokine in multiple 
samples. However, a limitation of IL-1β and IL-18 ELISA is the absence of discrimination between active 
and non-active form of the proteins, parameter critical, for example, to distinguish the biologically relevant 
IL-1β from its poorly active form pro-IL-1β. This issue can be solved using western blots or immunoblots 
(IB), a common analytical procedure to detect the presence of different proteins in biological samples. 
Using denaturating conditions, IB allows the visualization of different sizes of the proteins of choice and 
is a commonly used technique in the infl ammasome fi eld to evaluate, for instance, the maturation of pro-
IL-1β, pro-IL-18, and pro-caspase-1 into mature IL-1β, mature IL-18, and mature caspase-1, respectively. 
Moreover infl ammasome activation may lead to the release of infl ammasome particles outside the cell 
through caspase-1- or caspase-11-dependent cell death mechanism termed pyroptosis. In this case, NLR, 
ASC, and caspase-1 components are detectable outside the cell using IB analysis. ELISA and IB can be 
performed on cell culture supernatant or cell extract and on ex vivo samples from organ homogenates or 
biological fl uids such as serum and plasma or bronchoalveolar lavages.  

  Key words     ELISA  ,   Immunoblot  ,   IL-1β  ,   IL-18  ,   HMGB-1  ,   ATP  

1      Introduction 

 The infl ammasomes are intracellular protein complexes that enable 
autocatalytic activation of infl ammatory caspases (in particular 
caspase- 1 and caspase-11) [ 1 ,  2 ]. They drive host and immune 
responses through the activation and secretion of pro-infl amma-
tory cytokines and the release of intracellular derived components, 
which can be sensed by neighboring cells as danger signals or 
alarmins [ 2 – 5 ]. In addition, infl ammasome activation can lead to 
pyroptosis, a pro- infl ammatory type of cell death [ 6 ,  7 ]. 

http://en.wikipedia.org/wiki/Antigen#Antigen


64

 In general, infl ammasome activation is tightly regulated in a 
two-step mechanism and involves the detection of microbial sub-
stances and/or danger signals leading to the activation of the infl am-
masome sensor molecule, such as Nod-like receptor 3 (NLRP3), 
followed by the recruitment and polymerization of the adaptor 
apoptosis-associated speck-like protein containing a caspase- 
recruitment domain (ASC). Consecutively, ASC recruits the pro- 
caspase- 1 through its caspase activation and recruitment domain 
(CARD), and physical proximity of pro-caspase-1 induces its self- 
activation.    Active caspase-1 in turn activates by proteolytic cleavage 
the members of the IL-1 cytokine family pro-IL-1β and pro-IL-18 
into their biologically active forms IL-1β and IL-18 [ 8 ]. 

 Moreover, the infl ammasomes are also involved in the noncon-
ventional secretion of leaderless proteins (in particular mature 
IL-1β and IL-18) as well as other proteins which are not direct 
caspase-1 substrates such as the high-mobility group box 1 
(HMGB-1) and more than 20 other proteins. Some of the mole-
cules released upon infl ammasome activation are recognized as 
danger signals named also “danger-associated molecular patterns” 
(DAMPs), which are a set of host-derived molecules that signal 
cellular stress, damage, and among them, HMGB-1, uric acid, and 
ATP play major roles in eliciting infl ammation and tissue repair 
during infection and under conditions of noninfectious (sterile) 
infl ammation [ 9 ,  10 ]. Here, we describe two standard protocols to 
evaluate infl ammasome activation through the detection of pro-
infl ammatory cytokine maturation and/or secretion or DAMP 
secretion evaluated  by   ELISA  or   IB.  

2    Materials 

 Unless otherwise noted, prepare all solutions in distilled water at 
room temperature ( see   Note 1 ). 

        1.    Differentiation cell culture media: Dulbecco’s Modifi ed Eagle 
Medium (DMEM) supplemented with 20 % horse serum and 
30 %  L929 cell-  conditioned medium ( see   Note 2 ).   

   2.    100 ng/mL lipopolysaccharide (LPS) from  Escherichia coli  
serotype 055:B5 in cell culture media.   

   3.    OptiMEM cell culture media ( see   Note 3 ).   
   4.    20 μM nigericin in OptiMEM.      

   The following reagents illustrate the quantifi cation of mouse IL-1β 
but can be adjusted to any protein of interest.

    1.    ELISA 96 well microplate.   
   2.    Blocking buffer as supplied by the ELISA manufacturer.   

2.1  Reagents for Cell 
Culture 
and Stimulation

2.2  Reagents 
Necessary  for   ELISA
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   3.    Reagent diluent as supplied by the ELISA manufacturer.   
   4.    Wash buffer: 0.05 % Tween 20 in phosphate-buffered saline 

solution (PBS).   
   5.    Mouse IL-1β standard: prepare a seven-point standard curve 

of recombinant mouse IL-1β using twofold serial dilutions in 
reagent diluent.   

   6.    Primary antibody: dilute mouse IL-1β capture antibody to a 
working concentration in PBS, without carrier protein as per 
recommendation of the manufacturer.   

   7.    Secondary biotin labeled antibody: dilute mouse IL-1β detec-
tion antibody to the working concentration in reagent diluent 
as per recommendation of the manufacturer.   

   8.    Streptavidin-HRP: dilute to HRP to the working concentration 
specifi ed on the vial label using reagent diluent.   

   9.    HRP substrate: 0.6 mM 2,2′-azino-bis(3-ethylbenzothiazoline- 
6-sulphonic acid (ABTS)) in 0.1 M citric acid buffer, pH 4.35 
and 0.03 % H 2 O 2  ( see   Note 4 ).   

   10.    ABTS Stop solution: 50 % dimethylformamide (DMF) and 20 % 
sodium dodecyl sulfate (SDS) in water.   

   11.    Plate reader able to  r  ead optical density at 450 nm, with wave-
length correction at 540 nm or 570 nm.      

       1.    10 % ammonium persulfate (APS) solution in water ( see   Note 5 ).   
   2.    Laemmli buffer: 50 mM Tris pH 6.8, 1 % SDS, 10 % glyc-

erol, 0.125 mM β-mercaptoethanol, 0.005 % bromophenol 
blue.   

   3.    0.2 % Ponceau red with 3 % trichloroacetic acid (TCA) 
   solution.   

   4.    10× running buffer: 250 mM Tris, 1.92 M glycine, 1 % SDS. 
To obtain 1× running buffer, dilute 10× running buffer in 
water.   

   5.    10× transfer buffer: 250 mM Tris, 1.92 M glycine. To obtain 
1× transfer buffer, dilute 100 mL of 10× transfer buffer, 800 
mL of water, and 100 mL of ethanol.   

   6.    TBS 10×: 1.4 M NaCl, 0.2 M Tris pH 7.6.   
   7.    Washing buffer (T-TBS): 0.1 % Tween 20 in TBS.   
   8.    Blocking buffer: 10 % non-fat milk or bovine serum albumin in 

T-TBS.   
   9.    0.5 mM sodium azide.   
   10.    Separating gel: reagents and volumes necessary to make one 

mini-gel are listed in Table  1  ( see   Note 6 ).
       11.    Stacking gel: reagents and  volumes   necessary to make one 

mini- gel stacking gel are listed in Table  2 .

2.3  Reagents 
Necessary for Western 
 Blot   or IB
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3            Methods 

       The following procedure illustrates the differentiation and activation 
 of   mouse bone marrow-derived macrophages (BMDMs) derived 
from C57BL/6 wild-type (B6)  Nlrp3  ( Nlrp3  −/− ) [ 11 ] or  Nlrp6  
( Nlrp6  −/− ) [ 12 ] defi cient mice .  However, other mouse genotypes 
can be used for this procedure. The Differentiation of bone 
marrow-derived macrophages is a process that has been explained 
in different publications [ 13 ]. In brief:

    1.    Isolate femoral bone from mice defi cient for  Nlrp3 ,  Nlrp6 , or 
B6 mice.   

   2.    Flush femoral marrow with differentiation cell culture media.   
   3.    Plate 10 6  of marrow cells/mL in differentiation cell culture media.   

3.1  Cell Stimulation 
and Sample 
Preparation

   Table 1  
  Separating gel preparation. This table indicates the reagents and volumes 
required to prepare a separating gel, depending on the percentage of 
polyacrylamide desired. APS (ammonium persulfate) and TEMED  have to 
be added at the end of the preparation   

 Acrylamide percentage 
water (mL) 

 6 %  7 %  8 %  10 %  12 %  13 %  15 % 
 2.9  2.76  2.65  2.4  2.15  2  1.75 

 Acrylamide 40 % (mL)  0.75  0.875  1  1.25  1.5  1.63  1.9 

 Tris–HCl 1.5 M 
pH 8.8 (mL) 

 1.25  1.25  1.25  1.25  1.25  1.25  1.25 

 SDS 10 % (μL)  50  50  50  50  50  50  50 

 APS 10 % (μL)  50  50  50  50  50  50  50 

 TEMED (μL)  4  4  3  2.5  2  2  2 

   Table 2  
  Stacking gel preparation. This table indicates the reagents and volumes 
required to make a standard stacking acrylamide gel. APS (ammonium 
persulfate) and TEMED have to be added at the end of the preparation   

 Stacking  1 gel 

 Water  0.804 mL 

 Acrylamide 40 %  122 μL 

 Tris–HCl 0.5 M pH 6.8  313 μL 

 SDS 10 %  12.5 μL 

 APS 10 %  12.5 μL 

 TEMED  1.3 μL 
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   4.    Incubate 3 days at 37 °C and 5 % CO 2 .   
   5.    Add 5 mL of fresh medium and culture the cells for further 

4 days ( see   Note 7 ).   
   6.    Plate the BMDMs in 96-well microculture plates at a density 

of 10 5  cells/well.   
   7.    Stimulate with LPS during 3 h at 37 °C and 5 % CO 2 .   
   8.    Wash the cells with PBS and stimulate with or without nigericin 

( see   Note 8 ) during 1 h at 37 °C and 5 % CO 2 .   
   9.    Collect cell supernatants and store at −20 °C for further analy-

sis  by      ELISA or IB.    

     The following procedure illustrates the quantifi cation of mouse 
IL-1β but can be adjusted to any protein of interest.

    1.    Prepare all reagents as specifi ed in  Subheading 2.1  ( see   Note 9 ).   
   2.    Coat the 96-well microplate with 100 μL per well of the diluted 

capture antibody solution. Seal the plate and incubate over-
night at room temperature.   

   3.    Aspirate each well and wash twice with wash buffer and wash at 
last with PBS for a total of three times ( see   Note 10 ). After the 
last wash, remove any remaining wash buffer by aspirating or by 
inverting the plate and blotting it against clean paper towels.   

   4.    Block the plates by adding 300 μL of blocking buffer to each 
well.   

   5.    Incubate at room temperature for a minimum of 1 h ( see  
 Note 11 ).   

   6.    Repeat the aspiration/wash as in  step 3 ; the plates are now 
ready for sample addition.   

   7.    Add 100 μL per well of an appropriate dilution of the sample 
or standards in reagent diluent ( see   Note 12 ). Cover the plate 
with an adhesive strip and incubate for 2 h at room temperature 
or overnight at 4 °C.   

   8.    Repeat the aspiration/wash  a  s in  step 3 .   
   9.    Add 100 μL of the detection antibody dilution to each well. 

Cover with a new adhesive strip and incubate 2 h at room 
temperature.   

   10.    Repeat the aspiration/wash as in  step 3 .   
   11.    Add 100 μL of the working dilution of streptavidin-HRP to 

each well. Cover the plate and incubate for 20 min at room 
temperature ( see   Note 13 ).   

   12.    Repeat the aspiration/wash as in  step 3 .   
   13.    Add 100 μL of HRP substrate  solu  tion to each well. Incubate 

for 20 min at room temperature ( see   Notes 13  and  14 ).   

3.2     ELISA

Biochemical Assays to Study Ctokine Release
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   14.    Add 50 μL of stop solution to each well. Gently tap the plate 
to ensure thorough mixing.   

   15.    Determine the optical density of each well immediately, using 
a microplate reader set to 450 nm. If wavelength correction is 
available, set to 540 nm or 570 nm ( see   Note 15 ).   

   16.    The optical density will be proportional to the initial amount 
of analyte present in the sample and can be quantifi ed with 
the used of the standard curve developed from the same  pl  ate 
( see   Note 16 ).      

     There are many ways to concentrate proteins into smaller volumes 
in order to fi t with the maximum loading capacity of the gels prior 
to electrophoresis and IB. Here, we describe two different methods 
to concentrate proteins: the chloroform/methanol precipitation 
(typically sample volume not to exceed 600 μL, Subheading  3.3 ) 
and  the   acetone precipitation (usually for larger sample volume, 
Subheading  3.4 ). 

       The chloroform/methanol precipitation is useful to concentrate 
cell culture supernatant as produced in Subheading  3.1 . The following 
protocol is designed for a culture containing 10 6  adherent cells in a 
12 well plate in fi nal volume of 600 μL. Perform this procedure at 
room temperature and the centrifugation steps at 4 °C.

    1.    Stimulate macrophages in 600 μL of medium without serum 
( see   Note 17 ).   

   2.    Collect the cell culture supernatant in a microcentrifuge tube 
and spin down at 450 ×  g  for 5 min at 4 °C.   

   3.    Transfer the supernatant to a new tube.       Discard the other tube 
containing fl oating cells and debris.   

   4.    Add 1 volume of sample supernatant with 1 volume of methanol 
and 0.25 volume of chloroform (e.g., for 600 μL of sample 
supernatant, add 600 μL methanol and 150 μL of chloroform).   

   5.    Close the lid and mix vigorously for at least 30 s. At this step, 
the sample must become cloudy.   

   6.    Spin down at 14,000 ×  g  for 10 min at 4 °C.   
   7.    Remove the aqueous top layer without altering the interphase 

containing the proteins (thin white layer).   
   8.    Add 100 μL methanol and mix gently  un     til the proteins are 

settling to form a pellet ( see   Note 18 ).   
   9.    Spin down the samples at 14,000 ×  g  for 10 min at 4 °C.   
   10.    Carefully remove the supernatant by gentle aspiration (the pellet 

is not stable).   
   11.    Let the microcentrifuge tube lid open and let dry upside down 

for a couple of minutes ( see   Note 19 ).   

3.3        Chloroform/
Methanol Protein 
Precipitation for IB
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   12.    Add a desired volume (e.g., 30 μL) of reducing buffer 1×, 
e.g., laemmli buffer ( see   Note 20 ).   

   13.    Use a pipette to homogenate the sample until the proteins are 
fully solubilized ( see   Note 21 ).   

   14.    Store samples at −20 °C for further  use      or proceed to 
Subheading  3.5 .    

       Acetone precipitation can be easily performed with higher sample 
volume. This can be useful, for example, when a low signal is 
expected and a large amount of sample needs to be concentrated.

    1.    Transfer cell culture supernatant or tissue homogenate 
obtained in Subheading  3.1  to a 15 mL canonical tube.   

   2.    Add 3 volume of acetone to the samples (e.g., for 1 mL of 
sample, add 3 mL of acetone).   

   3.    Close the tube and mix by inverting it.   
   4.    Cool  th     e tube for a minimum of two hours at −20 °C.   
   5.    Spin down at 340 ×  g  for 10 min at 4 °C.   
   6.    Carefully remove the supernatant.   
   7.    Let the tube open and let dry upside down a couple of minutes 

( see   Note 19 ).   
   8.    Add a desired volume of reducing buffer of choice (e.g., 30 μL 

of  laemmli      buffer) ( see   Note 20 ).   
   9.    Use a pipette to homogenate the sample until the proteins are 

fully solubilized ( see   Note 21 ).   
   10.    Store samples at −20 °C for further use or proceed to 

  subhead     ing  3.5 .      

         1.    Use precast gels or pour your own SDS-PAGE gel with appro-
priate percentage of acrylamide depending on the molecu-
lar weight of the proteins of interest ( see   Note 6 ).   

   2.    Mix samples from Subheadings  3.1 ,  3.3  or  3.4  with loading 
buffer and boil at 95 °C for 5 min.   

   3.    Spin down the tubes for a few seconds in a bench 
minicentrifuge.   

   4.    Load equal amounts of protein into the wells of the SDS-
PAGE gel along with molecular weight markers ( see   Note 22 ).   

   5.    Run the gel, and the time and voltage need to be adjusted 
depending on the equipment used and the percentage of acryl-
amide of the gel ( see   Note 23 ).   

   6.    Transfer the protein from the gel to the nitrocellulose mem-
brane ( see   Note 24 ), which is equilibrated  in   transfer buffer for 
15 min before transfer ( see   Note 25 ).   

3.4        Acetone Protein 
Precipitation for IB

3.5  Western Blot  or   
IB: All the incubation 
and washing steps 
must be performed 
on a rocking platform 
or a similar device.

Biochemical Assays to Study Ctokine Release
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   7.    Block the membrane with T-TBS milk 10 % for 2 h at room 
temperature( see   Note 26 ).   

   8.    Incubate the membrane with the primary antibody in T-TBS 
milk 5 % overnight at 4 °C ( see   Note 27 ).   

   9.    Wash the membrane with a large volume of T-TBS 1 % once 
quickly and then three times for a minimum of 5 min.   

   10.    If necessary, incubate the membrane with a secondary antibody 
in T-TBS milk 5 % for 1 h at room  temper  ature( see   Note 28 ).   

   11.    Wash the membrane with large volume of T-TBS 1 % once quickly 
and then three times for a minimum of 5 min ( see   Note 29 ).   

   12.    If the antibody is coupled to HRP, add a chemiluminescence 
substrate to the membrane for 5 min at room temperature 
(e.g., ECL substrate).   

   13.    Remove the excess of substrate.   
   14.    Wrap the membrane  in   parafi lm.   
   15.    In a dark room, expose the membrane to an X-ray fi lm and 

develop ( see   Note 30 ).   
   16.    Example of membranes immunoblotted with a Rabbit polyclonal 

against HMGB-1 showed that the NLRP3 infl ammasome activa-
tion by nigericin induces the secretion of the danger signal 
HMBG-1 by wild-type and  Nlrp6  −/−  BMDM but not by  Nlrp3  −/−  
BMDM ( see  Fig.  1 ). These results confi rm that HMGB-1 secre-
tion is dependent of the NLRP3  infl a  mmasome activation [ 14 ].
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  Fig. 1    HMGB-1 secretion by murine macrophages upon nigericin depends on NLRP3 
but not on NLRP6. Western blot analysis of LPS- primed BMDM supernatants 
(SN) from wild-type,  Nlrp6  −/−,  or  Nlrp3  −/−  mice confi rmed that nigericin (20 μM) 
induces the secretion of HMGB-1 (30 kDa) in a NLRP3-dependant manner. Molecular 
weight markers are shown on the  right        
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4            Notes 

     1.    These buffers are commercially available.   
   2.     Grow   L929 cells in a 37 °C and 5 CO 2  humidifi ed incubator 

using DMEM supplemented with 10 % of fetal calf serum for 
7 days until confl uence. Then fi ltrate the media through 0.2 
μm fi lter and use it as a source of M-CSF to differentiate bone 
marrow- derived macrophages.   

   3.    OptiMEM is an exclusive media from Life Technologies; other 
media without serum, i.e., DMEM, may be also suitable.   

   4.    Tetramethylbenzidine (TMB) could be a substitute of ABTS.   
   5.    APS solution is stable at 4 °C for 2 weeks (freezing is recom-

mended for longer storage).   
   6.    The percentage of acrylamide in the separating gel depends 

on the molecular weight of your protein of interest. For exam-
ple, to detect IL-1β, knowing that the pro-form is 37 kDa and 
the mature form is 17 kDa, a 13 % acrylamide gel can be used 
( see  Fig.  2 ).

       7.    After 7 days of culture, the cell preparation contained a homog-
enous population of >95 % of macrophages.   

   8.    Nigericin is a K + -ionophore and a well-known activator of the 
NLRP3 infl ammasome.   

   9.    Bring all reagents at room temperature before use. Allow all 
components to sit for a minimum of 15 min with gentle shaking 

  Fig. 2    Separation ranges of proteins in denaturating SDS-PAGE. This fi gure indicates 
the optimal percentage of acrylamide in the separating gel depending on the size 
of the target protein. For example, 6 % of acrylamide is better for 80–100 kDa 
protein whereas 15 % of acrylamide is for smaller protein such as 10–30 kDa 
(Adapted from  Roche Molecular Biochemicals )       
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after initial reconstitution. Working dilutions should be prepared 
and used immediately.   

   10.    Wash by fi lling each well with wash buffer (300 μL) using a 
squirt bottle, a manifold dispenser, or a plate washer. A com-
plete removal of the liquid at each step is important for a good 
performance of the assay.   

   11.    Blocking could last up to 16 h, but in that case, leave the 
blocking reaction at 4 °C.   

   12.    From cell supernatants of BMDMs treated with LPS and nige-
ricin (as described in Subheading  3.1 ), a 1:4 dilution is recom-
mended to detect IL-1β.   

   13.    Avoid placing the plate in direct light.   
   14.    The HRP enzyme converts the substrate into another compound 

exhibiting different optical properties, and the optical density 
can be measured at specifi c wavelengths.   

   15.    If wavelength correction is not available, subtract readings at 
540 nm or 570 nm from the readings at 450 nm. This subtrac-
tion will correct the optical imperfections in the plate. Readings 
made directly at 450 nm without correction may give higher 
optical density values and be less accurate.   

   16.    Take the averages of the duplicate values of the optical density 
for each concentration of recombinant protein and plot vs. the 
value of the concentration. Then fi t a linear regression and use 
its equation to estimate the concentration of your test samples. 
Standard curve can be calculated using Microsoft Excel or 
GraphPad Prism software.   

   17.    A suitable medium without serum is OptiMEM; alternatively, 
DMEM without serum can be also used. Excess of serum will 
result in a higher protein concentration in the precipitate and 
could generate non-specifi c background on the membrane.   

   18.    It is recommended to mix gently to avoid proteins to stick to 
the sides of the microcentrifuge tube, which will make them 
harder to solubilize and may decrease the protein yield.   

   19.    It is not necessary to completely dry the protein pellet, as it will 
be harder to resuspend.   

   20.    It is possible to use another reducing buffer of choice or load-
ing buffer without bromophenol blue which interferes with 
protein dosage, in order to measure protein concentration in 
sample and then adjust fi nal volume between samples to load 
the same quantity of protein and add bromophenol blue.   

   21.    This step is critical and may infl uence the quality of the western 
blotting.   

   22.    The total protein concentration will vary depending on the 
sample and the abundance of the protein of interest, typically 
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20–30 μg of total protein from cell lysate, tissue homogenate, 
or concentrated cell culture supernatant.   

   23.    Run at low voltage (about 90 V) until proteins enter in the 
stacking gel.   

   24.    Polyvinylidene fl uoride (PVDF) membranes could be used 
instead of nitrocellulose membranes.   

   25.    After transfer, it is possible to stain the membrane with Ponceau 
red to assess total protein profi le and transfer effi ciency.   

   26.    It is possible to block overnight at 4 °C.   
   27.    Dilution ranges of primary antibodies usually range from 

1:100 to 1:1000 in blocking buffer. After use, it is possible to 
store the antibody for further use at 4 °C by adding 0.5 mM 
sodium azide.   

   28.    Dilution ranges of secondary antibodies usually range from 
1:5000 to 1:10,000 in blocking buffer.   

   29.    This washing step is critical to avoid non-specifi c signal.   
   30.    Blots could also be developed using a cooled CCD camera, 

such as the Pxi machine (Ozyme) without fi lm.         
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    Chapter 4   

 Investigating IL-1β Secretion Using Real-Time 
Single-Cell Imaging                     

     Catherine     Diamond    ,     James     Bagnall    ,     David     G.     Spiller    ,     Michael     R.     White    , 
    Alessandra     Mortellaro    ,     Pawel     Paszek    , and     David     Brough      

  Abstract 

   The pro-infl ammatory cytokine interleukin (IL)-1β is an important mediator of the infl ammatory 
response. In order to perform its role in the infl ammatory cascade, IL-1β must be secreted from the cell, 
yet it lacks a signal peptide that is required for conventional secretion, and the exact mechanism of 
release remains undefi ned. Conventional biochemical methods have limited the investigation into the 
processes involved in IL-1β secretion to population dynamics, yet heterogeneity between cells has been 
observed at a single- cell level. Here, greater sensitivity is achieved with the use of a newly developed 
vector that codes for a fl uorescently labelled version of IL-1β. Combining this with real-time single-cell 
confocal microscopy using the methods described here, we have developed an effective protocol for 
investigating the mechanisms of IL-1β secretion and the testing of the hypothesis that IL-1β secretion 
requires membrane permeabilisation.  

  Key words     Confocal microscopy  ,   IL-1β secretion  ,   Lentiviral transduction  ,   IL-1β Venus  ,   Real-time 
single-cell imaging  

1      Introduction 

 Cytokine secretion through nonconventional pathways has been a 
subject of great interest in recent years. Interleukin-1β (IL-1β) 
secretion has been a particular research focus as it is a major regula-
tor of the infl ammatory response. IL-1β is produced mainly by 
cells of macrophage lineage as a precursor, pro-IL-1β. Pro-IL-1β is 
expressed in response to pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns (DAMPs) that 
stimulate pattern recognition receptors (PRRs) on macrophages. 
PAMPs are molecules expressed by pathogens, such as bacterial 
lipopolysaccharide (LPS) of Gram-negative bacteria, and DAMPs 
are typically endogenous molecules released by cellular necrosis or 
endogenous molecules modifi ed during disease. Pro-IL-1β is 
inactive and a further stimulation of the activated macrophage by 
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an additional PAMP or DAMP is required to activate cytosolic 
PRRs, often of the NLR family, to form large multi-protein complexes 
called infl ammasomes. Infl ammasomes activate the protease 
 caspase- 1 that drives processing of pro-IL-1β and release of the 
mature cytokine [ 1 ]. The best characterised infl ammasome is 
formed by the PRR NLRP3 (NACHT, LRR and PYD domains-
containing protein 3). 

 IL-1β is known to have multiple effects on the immune 
response, yet the mechanisms involved in its secretion remain to be 
resolved. It is almost 30 years since the discoveries that IL-1β lacks 
a signal peptide [ 2 ] and does not traffi c through the ER and Golgi 
[ 3 ], and we still do not understand how IL-1β is secreted. There 
are however a number of possible secretory routes that have been 
described, as we have reviewed recently [ 1 ]. These mechanisms can 
be classed as either rescue and redirect, where IL-1β targeted to 
the lysosome for degradation is diverted to the extracellular space 
via exocytosis; protected release, where IL-1β is released in discrete 
packages which can be either plasma membrane-derived microves-
icles or exosomes released from multivesicular bodies; or terminal 
release, where IL-1β is passively released through pores in the 
plasma membrane, which is related to pyroptotic cell death. The 
vast majority of studies leading to these observations have relied on 
studying population dynamics using antibody-based assays. 
However, this may not fully represent how single cells react to 
stimuli. Recent studies have demonstrated the heterogeneity of 
cytokine secretion within a population [ 4 ], and this has confi rmed 
the need for single-cell analysis that allows spatiotemporal determi-
nation of the mechanisms involved in cytokine secretion. Emerging 
technology is allowing more thorough investigation of protein 
secretion including real-time single-cell imaging  using   confocal 
microscopy, which we describe below. 

 Here we used real-time single-cell imaging  using   confocal 
microscopy to establish a protocol that allows visualisation of the 
nonconventional secretion pathway utilised by IL-1β. Using the 
methods described below, we were able to provide evidence that 
membrane permeability occurs concomitantly with the release of 
IL-1β, suggesting that loss of membrane integrity is a requirement 
for the secretion of the cytokine under these conditions. An exam-
ple of the data is shown in Fig.  1 . These data are in agreement with 
the results from two recent studies, where variations of single-cell 
live-cell imaging methods were used to interrogate the cytokine 
secretion pathway. Shirasaki et al. (2014) used total internal refl ec-
tion fl uorescence microscopy (TIFRM) to monitor a sandwich 
immunoassay performed on individual cells, to provide evidence 
suggesting that IL-1β secretion relies on the loss of membrane 
integrity [ 5 ]. This group also developed SCAT1 that enabled the 
detection of caspase activation using fl uorescence microscopy. The 
fl uorescence resonance energy transfer (FRET) between two 
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 fl uorescent proteins is disturbed upon activation of caspase-1, as 
the sequence of the linker between them  contain  s caspase-1 cleav-
age sites. This technique was utilised to show that IL-1β is released 
in a local burst as a result of a caspase-1 activation being an all-or- 
none response at the single-cell level [ 6 ].

   To study the mechanism of IL-1β release, we transformed 
immortalised mouse  bone   marrow-derived macrophages (BMDMs) 
to express pro-IL-1β with a C-terminal fl uorescent Venus tag, 
using a lentiviral approach (Fig.  2 ). We devised a protocol based on 
this cell line to visualise the real-time secretion of IL-1β from single 
cells, as seen in Fig.  1 . With confocal live-cell microscopy, we were 
able to visually monitor how priming of the BMDMs with LPS and 
then the use of adenosine triphosphate (ATP) as a second stimulus 
induced the secretion of IL-1β. ATP is a commonly used stimulus 
in research into IL-1β secretion as it activates the P2X7 receptor on 
LPS-primed macrophages, causing an effl ux of K +  which is required 
for the assembly of the inflammasome and the activation  of   
caspase- 1. This subsequently leads to the release of IL-1β [ 7 – 9 ]. 

  Fig. 1    Time course of the average intensity of fl uorescence of IL-1β-Venus 
( green  ) and PI ( red  ) (normalised to baseline), when BMDM IL-1β-Venus cells 
were treated with ATP (5 mM) (time = 0) with prior stimulation by 1 μg/ml LPS 4 h       

  Fig. 2    Immortalised mouse BMDMs expressing IL-1β-Venus. The bright-fi eld image, the corresponding fl uo-
rescence image and the merged channel (both bright-fi eld and fl uorescence) images are shown. IL-1β-Venus 
is distributed evenly across the cytoplasm. Scale bar represents 10 μm       
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To simultaneously monitor membrane integrity, we included the 
 cell- impermeant nucleic acid stain propidium iodide (PI) in the cell 
culture medium. Using the methods described in detail below, we 
highlight how real-time single-cell imaging  using   confocal micros-
copy can be a powerful tool for investigating the processes involved 
in nonconventional protein secretion.

2       Materials 

 The cell type used for the visualisation of IL-1β secretion was an 
 immortalised   bone marrow-derived macrophage (BMDM) cell 
line transduced to stably express IL-1β tagged with the fl uorescent 
protein Venus (IL-1βVenus) using methods described in 
Subheadings  3.1 – 3.4 . 

       1.    Zeocin agarose plates. Add to standard agarose plates 50 μg/
ml of zeocin.   

   2.    Gateway ®  pDONR/zeo vector (this vector is exclusive of Life 
Technologies).   

   3.    pLNT-UbC-#-Venus vector, the custom third-generation len-
tiviral vector used here, which is currently only available in 
Paszek’s lab, Manchester, UK (# denotes the insertion/recom-
bination point).   

   4.    7.5 mM polyethylenimine (PEI) ‘Max’ (Polysciences, Inc.) 
solution: prepare it by mixing 63 μl PEI with 937 μl 150 mM 
NaCl solution.      

         1.    Cell media: Dulbecco’s modifi ed Eagle’s medium (DMEM) 
supplemented with 10 % heat-inactivated foetal bovine 
serum (FBS), 1 % (2 mM)  L -glutamine Q and 1 % 
penicillin-streptomycin.   

   2.    Cells are maintained at 37 °C in a humidifi ed incubator (5 % 
CO 2 , 95 % air).   

   3.    35 mm glass-bottomed microscopy plates (Greiner Bio-One).   
   4.    75 cm 2  tissue culture fl ask (T-75).   
   5.    Sterile phosphate-buffered saline solution (PBS).   
   6.    Sterile cell scrapers.   
   7.    15 ml conical falcon tubes.   
   8.    Centrifuge.      

        1.    1 mg/ml of lipopolysaccharide (LPS) stock solution in 
PBS. Use a 1:1000 dilution to achieve a fi nal concentration of 
1 μg/ml (as described in Subheading  3.4 ).   

2.1  Cloning

2.2  Maintenance 
of Cells

2.3  Stimulation 
of IL-1β Release
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   2.    500 mM ATP stock solution using sterile distilled water, adjust 
pH to 7.0 using 5 M NaOH. Store stock solution at −20 °C 
until use. Use a 1:100 dilution to give a fi nal concentration 
of 5 mM.   

   3.    1 mg/ml propidium iodide (PI) stock solution in water. Use a 
1:200 dilution for a fi nal concentration of 5 μg/ml. 0.75 μl 
was added to a 0.5 ml tube, then 7–10 μl of cell medium was 
taken from the cell chamber and mixed with the PI before 
returning both the PI and medium to the well. This caused 
minimum disturbance to the cells and also allowed quicker 
diffusion of PI through the media (Subheading  3.6 ).   

   4.    10 % triton x-100 intermediate solution to dilute 1:100 and 
obtain a 0.1 % triton x-100.      

   A range of microscopes and objectives are appropriate for visuali-
sation of BMDMs expressing Venus-tagged pro-IL-1β. Here, 
Zeiss 710 and  780   confocal microscopes were used, which 
employed detector arrays to collect appropriate emission signals 
following excitation of the Venus fl uorophore with an argon laser 
at 514 nm and 560 nm for PI. Image capture was performed using 
the Zeiss software, ‘Zen 2010b SP1’. Fluar 40× NA 1.3 (oil 
immersion) and plan-apochromat 63× NA 1.4 objectives were 
used for all imaging.  

      Cell Tracker (version 0.6) was used to quantify time-lapse confocal 
images [ 10 ,  11 ].   

3    Methods 

 Carry out all procedures at room temperature. 

    The amplifi cation of murine IL-1β (accession number NM_008361) 
can be carried out using a variety of commercially available kits 
which use proofreading polymerases. Here, the IL-1β sequence 
(mouse) was amplifi ed from a plasmid using  polymerase chain 
reaction (PCR)  , and primers fl anked by gateway recombination 
sequences ( see  Table  1 ). Once amplifi ed, the PCR reaction can be run 
on an agarose gel and appropriate size band excised (size of IL-1β). 

2.4  Visualisation 
of the Cells

2.5  Image Analysis

3.1  Cloning the IL-1β 
Lentiviral Expression 
Vector

   Table 1  
  Forward and reverse IL-1β primers: small letters = recombination gateway sequences 
and capitals equate to IL-1β sequences   

 Forward IL-1β  gggg aca agt ttg tac aaa aaa gca ggc ttc acc ATGGCAACTGTTCCTGAACTC 

 Reverse IL-1β  gggg ac cac ttt gta caa gaa agc tgg gtc GGAAGACACGGATTCCATGGT 
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After excision the amplicon DNA can be purified from the 
agarose using an agarose gel extraction kit. This yields the purifi ed 
amplicon.

   The amplifi ed IL-1β gene was then transferred to the ‘pLNT’ 
destination vectors using the standard Gateway cloning protocols 
[ 12 ], and therefore the steps are only described briefly here 
( see  also Fig.  3  for graphical overview of cloning process).

     1.    BP reaction: Recombination to introduce the sequence into 
the Gateway ®  pDONR/zeo entry vector using 150 ng IL-1β 
amplicon + 150 ng entry vector made to a volume of 10 μl 
ddH 2 O.   

   2.    Incubate reaction at 25 °C for 3–24 h.   
   3.    Transform 5 μl of this reaction in ccdB-sensitive competent 

cells, plating on zeocin plates (50 μg/ml).   
   4.    Plasmid prep clones using standard kits and sequence the 

insert. This generates the terminal entry vector.   
   5.    LR reaction: Recombination to transfer the gene to a pLNT-#-

Venus expression vector, using 150 ng terminal entry vec-
tor + 150 ng destination vector (pLNT-#-venus).   

   6.    Repeat  steps 2 – 4  as above.    

  The resultant vector is termed ‘pLNT-IL-1β-Venus’, which is 
a third-generation lentiviral transfer vector that constitutively 
expresses, from the ubiquitin-ligase C promoter, a Venus fl uores-

  Fig. 3    Schematic representation of the Gateway® Invitrogen homologous 
recombination cloning strategy, which was employed to generate plasmids 
encoding fl uorescent-tagged proteins. Orange indicates coding sequence of 
interest (for this method, IL-1β) and green denotes fl uorescent protein coding 
sequence (here Venus plasmid). The recombination sites are shown as blue and 
red [ 13 ]       
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cent protein fused to the C-terminus of the murine IL-1β protein. 
All of the cloning steps were validated by sequencing the recombi-
nation insertion site.  

       1.    Seed a 15 cm dish with 1.25 × 10 7  HEK293T cells using 20 ml 
media and incubate overnight at 37 °C.   

   2.    Prepare polyethylenimine (PEI) ‘Max’ solution and store it at 
room temperature for 10 min.   

   3.    Prepare 10.5 μg total DNA, made up by the packaging vectors 
pMDLg-RRE, pCMV-VSVG, pRSV-REV and the pLNT-IL- 
1β-Venus’ transfer vector at a ratio of 2:1:2:4, making the total 
volume up to 1000 μl using NaCl. Store at room temperature 
for 10 min.   

   4.    Combine the 1 ml of PEI solution with 1 ml of the DNA mix, 
to make the transfection mix. Wait for 10 min.   

   5.    Add the PEI: DNA mix to the cells in a dropwise manner cre-
ating a 2 ml total volume. Swirl gently and leave for 10 min. 
This is the transfection mixture.   

   6.    After 6 h, remove the transfection mixture and replace with 
20 ml fresh media.   

   7.    After 48 h, collect the cell media.   
   8.    Concentrate the virus by ultracentrifugation of the viral media 

at 90,000 ×  g  for 90 min. Remove the supernatant and resus-
pend the virus particles in small volumes (100–200 μl) of 
1×PBS and leave overnight.      

       1.    Apply 100 μl of the virus to a culture of 1.5 × 10 4  immortalised 
BMDM cells in 2 ml of media for 48 h (the virus can be frozen 
at −80 °C for future use, but this can also reduce the titer).   

   2.    After this period, replace the virally loaded media with fresh media 
and propagate the transduced culture for several passages.   

   3.    Transduction effi ciency can be determined  by   confocal 
microscopy.     

 The transduced cell culture can be frozen into stocks for use in 
all future experiments (media + 10 % DMSO, freeze cells at a rate 
of −1 °C per min).  

     Seed the cells onto 35 mm glass-bottomed microscopy plates the 
night before  confocal microscopy   imaging is due to be 
performed.

    1.    Aspirate the media from the 75 cm 2  tissue culture fl ask con-
taining the cells grown to confl uency.   

   2.    Add 3 ml PBS to the fl ask, incubate at 37 °C for 2 min and 
scrape sides of fl ask to remove cells, with a sterile cell scraper.   

3.2  Lentivirus 
Production

3.3  Cell Transduction

3.4  Seeding 
the Microscopy Plates
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   3.    Wash cells with PBS using a stripette and then transfer to a 
15 ml falcon tube.   

   4.    Use a cell counter at this stage to count the cells.   
   5.    Centrifuge the cells for 5 min at 380 ×  g .   
   6.    Aspirate PBS and gently resuspend the cells in 1 ml of prepared 

cell media ( see  Subheading  2.2 ).   
   7.    Add the calculated amount of media needed, based on the 

density the cells are to be seeded at, and the number of wells 
( see   Note 1 ). Here we used 500,000 cells/ml.   

   8.    Add appropriate amount of media/cell mix to a glass- bottomed 
petri dish (depending on size of well). For the 35 mm dish 
used here, 3 ml total media was used ( see   Note 2 ).   

   9.    Incubate overnight as stated above ( see  Subheading  2.2 ).   
   10.    Add 1 μg/ml of LPS to each well needed for imaging and incu-

bate for a further 4 h (stagger LPS stimulation if several wells are 
going to be used for consecutive imaging experiments).    

         1.    Switch on 514 and 560 argon lasers (these may be same laser 
depending on the system) and ensure environmental condi-
tions are set to 37 °C, 5%CO 2 . Load up LSM software.   

   2.    Apply oil to objective if necessary.   
   3.    Stabilise cell dish in plate holder and make sure it is completely 

level before securing. Check that the plate holder is fl at by 
gently pressing down on one side and checking that the oil 
does not move.   

   4.    In the ‘Ocular’ tab (Fig.  4 ), select ‘Online’ and ‘Open’ to use 
the bright fi eld to locate cells ( see   Note 3 ). Adjust the focus 
manually until the cell membrane appears in focus ( see   Note 4) .

       5.    When cells are in focus, switch to the ‘Acquisition’ tab (Fig.  5 ).
       6.    Ensure ‘channel mode’ is selected and add two tracks in 

‘Imaging setup’, for EYFP (Venus) and PI (click ‘+’ to add 
each track) (Fig.  6 ).

3.5  Zeiss LSM 
710/780 Setup

  Fig. 4    ‘Ocular’ icon       

  Fig. 5    ‘Acquisition’ tab       
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       7.    Set appropriate wavelength detection under the ‘Light path’ 
setup by changing the emission detection range to the correct 
values ( see   Note 5)  (Fig.  7 ).

       8.    Ensure the correct light path is set up to allow the correct 
wavelengths of light through to the detectors. This can also be 
done automatically using the ‘Smart setup’ underneath the 
‘Acquisition’ tab, choosing the dyes you require. Check the 
T-PMT (transmitted light photomultiplier tube) box in the 
Venus channel to record the bright-fi eld images (Fig.  8 ).

       9.    By clicking any of the four icons with the camera picture, ‘Auto 
exposure’, ‘Live’, ‘Continuous’, or ‘Snap’ (Fig.  9 ), the cells 
should be visible ( see   Note 6 ); however, more adjustments may 
need to be made in order to either make the cells focussed or 
to maximise the amount of information gained and the clarity 
of the cells.

  Fig. 6    ‘Imaging setup’. Add the appropriate tracks for the fl uorophores/fl uores-
cent dyes. Here EYFP (for Venus) and PI. T-PMT represents the bright-fi eld track       

  Fig. 7    Emission detection range. In the ‘Light Path’ window, set the correct wave-
lengths necessary for the fl uorophores/fl uorescent dyes       

  Fig. 8    Bright-fi eld setup. Check the ‘T-PMT’ box to add bright-fi eld imaging       
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       10.    Under the ‘Channels’ tab, adjust the 488 nm laser power per-
centage to appropriate levels that ensure adequate fl uorescence 
levels to be able to distinguish the IL-1β-Venus fl uorescing 
cells. However, this should be the minimum percentage pos-
sible to limit photobleaching and avoid saturation. Here, 6 % 
laser power was used.   

   11.    Also under the ‘Channels’ tab, master detector gain level can 
be adjusted to optimise a balance with minimum laser power 
possible with no background noise detection. This value was 
between 700 and 900 for these experiments and can be checked 
using the range indicator palette ( see   Note 7 ).   

   12.    The pinhole diameter was set such that fl uorescence from the 
entire depth of the cells was collected; typically 3.4 airy units 
were used with a fl uar 40× 1.3NA oil objective.   

   13.    Repeat  steps 9 – 11  for each channel created. Here this will be 
only one repeat for PI; however, gain level should also be 
adjusted for bright fi eld. The pinhole should be the same for all 
tracks/lasers used.   

   14.    Once the fl uorescent levels are optimised, adjust the focus 
manually, using the fl uorescence as a guide. Usually, the maxi-
mum fl uorescent levels are best, although again avoid satura-
tion. Also, you can crop the background to gain a ‘close up’ of 
a region of interest.   

   15.    Resolution can be changed under the ‘Acquisition mode’ tab. 
Depending on the speed at which the frames need to be 
imaged, a balance can be determined with the resolution; i.e. a 
higher resolution will give greater detail, but take longer to 
image. The averaging and speed at which the frames are taken 
also add to this careful balance, so be sure these are satisfactory 
before beginning the main experiment.      

        1.    Ensure the ‘Time series’ box is checked underneath the camera 
functions (Fig.  10 ). The number of frames needed and time 
interval between the frames should be entered underneath the 
‘Time series’ tab.

       2.    Once the settings are correct, the experiment can begin. The 
cells should have had between 15 and 30 min to adjust to any 
perturbations in temperature or conditions.   

   3.    If using PI, it should be added at this point ( see  Subheading  2.3 ).   

3.6  Time Series 
Imaging of IL-1β 
Release

  Fig. 9    Camera scanning functions       
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   4.    If using multiple positions/regions of interest (ROI), click 
‘Positions’ in addition to ‘Time series’ underneath the camera 
functions. Mark the positions by manually fi nding a position 
of interest by manoeuvring the plate over the objective using 
the manual controller. At each ROI, click ‘Mark/Add posi-
tion’. This should mark the current position of  x ,  y  and  z  axis. 
To perform a check of the focus of each position after its addi-
tion, click on each position listed and press ‘move to’. Each 
position should still be in focus ( see   Note 8 ).   

   5.    It is also advisable to turn on ‘Autosave’ in the ‘Autosave’ tab 
(Fig.  11 ) and choose the appropriate fi le.

       6.    Ensure the room lights are switched off and press ‘Start experi-
ment’ (Fig.  12 ).

       7.    While running 15 min of control imaging (no additional treat-
ments at this point), ensure that no or very little PI can be seen 
(a control experiment can be conducted beforehand, only 
using triton-x100 detergent in PI-treated cells to allow adjust-
ment to optimum PI levels).   

   8.    After 5 min, click ‘Pause’ in the ‘Time series’ tab, and as 
quickly as possible, lift the chamber lids without moving the 
wells/plate; add 5 mM ATP to the well (fi nal concentration). 

  Fig. 10    Imaging options       

  Fig. 11    ‘Autosave’ window       

  Fig. 12    ‘Start experiment’ button. This button becomes ‘Stop experiment’ once 
imaging has started       

 

 

 

Real-Time Secretion of IL-1β



86

Place the pipette tip on the edge of the well so that the ATP 
drips down the side and into the well. Again, this is to ensure 
minimum disturbance for the focus of each position.   

   9.    Immediately press ‘Resume’ where the ‘Pause’ button was.   
   10.    Check the focus of each position has been maintained ( see  

 Note 8 ) as the frames are imaged.   
   11.    After 60 min, press ‘Pause’ again and add 0.1 % triton x-100 to 

each well used. This causes total cell lysis, acting as a control to 
see maximum permeability of the cells and ensures entry of PI 
into the cell.   

   12.    After approximately 5 min (or until maximum PI fl uores-
cence is reached), press ‘Stop experiment’ underneath the 
camera icons.      

       1.    There are many software packages that can be used to track 
cells. Here, image analysis was conducted using ‘Cell Tracker’ 
software. This requires prior installation of MATLAB.   

   2.    Open the software and click the fi le icon. Browse for the fi le 
you require and press ‘Load’.   

   3.    The software can track cells automatically. However, often the 
software will not detect the correct cell or its border, and 
therefore the manual tracking system is described below. This 
can be used to modify the automatic tracking or to do without 
automatic tracking.   

   4.    Using the spine tool, create a border around the cell to be 
tracked in the fi rst frame. This can be edited using the spine 
editor tool ( see   Note 9 ).   

   5.    If the cell is likely to be in the same place or a similar place in 
the next frame, right click the cell and choose ‘copy’ and 
choose the number of frames you want to copy the border to. 
Move to the next frame and modify the border if necessary. 
Repeat throughout all the image frames ensuring the cell bor-
der is measured, including any blebs that may occur in the 
membrane as the cell undergoes cell death.   

   6.    Export the data as mean  fl uorescence   intensity.       

4    Notes 

     1.    Confl uency of cells needed for imaging: Depending on the cell 
type being used, the confl uency needed for the clearest imag-
ing is going to differ. Here BMDMs were used. This cell type 
requires a certain level of contact to maintain their phenotype. 
However, if cells are too confl uent, they begin to cluster and 
form ‘clumps’ on different focal planes, making it very diffi cult 

3.7     Cell-Tracking 
Analysis

Catherine Diamond et al.



87

to track the cells. Here, the cells were plated at 500,000 cells/
ml and incubated overnight. Ideally, the ROI should be cho-
sen to include several cells (here between 10 and 50) both 
isolated cells and those in groups of cells to decrease the 
chances of misleading images. During cell analysis, the whole 
cell should be clearly visible in every frame.   

   2.    If running overnight experiments or experiments over 4 h, add 
a larger amount of media to compensate for any evaporation 
that may occur.   

   3.    If the light does not seem bright across the whole fi eld, use the 
condenser adjustments to move the condenser until you can 
see the edge of the fi eld (dark arc) and then keep closing the 
condenser to get the fi eld of view into the middle (the whole 
image is bright).   

   4.    When trying to identify a ROI or focus the microscope on the 
ROI, start at the bottom corner of the well and work inwards. 
The plastic walls of the dish/plate distort the image, so slowly 
move towards the centre of the well and focus on the cells.   

   5.    Use of detectors, PI and GFP emission wavelengths do not 
overlap, so the same detector can be used to detect them with-
out getting overspill of fl uorescence. This makes the overall 
imaging quicker. Here the wavelengths detected were set at: 
EYFP 505–550 nm, PI 580–680 nm.   

   6.    Camera scanning functions: ‘Autoexposure’—automatically 
adjusts the offset and detector gain for current laser power 
being used. ‘Live’—live is continuous imaging at a reduced 
resolution. This is useful for fi nding the position of cells, but 
the resolution is too low to use to get a true focus on the cells. 
‘Snap’—one frame at the set resolution and speed. 
‘Continuous’—continuous imaging at the set quality and 
speed; however, it is not recording the images.   

   7.    Range indicator: Click on the range indicator button below 
the image window so that the image appears in grey scale. If 
the pixels are too saturated, they appear red and their intensity 
cannot be quantifi ed. Pixels that are at the minimum bright-
ness (at 0) will appear blue. Adjust the laser power and gain 
until the image is hardly saturated.   

   8.    Troubleshooting focus issues: If using multiple positions/
ROIs during the time series, issues with focus may be encoun-
tered. Check the plate/dish of cells is completely fl at and stable 
as this may only be noticeable when the objective moves to 
each position.   

   9.    Marking cell borders: it is advisable not to make too many 
spine points around the cell to create your border as this will 
cause modifi cations to become diffi cult. Between 5 and 9 
points per cell depending on cell size is usually appropriate.         

Real-Time Secretion of IL-1β
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Chapter 5

Measuring IL-1β Processing by Bioluminescence  
Sensors I: Using a Bioluminescence Resonance  
Energy Transfer Biosensor

Vincent Compan and Pablo Pelegrín

Abstract

IL-1β processing is one of the hallmarks of inflammasome activation and drives the initiation of the 
inflammatory response. For decades, Western blot or ELISA have been extensively used to study this 
inflammatory event. Here, we describe the use of a bioluminescence resonance energy transfer (BRET) 
biosensor to monitor IL-1β processing in real time and in living macrophages either using a plate reader 
or a microscope.

Key words BRET, IL-1β, Sensor, Bioluminescence, Macrophage

1  �Introduction

Inflammation is a physiological process in response to tissue injury 
or pathogen infection [1]. IL-1β, a proinflammatory cytokine, 
constitutes one of the key components involved in the biological 
cascade leading to inflammation. Different cell types, such as 
macrophages and monocytes, synthesize IL-1β as an inactive pre-
cursor [2]. Pro-IL-1β is processed to its active form by the protease 
caspase-1 and then is secreted to the extracellular space where it 
initiates the inflammatory response after binding to the IL-1 recep-
tor located on neighboring cells [2, 3]. Caspase-1 activation is 
controlled by the assembly of Nod-like receptors (NLR) into mul-
tiprotein complexes termed inflammasomes [3]. A role for IL-1β 
has been reported in different pathologies including cancer, type 2 
diabetes, gout, or Alzheimer’s disease. Due to its predominant role 
in various pathophysiological processes, IL-1β processing has been 
studied employing antibodies against IL-1β in techniques such as 
Western blot or ELISA. These approaches have been extensively 
used for decades to detect IL-1β processing, and they are com-
monly used as an indirect method to detect NLR assembly into 
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active inflammasomes in response to stimulation. However, these 
tools are limited in their temporal resolution and are not compati-
ble for in situ IL-1β detection. We recently engineered a biosensor 
based on bioluminescence resonance energy transfer (BRET) that 
allows monitoring IL-1β processing in real time and in living cells, 
including macrophages. The precursor pro-IL-1β has been fused at 
its extremes to the donor (RLuc8) and the acceptor (Venus) of 
BRET, leading to an energy transfer between the two BRET part-
ners (Fig. 1). We found that this biosensor has similar properties 
than its endogenous homolog pro-IL-1β and that it is cleaved by 
caspase-1 which leads to a decrease in BRET signal [4]. Using this 
biosensor, we were able to analyze IL-1β processing in real time by 
monitoring BRET variation in different macrophage cell lines. This 
tool is also compatible with microscopy to visualize such process on 
single cell as primary macrophage. This makes this biosensor an 
interesting tool for simple detection of IL-1β processing in situ.

2  �Materials

Prepare all solutions using ultrapure water and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). Diligently follow all waste disposal 
regulations when disposing waste materials. We do not add sodium 
azide to the reagents.

	 1.	Transfection reagent to transfect macrophage cell lines as J774A.1 
or immortalized bone marrow derived macrophages. We use 
TransIT-Jurkat (Mirus) since it gives us good transfection on 
macrophages, but an equivalent reagent can be also used.

	 2.	Complete cell media appropriate to the cell line in culture. For 
example, Dulbecco’s Modified Eagle’s Medium (DMEM) with 
10 % of heat-inactivated fetal calf serum (FCS) for J774A.1.

	 3.	Opti-MEM® culture media (Life Technologies) or an equivalent 
media without serum.

	 4.	Plasmids coding for the IL-1β bioluminescence sensor and for 
RLuc8 (see Note 1).

2.1  Expression of  
the Bioluminescence 
Sensor in Macrophage 
Cell Lines

IL-1β BRET biosensor
NLR assembly

caspase-1 activation

BRET

Pro-IL-1βrLuc8
Substrate

480 nm

535 nm

Venus VenusIL-1β

rLuc8
Substrate

480 nm

Fig. 1 Schematic representation of the IL-1β BRET biosensor. Upon caspase-1 activation, the BRET donor 
(rLuc8) and acceptor (Venus) molecules get apart, leading to a decrease of the net BRET signal

Vincent Compan and Pablo Pelegrín
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	 1.	96-well plate, white, flat and micro-clear bottom, cell culture 
treated, sterile with lids (see Note 2).

	 2.	White backing tape to be stuck on the bottom of the 96-well 
plate the day of recording. It increases the luminescence signal 
by reflection.

	 3.	A plate reader for luminescence recording equipped with two 
emission filters close to 480 nm and 535 nm.

	 4.	HBS solution: 147 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 10 mM HEPES, and 13 mM d-glucose, pH 7.4.

	 5.	Multichannel pipettes.
	 6.	Coelenterazine-h (see Note 3).

	 1.	35 mm dishes adapted for luminescence recording and treated 
for cell culture (e.g., we use μ-Dish from ibidi).

	 2.	Coelenterazine-h (see Note 3).
	 3.	Microscope and camera adapted for luminescence recording 

(e.g., our setup was the Olympus LV200 bioluminescence 
imaging system) and equipped with two emission filters close 
to 480 nm and 535 nm (see Note 4). To identify cells express-
ing the biosensor, filters for excitation and emission of Venus 
are also required (excitation close to 515  nm and emission 
close to 528 nm).

	 4.	Software for image acquisition.
	 5.	Software for data analysis, we use ImageJ (NIH), but equiva-

lent software is also suitable.

3  �Methods

Carry out all procedures with sterile and pyrogen-free material in 
biological safety cabinets Class II at room temperature unless oth-
erwise specified.

	 1.	Cells are plated 24 h before transfection. To use TransIT-
Jurkat reagent, cells are plated to get 60–70 % confluence on 
day of transfection (see Note 5).

	 2.	Transfection of macrophages can be performed following 
manufacturer instructions. Briefly, for one well of a 96-well 
plate, use 0.1 μg of DNA, 9 μl Opti-MEM, and 0.3 μl TransIT-
Jurkat. Add DNA-transfection reagent complexes on well con-
taining 50 μl of complete cell culture media.

	 3.	Incubate cells with transfection mixture for 4–5 h at 37 °C and 
5 % CO2, then remove transfection reagent containing media, 
and replace it with fresh cell media.

2.2  BRET Recording 
Using a Plate Reader

2.3  BRET Recording 
by Microscopy 
and Data Analysis

3.1  Macrophage 
Transfection 
and Priming

Monitoring IL-1β processing by BRET
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	 4.	BRET experiments can be performed the following day. If 
required, prime macrophages by adding 1 μg/ml of lipopoly-
saccharide to the culture media and incubated the cells for 4 h 
at 37 °C and 5 % CO2.

	 1.	Pre-warm the plate reader at 37 °C.
	2.	 Set up the plate reader controlling software according to your 

assay (see Note 6).
	3.	 Predilute coelenterazine-h at 25 μM in HBS. Prepare 10 μl of 

solution per well to read (see Note 7).
	4.	 Wash cells two times with 100 μl HBS per well and take care to 

not detach cells.
	5.	 Keep cells in 40 μl of HBS per well.
	6.	 Cell detachment can be checked using a transmitted light 

microscope.
	7.	 Stick the white backing tape at the bottom of the plate.
	8.	 Add 10 μl of prediluted coelenterazine-h per well to get a 5 

μM final concentration.
	9.	 Insert the plate in the plate reader.
	10.	Incubate for 6 min to allow the luminescence signal to reach a 

steady state (see Note 8).
	11.	Read the luminescence signal at 480  nm and 535 nm, and 

determine the gain according to the sensitivity of the plate 
reader (see Note 9). As a basal control, use nontransfected 
cells.

	12.	Initially use cells transfected with RLuc8 alone to record the 
luminescence signal at 480 nm and 535 nm in the same experi-
mental conditions set above (see Note 10).

	13.	Then record luminescence signal at 480 nm and 535 nm from 
macrophages before any stimulation to determine the basal 
BRET signal.

	14.	BRET value, expressed in milliBRET units (or mBU), can be 
determined with the following equation:

	

BRET mBU
Lum nm
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IL sensor
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	 1.	Pre-warm the microscope incubator at 37 °C.
	2.	 Predilute coelenterazine-h at 200 μM in HBS. Prepare 100 μl 

of solution per well to read (see Note 7).
	3.	 Wash the cells two times with 1 ml HBS and take care to not 

detach cells.

3.2  Measuring IL-1β 
Processing in Real 
Time Using 
a Plate Reader

3.3  Monitoring 
Real-Time IL-1β 
Processing 
in Individual 
Macrophages
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	4.	 Keep cells in 0.9 ml of HBS per dish.
	5.	 Place the dish in the microscope incubator and use appropriate 

objective to focus the cells.
	6.	 Define the field and cells that you want to monitor.
	7.	 Take a picture in bright field of your cells and after direct exci-

tation of Venus (excitation close to 515 nm and emission close 
to 528 nm) to visualize cells that are transfected (see Note 11).

	8.	 Gently add 100 μl of prediluted coelenterazine-h.
	9.	 Incubate for 6 min to allow the luminescence signal to reach a 

steady state (see Note 9).
	10.	Sequentially record pictures at 480 nm and 535 nm, and stim-

ulate the cells when required (see Note 12).
	11.	Export your pictures in tiff format for ImageJ analysis.
	12.	Using ImageJ software, define that division by 0 = 0. Go to 

Edit menu > options > misc, and in the “Divide by zero” win-
dow introduce the value “0.0” or “NaN”.

	13.	Open the tiff pictures acquired at 480 nm and 535 nm.
	14.	Apply a median filter of 1 pixel for both pictures.
	15.	Remove background signal of the same area for both images. 

Define a field where no cells are present in the 480 nm picture 
and measure the maximum signal intensity (go to Analyze 
menu > Measure). Using the ROI manager tools (go to Analyze 
menu > Tools), repeat a similar measurement on the same field 
of the 535 nm pictures. Then subtract the correspondent value 
to the entire picture (go to Process menu > Math > Subtract).

	16.	Save the two pictures in tiff format with a different file name.
	17.	Divide the 535 nm pictures by the 480 nm pictures. Go to 

Process menu > Image calculator. Select the right picture for 
picture 1 and 2 and select “divide” from the drop-down menu.

	18.	BRET signals can be represented using a continuous 
256-pseudocolor lookup table. Go to Image menu > Lookup 
tables and select the appropriate LUT.

4  �Notes

	1.	 EF-1a promoter is more appropriate than CMV promoter for 
protein expression in macrophages. Plasmid backbone size 
affects transfection efficiency (the smaller, the better).

	2.	 96-well plate with white bottom could be used but will not 
allow to visualize cells during the different steps of the experi-
ment. BRET recording using a plate reader can be performed 
on other format plate (i.e., 384-well plate) depending on the 
assay and/or luminescence signal strength.

Monitoring IL-1β processing by BRET
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	3.	 Coelenterazines are poorly soluble in water and must be 
resuspended in ethanol or methanol preparing a stock solution 
at 1 mM. Keep stock solution at −20 °C and protect it from 
light. For prolonged stability, resuspend coelenterazine in 
acidified ethanol (10 ml of ethanol and 200 μl of 3 N HCl) and 
store at −80 °C.

	4.	 Any microscope can be used for BRET recording but will 
require an appropriate camera for bioluminescence detection 
and a light-tight enclosure.

	5.	 If cells are less confluent or more confluent than 60–70 % on 
the day of transfection, it will increase cell death or reduce 
transfection efficiency, respectively. A cell line stably expressing 
the bioluminescence sensor can be also used to get more repro-
ducible luminescence signal. Lentivirus can be used to produce 
such cell lines.

	6.	 The detection of the donor and acceptor luminescence signal 
of a given well have to be recorded successively before switch-
ing to another well recording.

	7.	 Prediluted solution of coelenterazine is susceptible to oxidation 
by air and thus should not be prepared in advance.

	8.	 During the first 6  min following coelenterazine-h addition, 
luminescence signal will increase exponentially and might 
cause inappropriate BRET value (especially if the exposure 
time for each filter is ≥ 1 s). Thus, it is recommended to wait 
for the luminescence signal to reach a plateau.

	9.	 Gain must be adjusted to get the widest dynamic range and the 
best sensitivity for a given plate reader. Alternatively, if possi-
ble, perform an automatic gain adjustment. These values of 
gain will stay approximately the same for each experiment and 
will just have to be adjusted depending on the transfection 
efficiency.

	10.	For a given set of filters, plate reader, and experimental conditions, 

the ratio Lum nm

Lum nm

RLuc only
( )
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535

480

8
æ

è
ç

ö

ø
÷  for the donor only willstay 

approximatively the same during each experiment and could 
be determined once.

	11.	Direct excitation of Venus using a laser after addition of 
coelenterazine-h results in a high background fluorescence. 
Always excite Venus before addition of the substrate.

	12.	As mentioned for the BRET recording using a plate reader, 
exposure time and gain amplification of signal have to be 
determined to get the best signal/background ratio.

Vincent Compan and Pablo Pelegrín
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    Chapter 6   

 Measuring IL-1β Processing by Bioluminescence 
Sensors II: The iGLuc System                     

     Eva     Bartok     ,     Maria     Kampes    , and     Veit     Hornung       

  Abstract 

   Infl ammasomes are multimeric protein complexes that proteolytically activate caspase-1, which subse-
quently matures cytokines of the IL-1 family and initiates the induction of pyroptotic cell death. Although 
this process is central both to pathogen defense and sterile infl ammatory processes, there is currently no 
standard readout available for infl ammasome activation which would be suitable for high-throughput 
applications. We have recently developed a new method for measuring infl ammasome activation via the use 
of a novel proteolytic reporter iGLuc, an IL-1β Gaussia luciferase (iGLuc) fusion protein. Here, we pro-
vide detailed protocols for the use of iGLuc in transiently transfected or stably transduced cell lines. Using 
these protocols, IL-1β maturation as the result of infl ammasome activation or other processes can be 
indirectly measured via the gain of Gaussia luciferase activity of cleaved iGLuc, allowing for rapid 
infl ammasome reconstitution assays and high-throughput screening of infl ammasome activity.  

  Key words     Infl ammasome  ,   IL-1β  ,   Gaussia luciferase  ,   High-throughput screening  

1       Introduction 

 Several  N  OD-like receptor proteins and also additional pattern 
recognition receptors are capable of forming multi-protein com-
plexes, known as infl ammasomes, with the adaptor protein ASC 
and caspase- 1 (for a detailed overview,  see   1  or  2 ). Infl ammasome 
activation leads to the cleavage of the infl ammatory cytokines 
IL-1β and IL-18 and the induction of an infl ammatory form of cell 
death known as pyroptosis. At the same time, it has been shown 
that infl ammasome activation is required for the release of a number 
of other proinfl ammatory factors, including IL-1α and HMGB1 
[ 1 – 4 ]. All of these processes contribute decisively to the innate 
immune infl ammatory response. In addition to infl ammasome 
pathways that culminate in caspase-1 activation, several other 
infl ammatory processes have been described as leading to the 
production of bioactive IL-1β. As such, it has been shown that 
caspase-8 can directly process IL-1β into its bioactive form that 
certain serine proteases can cleave IL-1β [ 5 – 7 ]. 

Francesco Di Virgilio and Pablo Pelegrín (eds.), NLR Proteins: Methods and Protocols, Methods in Molecular Biology,
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 Although all of the currently known infl ammasomes seem to 
modulate the immune response to microbial agents, only AIM2 
and NLRC4 have well-described interactions  wit  h ligands or acces-
sory proteins. AIM2 directly binds to and is activated by cytosolic 
DNA [ 8 ], and the NLRC4 infl ammasome is activated by bacterial 
fl agellin and related T3SS needle proteins in an indirect process 
mediated by members of the NAIP family [ 9 ]. Although the 
NLRP6, NRLP7, and NLRP12 infl ammasomes have been reported 
to be involved in microbial detection, no specifi c upstream activa-
tors of these sensors have been discovered so far [ 10 – 12 ]. 

 In contrast, numerous upstream activators of the NLRP3 
infl ammasome have been reported, yet none of these seem to be 
direct NLRP3 ligands, and the process leading to NLRP3 activa-
tion is still not completely understood. Given its involvement in 
the pathogenesis of many widespread diseases, such as atheroscle-
rosis, Alzheimer’s disease, type II diabetes mellitus, and gout, 
NLRP3 has been the focus of intense research [ 13 – 16 ]. 

 Thus,  d  iscovering new activators, inhibitors, and modulators 
for all of the infl ammasomes would clearly be of interest both to 
clinicians and basic researchers alike. Unfortunately, research in 
this fi eld has been slowed by the lack of a readout compatible with 
high- throughput screening (HTS) approaches. The gold standard 
for infl ammasome activation is the measurement of caspase-1 acti-
vation via the  immunoblotting   of precipitated cellular superna-
tants. However, this approach is time-consuming, error prone, and 
unsuitable for HTS. In addition, this readout is inherently depen-
dent on caspase-1 activation and thus not suitable for the measure-
ment of other proteases capable of IL-1β processing (e.g., 
caspase-8,  see  above). Alternatively, approaches using  ELISA   for 
the detection of secreted IL-1β are possible in HTS-compatible 
systems, yet they require NF-κB-mediated upregulation of IL-1β, 
which may overshadow other important processes in infl amma-
some activation [ 17 ]. Here, we present a detailed protocol for a 
luciferase-based readout for IL-1β maturation, iGLuc, which we 
have recently developed [ 18 ]. iGLuc is based on a murine  IL-1β -
 G aussia  luc iferase fusion protein and functions as a proteolytic 
reporter of infl ammasome activation. In unstimulated cells, iGLuc 
demonstrates pro-IL-1β-dependent aggregation that abrogates the 
functionality of the C-terminal Gaussia luciferase tag.  Howe  ver, 
the activation of caspase-1 leads to the cleavage and monomeriza-
tion of iGLuc, rendering the Gaussia luciferase moiety functional 
and inducing a robust luciferase signal [ 18 ]. 

 The iGLuc reporter has a wide variety of possible uses in vivo 
and in vitro. In this protocol, we will concentrate on two impor-
tant applications: (1) the transient reconstitution of the infl amma-
some with the iGLuc reporter, which can be used to investigate the 
functionality of different infl ammasome proteins and activators of 
interest in a  transi  ent gain of function setting, and (2) the 
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generation of lentivirally transduced cell lines, which stably express 
the iGLuc reporter. The former application can be used to investi-
gate the comparative functionality of different inflammasome 
proteins, e.g., a comparison of a wild-type and a point-mutated 
variant of NLRP3, by making use of controlled infl ammasome 
autoactivation through transient overexpression of its components. 
In addition, it is also possible to use this reconstitution system to 
test infl ammasome activators and ligands. The latter approach (2) 
allows for the generation of stable, clonal cells with excellent signal 
to background. Although this readout is intrinsically dependent on 
the infl ammasome pathways available in the transduced immune 
cells, their handling is relative simple, and the activation of such 
stable iGLuc cell lines is robust. Thus, stable iGLuc cell lines are 
particularly suited to HTS applications.  

2     Materials 

          1.     Transfectable   cell line: we recommend 293T-cell lines, such as 
293FT from Invitrogen ( see   Notes 1  and  2 ).   

   2.    Appropriate cell culture medium, e.g., Dulbecco’s Modifi ed 
Eagle’s Medium (DMEM) supplemented with 10 % fetal calf 
serum (FCS) and 1 mM sodium pyruvate for 293T cells.   

   3.    Serum-free cell culture medium suitable for transfection, e.g., 
Opti-MEM ®  (Life Technologies).   

   4.    Transfection reagent with low cytotoxicity, e.g., GeneJuice 
(Novagen) ( see   Note 3 ).   

   5.    Mammalian  expres  sion plasmids ( see   Note 4 ) containing:

    (a)     The infl ammasome protein of interest, e.g., wild-type 
human (hs) NLRP3 ( see   Note 5 ).   

   (b)    hs ASC with a C-terminal tag, such as HA ( see   Note 6 ).   
   (c)    hs caspase-1 ( see   Note 7 ).   
   (d)    iGLuc reporter.    

      6.    A fi ller plasmid with a eukaryotic promoter ( see   Note 8 ).   
   7.    5×  Pas  sive lysis buffer (Promega) ( see   Note 9 ).      

         1.    293T HEK cells for lentivirus generation (containing an SV40 
large T antigen), such as 293FT from Life Technologies.   

   2.    Appropriate cell  cult  ure medium ( see   item 2 , Subheading  2.1 ).   
   3.    1.5 mg/mL poly- l -ornithine (p- l -ORN) 100× stock solution 

in water, fi lter-sterilized.   
   4.    p- l -ORN 1× solution: 10 mL 100× stock diluted in 990 mL 

sterile deionized water.   

2.1  Infl ammasome 
Reconstitution

2.2  Generation 
of Stable iGLuc Cell 
Lines
2.2.1  Lentivirus 
Generation
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   5.    2× HBS buffer: 50 mM HEPES, 1.5 mM Na 2 HPO 4 , 280 mM 
NaCl, 10 mM KCl, 12 mM sucrose, fi lter-sterilized and with 
an optimized pH ( see   Note 10 ).   

   6.    2.5 M CaCl 2  fi lter-sterilized.   
   7.    Sterile or purifi ed deionized water.   
   8.     Lentiviral   plasmids:

    (a)     Lentiviral expression plasmid containing iGLuc, e.g., 
pFUGW- iGLuc ( see   Note 11 ).   

   (b)     Lentiviral packaging plasmid(s) of the appropriate genera-
tion, e.g., pCMV-dR8.2 (Weinberg lab; Addgene #8455) 
or psPax2 (Trono Lab; Addgene #12259) ( see   Note 12 ).   

   (c)     Lentiviral envelope plasmid, e.g., pCMV-VSV-G 
(Weinberg lab; Addgene #8454) ( see   Note 13 ).    

      9.    0.45 μm polyethersulfone (PES)-fi lters or fi lter fl asks.   
   10.    Sterile 20 mL syringes.   
   11.    For the  ultrace  ntrifuge:

    (a)    Tubes ( see   Note 14 ).   
   (b)    70 % ethanol.   
   (c)    20 % sucrose solution.    

             1.    Transduceable cell line, e.g., immortalized murine macro-
phages, THP-1,    U937, etc. ( see   Note 15 ).   

   2.    8 mg/mL  polybren  e solution in sterile deionized water ( see  
 Note 16 ).       

       1.    White, opaque luminescence plate in 96-well or 384-well format.   
   2.    1 mg/mL  coelenterazin  e stock solution prepared in 100 % 

ethanol. Store solution at −20 °C.   
   3.    Sterile, deionized water.       

3     Methods 

         1.    Plate 100 μL of 293T cells at 3 × 10 6  cells/mL in a 96-well 
plate using pre-warmed cell culture medium (37 °C).

    (a)     For the fi rst experiment, one should plan enough conditions to 
titrate all of the infl ammasome proteins, e.g., caspase-1 and 
ASC, whatever upstream NLR is being used. We do not rec-
ommend using a ligand or  activato  r at this stage ( see   Note 17 ).   

   (b)     There should be enough conditions to allow for triplicates 
to compensate for the inherent technical error in luciferase- 
based assays.    

2.2.2   Transduction

2.3  Gaussia 
Luciferase Assay

3.1  Infl ammasome 
Reconstitution

3.1.1  Plating 293T Cells
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      2.    Allow the cells to settle in the well for 5–10 min at RT before 
placing cells in a cell  culture   incubator.   

   3.    Wait at least 5 h for the cells to become adherent and spread 
out in the wells ( see   Note 18 ).      

       1.    In the meantime, prepare the plasmids for transfection 
( see   Note 19 ). A total plasmid weight of 212.5 ng will be used 
per 96-well.   

   2.    iGLuc will be used at a constant amount of 100 ng per well.   
   3.    For  the   fi rst experiment, we recommend performing titrations 

in serial dilutions as follows ( see   Notes 20  and  21  and Fig.  1 ):

      (a)    The NLR of interest (e.g., NLRP3): 75–0 ng.   
   (b)    ASC: 12–0 ng.   
   (c)    Caspase-1: 25–0 ng.   
   (d)    Filler plasmid: as necessary for a fi nal amount of 212 ng.    

      4.    Plasmids should  b  e diluted into Opti-MEM ( see   item 3 , 
Subheading  2.1 ) at a total concentration of 212.5 ng plasmid 
per 25 μL medium ( see   Note 22 ).   

   5.    We recommend dispersing the different plasmid combinations 
on a 96-well plate in the same layout as later used for the cell 
transfection. Please  see  Fig.  1  for a concrete example of a pipet-
ting plan.   

   6.    If a ligand or activator is being tested, then an additional level 
of titration is necessary for the ligand itself.   

   7.    Prepare the transfection reagent ( see   item 4 , Subheading  2.1 ): 
calculate using 0.5 μL GeneJuice and 25 μL Opti-MEM per 
well with an additional buffer for pipetting loss ( see   Note 22 ).   

   8.    Combine the GeneJuice and Opti-MEM in a 12-channel res-
ervoir using one reservoir channel for each row on a 96-well 
plate. For the plate outline shown in Fig.  1g , this  wou  ld mean 
using fi ve slots of the reservoir (B, C, D, E, F). After adding 
the transfection reagent, pipette the mixture gently up and 
down several times using a 1 mL pipette.   

   9.    Afterward, wait 5 min to allow the reagent to disperse in the 
Opti-MEM.   

   10.    Pipette the appropriate volume of GeneJuice/Opti-MEM mix 
onto each well containing plasmid/Opti-MEM mix using a 
 multichannel pipette. The ratio should be 1:1 between the 
plasmid mix and the added GeneJuice mix.   

   11.    Allow the GeneJuice/plasmid mix to incubate for 20 min 
at RT.   

   12.    Transfer 50 μL of GeneJuice/plasmid mix per well to the 
293T-cell culture plates using a multichannel pipette.   

3.1.2  Plasmid 
Transfection

Measuring IL-1β Processing by Bioluminescence Sensors II: The iGLuc System
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  Fig. 1    Pipetting  scheme   for a HEK293T iGLuc reporter experiment. A pipetting scheme is depicted for an 
experiment in which NLRP3, ASC, and caspase-1 are titrated over the following concentrations: NLRP3 (75–0 
ng/well; three serial dilutions), ASC (12.5–0 ng/well; four serial dilutions), and caspase-1 (25–0 ng/well; four 
serial dilutions). These and the iGLuc reporter plasmid are combined to a total of 212.5 ng transection mix per 
96-well. Generating all possible combinations of components yield a total of 100 different conditions 
(4 NLRP3  × 5 ASC  × 5 caspase-1  = 100). One approach to creating the necessary plasmid mix is the use of a serial dilu-
tion, which is shown for NLRP3, ASC, and caspase-1 ( a – c ). ( a ) The iGLuc reporter plasmid is included in the 
NLRP3 titration mix to obtain a fi nal amount of 100 ng per well. Opti-MEM containing 8 ng/μL iGLuc plasmid 
(= 100 ng per 12.5 μL) is used for the serial dilutions of the NLRP3 plasmid. NLRP3 is added to obtain a con-
centration of 6 ng/μL in the fi rst vial (1) containing 625 μL Opti-MEM. From this mixture, 50 % (= 312.5 μL) is 
added to the next vial (2) containing 6 ng/μL of a stuffer plasmid in a volume of 312.5 μL. This step is  repeated   
once into a third vial (3), whereas the fourth vial (4) only contains the stuffer plasmid at 6 ng/μL. Finally, this 
creates four vials containing a total volume of 312.5 μL Opti-MEM with 75 (1), 37.5 (2), 18.7 (3), and 0 (4) ng 
NLRP3 plasmid and the required amount of stuffer plasmid for each transfection condition (volume of 12.5 μL 
at this point). See  pink  label at the  bottom  of the panel. ( b ) and ( c ), analogous dilutions are performed for ASC 
and caspase-1, starting instead with a volume of 250 μL and a concentration of 2 ng/μL ASC or 4 ng/μL cas-
pase-1 in the fi rst vial (1) and the equivalent amounts of the stuffer plasmids in the vials to be diluted in (2–5). 
125 μL is then transferred from the fi rst into the next vial containing 125 μL, and the serial dilution is then 
continued to obtain a total of fi ve vials. The respective amounts of ASC ( b ) and caspase-1 ( c ) plasmid per 
transfection condition (volume of 6.25 μL at this point) are depicted at the bottom. ( d ) 12.5 μL of each of 
the four vials of the NLRP3/iGLuc mix obtained in  a  is then dispensed into 25 (5 × 5) wells of a 96-well plate,

Eva Bartok et al.



103

   13.    Immediately place the cell culture plates back into the incuba-
tor, and allow  approx  imately 20 h for plasmid expression for 
functional tests of infl ammasome proteins. Allow 16 h before 
stimulation for experiments involving ligands or activators ( see  
 Note 23 ).      

       1.    Dilute 5× passive lysis buffer in a sterile, deionized water.   
   2.    Remove the cell culture plates from the incubator, and carefully 

remove the cell culture medium from the wells ( see   Note 24 ).   
   3.    Add 30 μL passive lysis buffer to each well, and incubate the 

plates on a shaker for 10 min at RT ( see   Note 25 ).   
   4.    When the cells are lysed, remove 15 μL of the cell/lysis buffer 

mix per well to be  transferr  ed to a luminescence reader plate.   
   5.    Dilute the coelenterazine stock 1:500 in a sterile, deionized 

water.   
   6.    Add 15 μL of diluted coelenterazine solution to the 15 μL of 

cell lysate in each well (fi nal coelenterazine concentration = 1 
μg/mL).   

   7.    Rock the  plate   back and forth gently but quickly. Then, place 
it into the luminescence reader to measure the relative light 
units (RLU).   

   8.    The remaining cell lysate can be combined with 2× Laemmli 
buffer for  immunoblotting   if desired. This can be helpful for 
troubleshooting ( see   Note 26 ).      

       1.    Many of the conditions will have high RLU counts ( see  Fig.  2a, 
b ). Conditions using fi xed amounts of ASC and caspase-1 that 
lead to autoactivation without the addition of an NLR should 
be discarded for further studies, in which an upstream infl am-
masome activator is being tested ( see  Fig.  2c ).

       2.    If the  functio  nality of an infl ammasome protein is being tested, 
then the conditions of interest are those where uniquely the titra-
tion of the NLR leads to infl ammasome activation ( see  Fig.  2c ).   

3.1.3  Cell Lysis 
and Luciferase Readout

3.1.4  Data Analysis

Fig. 1 (continued) thus yielding a total number of 100 different wells. ( e ) The ASC and the caspase-1 plasmid 
mixes obtained in ( b ) and ( c ) are then orthogonally mixed to obtain a total of 25 different plasmid combinations 
by combing 25 μL of each mix to a total volume of 50 μL. ( f ) of the different mixes obtained in ( e ) 12.5 μL per 
mix are transferred to the pre-aliquoted NLRP3/iGLuc mixes ( d ) to obtain a total volume of 25 μL. These plas-
mid mixes are then combined with 25 μL Opti-MEM containing 0.5 μL GeneJuice. After an additional incuba-
tion period of 20 min, the 50 μL transfection mix is then added to 293T cells cultured in 96-well plates ( g ). Of 
note, the volumes described here do not account  fo  r pipetting losses and do not take into consideration that 
duplicates or triplicates should be run. As such, the volumes should be multiplied by the number of replicates 
planned. We recommend approximately 10 % surplus for the serial dilutions ( a – c ) and for the subsequent 
mixing steps ( d – f )       
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   3.    If several conditions meet this criterion, a titration condition can 
be selected according to its signal to background ( see  Fig.  2d ).   

   4.    Comparisons between two NLRs should then be made with 
fi xed ASC and caspase-1  co  ncentrations ( see  Fig.  2e ).   

   5.    If a ligand or activator is being tested, then only fi xed amounts 
of caspase-1, ASC, and the NLR, which additionally require 
the ligand for induction of luciferase activity, are of interest.       

         1.    Coat 10 cm tissue culture dishes with 5 mL of 1× p- l -ORN per 
dish, and incubate either at 4 °C overnight or at 37 °C for 2 h.   

   2.    Wash the dishes at least 3 times using generous amounts of PBS.   
   3.    Using pre- w  armed medium at 37 °C, plate 1 × 10 7  cells per 

10 cm dish in 10 mL cell culture medium.   
   4.    Allow the cells to settle for 5–10 min at RT.   

3.2  Generation 
of Stable iGLuc 
Cell Lines

3.2.1  Plating Cells 
for Lentivirus Production
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  Fig. 2    Reconstitution of the NLRP3 infl ammasome employing the iGLuc reporter in HEK293T cells. HEKs were 
transfected as indicated. Data depicted in ( a ) and ( b ) include all data points for WT NLRP3 ( a ) and R260W 
NLRP3 ( b ). In order to compare NLRP3 to NLRP3 R260W as in ( e ),  conditi  ons without autoactivation ( c ) but with 
a good signal to background ( d ) have to be determined. In ( c ), the base-level activation of the infl ammasome 
without NRLP3 is examined for all caspase-1/ASC combinations. The conditions without ASC or caspase-1 
( light gray ) or autoactivation ( dark gray ) should be excluded. Autoactivation is defi ned as μ + 5σ. The conditions 
suitable for further analysis are shown in  blue . In ( d ), the signal-to-background ratio following WT NLRP3 titra-
tion is shown for the conditions with ASC and caspase-1 and without autoactivation ( blue ) in ( c ). Condition (2) 
has the best signal to background and is used for subsequent comparison with R260W NLRP3 in ( e )       
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   5.    Place the cells in the incubator for at least 5 h.   
   6.    Change the medium to 8 mL of new, pre-warmed DMEM just 

before completing  t  he CaPO 4  transfection ( see   Note 27 ).      

       1.    Combine the lentiviral plasmids in an Eppendorf or Falcon tube, 
using the following  amou  nts per 10 cm dish ( see   Note 28 ).

    (a)    20 μg iGLuc lentiviral plasmid (e.g., pFUGW-iGLuc).   
   (b)     13.5 μg lentiviral packaging plasmid (e.g., pCMV-dR8.2).   
   (c)    6.5 μg lentiviral envelope plasmid (e.g., pCMV-VSV-G).    

      2.    Use sterile, deionized water to fi ll the plasmid mix to a volume 
of 500 μL.   

   3.    Add 500 μL 2× HBS solution.   
   4.    Vortex the  Eppend  orf tube or Falcon gently under the bench.   
   5.    While vortexing, add 50 μL 2.5 M CaCl 2  ( see   Note 29 ).   
   6.    Continue vortexing for another 10–15 s.   
   7.    Allow the  CaPO 4    plasmid solution to incubate for approxi-

mately 25 min at RT.   
   8.    Pipette the solution onto the 293T cells while gently rocking 

the tissue culture dish, so that the CaPO 4  solution is distrib-
uted evenly throughout the medium.   

   9.    After 8–12 h, change the medium again. The supernatants can 
be harvested after another 24 h.      

       1.    Carefully harvest the supernatant from the tissue culture dish 
and place in 50 mL Falcon tubes. If desired, new medium can 
be added to the plate  an  d harvested after another 24 h.   

   2.    Centrifuge the supernatant at 1000 ×  g  for 10 min to precipi-
tate cellular debris from the 293T cells.   

   3.    Transfer the supernatant to a new Falcon tube.   
   4.    Use a 0.45 μm fi lter  o  r fi lter fl ask to remove any remaining cel-

lular debris.      

       1.    Rinse ultracentrifugation tubes with 70 % and leave to dry.   
   2.    Place the tubes into the ultracentrifuge buckets.   
   3.    For a Beckman  C  oulter SW32 Rotor:
    (a)     Load 34 mL of the viral supernatant per tube. Alternatively, 

28 mL supernatant with a 4 mL sucrose cushion can be 
used ( see   Note 30 ).   

   (b)     Tare the buckets carefully, with a maximum weight differ-
ence of 0.02 g for each bucket pair.   

   (c)     Run the ultracentrifuge at 4 °C for 2 h at approximately 
100,000 ×  g  (max), which corresponds to 25000 rpm using 
a Beckman Coulter SW32 Rotor.   

3.2.2  Calcium Phosphate 
Transfection

3.2.3  Harvesting Viral 
Supernatants

3.2.4  Ultracentrifugation 
of Viral  Sup  ernatants 
(Optional,  See   Note 30 )
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   (d)     Decant the supernatant and add the desired amount of 
PBS to the pellet.   

   (e)     To dissolve  the   pellet, incubate the tube for 2 h at 4 °C 
using a gentle shaker.    

             1.    After fi ltration or concentration, the lentivirus can be stored at 
−80 °C until their further use.      

       1.    In a 12- we  ll plate, plate 3 × 10 5  of target cells (e.g., immortal-
ized murine macrophages) per well in 500 μL of cell culture 
medium.

    (a)     For adherent cells, allow cells to settle for 5–10 min at 
RT. Then, place them in the incubator for 1–2 h (until 
they are adherent).   

   (b)    For suspension cells, continue directly to  step 2 .    
      2.    Add polybrene to the wells with a fi nal concentration of 4–8 

g/mL ( see   Note 16 ).   
   3.    Add lentivirus at MOI 1–10 to the wells ( see   Note 31 ).   
   4.    Spin  trans  duce at 600–800 ×  g  for 45–90 min at 32 °C using a 

swing-bucket centrifuge.   
   5.    Place cells back in the incubator for at least 2 days.      

       1.    Plate cells in 96-well plates using limited dilution with a calcu-
lated 0.3 cell per well ( see   Note 32 ).   

   2.    Allow the single-cell clones to expand. This may take 2–3 weeks 
depending on the cell type.   

   3.     Whe  n cells have suffi ciently expanded, perform an infl amma-
some activation assay with several standard ligands to determine 
which clones should be kept in culture for future assays.      

       1.    Plate cells in a 96-well format ( see   Note 33 ).

    (a)    Immortalized mouse macrophages: 1 × 10 5  cells per well.   
   (b)    PMA-differentiated THP-1 cells: 7 × 10 4  cells per well.    

      2.    Test the cell  lin  es with standard infl ammasome stimuli, e.g.:

    (a)     5 μM nigericin as a NLRP3 stimulus following a 4 h priming 
phase with an NF-kB inductor such as LPS ( see   Note 34 ).   

   (b)    200 ng plasmid DNA as an AIM2 stimulus.   
   (c)     Transfected fl agellin or salmonella infection as a NLRC4 

stimulus ( see   Note 35 ).    
      3.     After   stimulation ( see   Note 36 ), remove 25 μL cellular super-

natant per condition and transfer the supernatant to a white 
luminescence assay plate.   

3.2.5  Storage 
of Lentivirus

3.2.6  Viral Spin 
Transduction

3.2.7  Production 
and of Monoclonal 
Reporter Cell Lines

3.2.8  iGLuc Assay 
in Stable Cells for Clone 
Selection

Eva Bartok et al.



107

   4.    Dilute coelenterazine stock 1:500 in water ( see   Note 37 ).   
   5.    Add 25 μL diluted coelenterazine solution per well containing 

cellular supernatant.   
   6.    Rock the plate back and forth gently but quickly, and place the 

plate in the reader.      

       1.    Clones should be selected according to two main criteria ( see  
Fig.  3 ):

     (a)     The  clo  nes should have a good signal-to-background 
ratio. Here, it is important to calculate the normalized fold 
iGLuc induction. For mouse macrophages, this should be 
more than 1:50 during the initial screening of the clones 
( see  Fig.  3a, b ).   

   (b)     The clones should respond appropriately to infl ammasome 
stimuli in accordance with their genotype ( see  Fig.  3a ).    

      2.    It is recommended  t  o keep at least fi ve to ten good clones 
when planning HTS experiments ( see   Note 38 ).        

4     Notes 

     1.    Theoretically, it is possible to use any cell line that is permissi-
ble to transfection for these experiments. However, constitu-
tive expression of infl ammasome components within the cell 
line must be taken into account, e.g., caspase-1 expression in 
HeLa cells has been reported [ 19 ,  20 ], since this may disturb 
the assay.   

   2.    The cells used should be split regularly and not be allowed to 
become confl uent. Cells that are in  adeq  uate condition to 
express a simple GFP construct may still not be able to take up 
several different plasmids.  This is a very common problem for 
those new to this assay .   

   3.    We have had good results using GeneJuice, and our protocols 
have been optimized for this reagent. However, there are cer-
tainly alternative transfection reagents, which would also work 
with this protocol.   

   4.    We have generally used plasmids with strong promoters (EF1a, 
CMV), and our protocols have been optimized for these con-
structs. Other promoters can be used. However, the plasmid 
amounts and the time allowed for protein expression will  prob-
a  bly have to be optimized. Of note, the expression kinetics are 
particularly diffi cult to control if promoters are mixed.   

   5.    It is also possible to use infl ammasome proteins from other 
species. So far, we have experienced no diffi culties combining 
murine and human infl ammasome proteins, e.g., hs ASC with 

3.2.9   Data Analysis
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  Fig. 3    Selection of iGLuc- transduce  d macrophage cell  c  lones. ( a ) Murine immortalized macrophages were 
transduced using the iGLuc reporter plasmid, and single-cell clones were generated using limiting dilution 
cloning. Clones were seeded, primed with LPS for 4 h, and then stimulated as indicated. The supernatants 
were analyzed after 6 h for iGLuc activity. Here, the absolute counts (RLU) are shown. As indicated with the  red 
x , not all clones react to all stimuli. ( b ) Evaluation of the signal-to-background ratio (dataset as in  a ). Shown is 
the fold induction of iGLuc activity normalized to unstimulated cells. The clones that were selected for further 
use are indicated with  red arrows . Please  no  te that some clones with lower absolute RLUs still demonstrated 
excellent signal- to- background ratios       
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mm NLRP3. However, we would still recommend using one 
species if a novel protein is being tested.   

   6.    ASC, all of the  N  LRs we have tested, and AIM2 tolerate 
C- terminal tags. Using tags facilitates Western blotting if you 
suspect protein expression problems. In addition, using ASC-
GFP in the assay allows the use of ASC specking as a simulta-
neous microscope- based readout.   

   7.    Although we have tried several C-terminal tags on our cas-
pase-1 constructs, we have still never been able to detect cas-
pase-1 in 293T cells  via   immunoblotting for a C-terminal tag. 
Caspase-1 is clearly expressed in 293T cells as evidenced by the 
observed IL-1β cleavage after caspase-1 overexpression. We do 
not have a defi nitive explanation for this phenomenon, but it is 
possible that the half-life of the tagged caspase-1 construct is 
too short to be measured  via   immunoblotting.   

   8.    An empty  plasm  id or one expressing a protein irrelevant for 
infl ammasome activation, e.g., GFP, can be used. One advan-
tage to using a fl uorescent protein is that it can be used to 
roughly determine transfection effi ciency.   

   9.    We have had the best results with this product so far, yet other 
lysis buffers might be suitable as well. Of note, 0.5 % saponin- 
based buffers, which are commonly used for fi refl y  luci  ferase 
assays do not work well with the iGLuc system.   

   10.    A good 2× HBS buffer is essential for effi cient transduction. 
There are many different recipes for 2× HBS, and we have 
included one of the several recipes used in our lab, originally 
taken from [ 21 ]. Here, the most important step seems to be 
pH +  optimization. In keeping with Kutner et al., we recom-
mend creating three stocks of 2× HBS by adjusting to different 
pH +  levels: 7.07, 7.09, and 7.11. The three different solutions 
should then be tested for their transfection effi ciency, and the 
best solution should be stored for further use. Another 2× 
HBS recipe and production protocol is available at   http://
www.lentiweb.com    .   

   11.    pFUGW is a small lentiviral construct without a selection 
marker, yet it yields very high titers. To enrich iGLuc-express-
ing cells, a lentivirus with a selection marker should  be   used 
( see   Note 31 ).   

   12.    Please  see    https://www.addgene.org/lentiviral/packaging/     
for more details on lentiviral packaging.   

   13.    Pseudotyping using VSV-G ensures a wide tropism; however, 
depending on the target cell type, the use of other envelopes is 
of course also possible.   

Monitoring IL-1β processing by iGLuc
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   14.    Each  ultracentr  ifuge rotor has its own tube specifi cations. We 
use the ultra-clear tubes from Beckman Coulter for the 
Beckman Coulter rotor SW 32 Ti.   

   15.    293T HEK cells can be transduced with  unconcentrated   virus 
and immortalized macrophages as well, if the produced titer is 
high enough. Many other cells, such as THP-1, often require 
concentrated virus and spin transduction. New protocols must 
be established for every cell line and application.   

   16.    We use 8 μg/mL polybrene to transduce THP-1 cells. Whether 
polybrene should be used and in what amount has to be opti-
mized for each cell line. One alternative is protamine [ 22 ].   

   17.    For initial experiments, many conditions will be necessary. For 
example, for a four-step titration of WT NLRP3 and fi ve-step 
titration of ASC and caspase-1, 100 conditions are required. A 
comparison of WT to R262W NLRP3—a mutation associated 
with Muckle-Wells disease [ 23 ]—200 conditions are  requir  ed. 
Adding a titrated upstream activator at this stage would obvi-
ously go beyond the scope of an initial experiment. As such, we 
recommend an iterative approach to determine the optimal 
transfection conditions with a favorable activation “window” 
for subsequent experiments.   

   18.    As in  Note 2 , it is very important that your cells are “healthy 
looking.” Before transfection, the cells should be evenly 
distributed in the plate and have spread out with extensions.   

   19.    It may be helpful to review the model pipetting scheme in 
Fig.  1  before planning the experiment.   

   20.    We  recom  mend using at least four titration steps. However, it 
may be necessary to readjust the titration scale for a second 
experiment if too much autoactivation is seen. In Fig.  1 , fi ve 
steps are used for caspase-1 and ASC and four for NRLP3.   

   21.    It is possible to titrate the infl ammasome component-encod-
ing plasmid DNA directly into Opti-MEM containing the 
diluted fi ller plasmid. We call this “double titration,” and it 
saves the experimenter a considerable amount of time. Please 
 see  Fig.  1a–c  for an illustration.   

   22.    Please round up these volumes to compensate for pipette- 
dependent volume loss, e.g., 10 %.   

   23.    This  p  arameter strongly depends on the promoters used. 
Twenty hours is a good starting point for CMV promoters. 
EF1a promoters may need a few hours longer. Other promot-
ers may require some optimization before such a large-scale 
experiment can be done.   

   24.    Leaving culture medium in the well is a common source of 
error since the remaining medium causes background in the 
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luciferase readout. As such, it is important to meticulously 
remove the medium left in the well.   

   25.    Of note, active IL-1β is not excreted from HEK 293T cells 
(this might by different for other transfectable cell lines, e.g., 
HeLa or HaCaT cells). Thus, HEK 293T cells must  b  e lysed 
before the iGLuc readout. We recommend using Promega 5× 
passive lysis buffer for lysis ( see   Note 9 ). The lysis conditions 
for different cell lines may vary, so please verify lysis using a 
light microscope.   

   26.    If the reconstitution does not work properly, it is important to 
verify that all of the proteins are being expressed and that their 
expression is at the expected level.   

   27.    This step should not be overlooked. The acidic metabolic 
products found in the medium (even after a few hours) lower 
transfection effi ciency.   

   28.    These are  r  eference values and should be optimized for your 
system.   

   29.    There are many ways of approaching this step. Some experi-
menters prefer vortexing after adding the CaCl 2  since the han-
dling is easier. Others invert the tube. It is best to try out 
several protocols and see what works for you.   

   30.    Different cell lines require different titers for transduction ( see  
 Note 15 ). Thus, concentrating the lentivirus is not always nec-
essary. In addition, using a sucrose cushion is  on  ly necessary 
for cell lines that are particularly sensitive to viral debris or 
FCS. For a good protocol using 20 % sucrose,  see  Kutner et al. 
There is also a detailed alternative protocol for lentivirus pre-
cipitation using PEG6000 in the manuscript.   

   31.    There are many different protocols for determining the 
number of  transduci  ng units per mL. Due to its ease of use,  we 
  recommend p24 ELISA.   

   32.    We generally use pFUGW, which does not encode for a selec-
tion marker, and we have had good results using limited dilu-
tion without prior selection.   

   33.    For other  c  ell lines, we recommend to establish the cell stimu-
lation protocol beforehand using standard infl ammasome 
stimuli and IL-1β or IL- 18   ELISA as a readout.   

   34.    For mouse macrophages, we use 200 ng/mL LPS for 4 h to 
prime NLRP3 expression, yet it is also possible to use other 
TLR ligands.   

   35.    This must be carefully established beforehand in non- 
transduced cells. Flagellin can be transfected with DOTAP, but 
this must be optimized for every cell type. A stimulation 
protocol using live salmonella can be found in [ 24 ].   

Monitoring IL-1β processing by iGLuc
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   36.    iGLuc is  excrete  d from macrophage and monocyte cell lines 
and can thus be measured directly from the supernatant. 
The amount of time needed for this process depends on the 
cell line used.  For   immortalized macrophages, we generally 
wait at least 4 h before measuring iGLuc activity since AIM2 
activation upon plasmid DNA transfection needs 4–6 h. Please 
 see  [ 24 ] for a protocol.   

   37.    For HTS applications, it may be preferable to use a buffer, 
which stabilizes Gaussia luciferase activity. For a good buffer 
recipe, please  see  [ 25 ].   

   38.    Here, it  is   important to consider clonal effects and to try to 
avoid such biases in a screening. Optimally, it would be best 
to use more than one clone for a library screening.         
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    Chapter 7   

 Assessing Extracellular ATP as Danger Signal 
In Vivo: The pmeLuc System                     

     Francesco     Di Virgilio     ,     Paolo     Pinton    , and     Simonetta     Falzoni     

  Abstract 

   Infl ammation is the key pathophysiological response triggered by noxious agents in multicellular organisms. 
Central to infl ammation is detection of exogenous or endogenous danger signals by immune cells. 
Extracellular ATP is a ubiquitous danger signal released during septic or sterile infl ammation. The develop-
ment of reliable techniques to measure extracellular ATP in vivo has become an urgent need in infl amma-
tion studies after the discovery that the most potent plasma membrane receptor responsible for NLRP3 
infl ammasome activation is an ATP-activated receptor, P2RX7. Here we describe an easy bioluminescence 
technique for the measurement of extracellular ATP in vivo.  

  Key words     Extracellular ATP  ,   Plasma membrane luciferase  ,   Luciferin  ,   Luminescence  ,   Luminometry  

1      Introduction 

 Bioluminescence is a natural phenomenon, due to chemical emission 
of light (chemiluminescence) by living organisms, conserved in 
many different species (bacteria, protists, fungi, insect, several 
marine organisms) with the notable exception of higher terrestrial 
organisms. This process yields photons as a consequence of an 
exergonic reaction catalyzed by a family of enzymes (e.g., lucifer-
ases) that oxidize a photon-emitting substrate. Luciferase (Luc), 
mainly derived from the fi refl y  Photinus pyralis  or from the coelen-
terate  Renilla reniformis , has been long used as an in vitro assay to 
measure ATP [ 1 ]. Firefl y luciferase is a 62 kDa protein belonging 
to the adenylating enzyme superfamily. In the presence of magne-
sium ions, molecular oxygen, and ATP, luciferase catalyzes oxidation 
of the substrate  D -luciferin (LH 2 ) accompanied by light emission 
in the green to yellow region (λmax = 560 nm). The reaction 
proceeds through three main steps:
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    1.    Formation of the intermediate Luc- D -luciferyl adenylate 
(LH 2 - AMP), with release of inorganic phosphate (PPi):

  Luc LH ATP Luc LH AMP PPi+ + ® × +2 2 -    

      2.    The intermediate complex Luc- D -luciferyl adenylate is oxi-
dized by molecular oxygen with the formation of an excited 
enzyme- oxyluciferin- AMP complex and the release of carbon 
dioxide (CO 2 ):

  Luc LH AMP O Luc AMP Oxyluciferin CO× + ® × × +2 2 2-    

      3.    In the fi nal step, energy loss from the excited complex produces 
photon emission and dissociation of the complex:

  Luc AMP Oxyluciferin Luc Oxyluciferin AMP h· · ® + + + v    

      Photon emission is then recorded with a luminometer. A lumi-
nometer is made of photon-collecting apparatus (low-noise photo-
multiplier tube) and a computer station equipped with a software 
to allow data storage and analysis. The photomultiplier tube can be 
replaced by a high sensitive photo camera. Automated plate read-
ers for luminescence (as well as fl uorescence) measurement can 
also be used. Bioluminescence measurement in small animals is 
usually done with total body luminometers. Widespread use of 
bioluminescence techniques has made a tremendous impact in 
immunology and cancer where it has been used to investigate gene 
expression and track cancer cells in living animals. Luciferase 
reporter gene cloned downhill to many different promoters or 
fused in frame with the genes of interest allows to monitor the 
transcriptional activity of countless stimuli or to detect gene activation 
in many different pathophysiological conditions [ 2 ]. Alternatively, 
luciferase transfection has allowed investigation of intracellular 
ATP levels under many different metabolic conditions. Thanks to 
the possibility to fuse the luciferase gene in frame with leader 
sequences targeting various intracellular compartments, it has also 
become possible to monitor intra-organelle ATP changes [ 3 ]. 
Total body luminometry allows luminescence recording and analy-
sis in those experimental settings where luciferase is used either as 
an in vivo intracellular reporter for  cell tracking   or as a probe to 
measure extracellular ATP. To perfect bioluminescence measure-
ment of extracellular ATP, we have engineered a chimeric  fi refl y 
luciferase  selectively expressed on the outer aspect of the plasma 
membrane, and therefore named plasma membrane luciferase 
(pmeLUC) (Fig.  1 ) [ 4 – 6 ]. PmeLUC expression allows extracellu-
lar ATP monitoring in the extracellular compartment, notably in 
the close vicinity of the plasma membrane, thus  pmeLUC- transfected 
cells can be used as in vivo reporters of the extracellular ATP con-
centration [ 7 – 9 ].
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2       Materials 

   Any cell type suitable to be transfected can be used as reporter of 
the extracellular ATP concentration with pmeLUC. We have used 
human HEK293 embryonic kidney cells, mouse CT26 colon car-
cinoma cells, mouse B16 melanoma cells, and many others. We will 
describe here the basic protocol for HEK293 cells.  

         1.    Cell media: Dulbecco’s modifi ed Eagle’s medium 
(DMEM)-F12 medium containing 0.5 mM sodium pyruvate 
and 15 mM sodium bicarbonate, supplemented with 
2 mM  L -glutamine, 10 % heat-inactivated fetal bovine serum 
(FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin.      

       1.    pGL3 plasmid (Promega)   
   2.     Pst I,  Not I,  Xho I, and  Xba I restriction enzymes   

2.1  Cells

2.2  Cell Culture

2.3  Engineering 
of pmeLUC
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  Fig. 1    Membrane topology of pmeLUC. The pmeLUC construct is made of the full-length coding sequence of lucif-
erase ( yellow ) inserted in frame between the N-terminal leader sequence ( green ) and the C-terminal GPI anchor 
( violet ) of the folate receptor. A c-myc tag ( light blue ) is added in frame for tracking purposes. The pmeLUC protein 
is targeted and localized to the extracellular aspect of the plasma membrane (from Falzoni et al., ref.  6 )       
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   3.    pBSK+ vector (Stratagene)   
   4.     Pst I fragment encoding the N-terminal leader sequence (26 aa) 

of the human folate receptor fused with a c-myc tag (10 amino 
acids)   

   5.     Pst I fragment encoding the GPI anchor protein of the human 
folate receptor (28 amino acids)   

   6.    pcDNA3 expression vector (Life Technologies)   
   7.     Leader-myc  forward primer with  Xba l site (underlined): 

 1AF forward: 5′-GG T CTA GA G GAG AGC CAC CTC CT-3′   
   8.     Leader-myc  reverse primer without stop codon, with  Pst l site 

(underlined): 
 1BR reverse: 5′-GG C TGC AG C AGG TCC TCC TCG CT-3′   

   9.    Luciferase forward primer with  Pst l site (underlined): 
 LucPstF forward: 5′-CC C TGC AG A TGG AAG ACG CCA 
AAA ACA TAA AGA AAG C-3′   

   10.    Luciferase reverse primer with  Pst l site (underlined) and with-
out stop codon: 
 LucPstR reverse: 5′-G CT GCA G CC ACG GCG ATC TTT 
CCG CCC TTC TTG G-3′   

   11.    10× T4 ligase buffer: 200 mM Tris–HCl pH 7.6, 10 mM 
MgCl 2 , 50 mM DTT, 500 μg/ml BSA, 10 mM ATP   

   12.    T4 Ligase   
   13.    Xl1-Blue  E. coli    
   14.    LB agar   
   15.    Ampicillin   
   16.    DNA extraction kit      

        1.    Complete cell culture medium ( see  Subheading  2.2 ).   
   2.    HEK293 cells.   
   3.    2.5 M CaCl 2  solution in distilled water and fi lter sterilize. Store 

in 500 μl aliquots at −20 °C.   
   4.    2× HEPES-buffered saline (HBS-2X) solution: 280 mM NaCl, 

50 mM HEPES base, 1.5 mM Na 2 HPO 4 , pH 7.12 with 0.5 N 
NaOH. Filter sterilize and store in 5 ml aliquots at −20 °C.   

   5.    Phosphate buffered saline (PBS): 137 mM NaCl, 4.3 mM 
Na 2 HPO 4  7H 2 O, 1.4 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4.   

   6.    TRIS/EDTA (TE) buffer: 10 mM Tris–Cl pH 7.4, 1 mM 
EDTA pH 8.0 in fi lter-sterilized distilled water.   

   7.    10 cm Petri dishes for tissue culture.   
   8.    10 ml conical tubes.   
   9.    40 μg pmeLUC plasmid, resuspend in 450 μl of aqueous TE 

solution.   

2.4  Transfection
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   10.    40 μg of pcDNA3 empty vector, resuspend in 450 μl of TE 
solution.   

   11.    G-418.      

       1.    13 mm glass coverslips   
   2.    24-well cell culture plates   
   3.    0.01 % poly- L -lysine solution in water   
   4.    PBS ( see  Subheading  2.4 )   
   5.    2 % gelatin solution, type B, in distilled fi lter-sterilized H 2 O   
   6.    Anti c-myc-SC-40 monoclonal antibody (Santa Cruz 

Biotechnology)   
   7.    Texas Red-conjugated goat anti-mouse IgG   
   8.    FITC-conjugated anti-mouse antibody   
   9.    Prolong Gold ®  antifade reagent (Life Technologies) or other 

suitable antifade reagents   
   10.    4 % paraformaldehyde solution in PBS   
   11.    10× solution Cell Fix™ (BD  Bioscience  s)      

         1.    12-well cell culture plate.   
   2.    DMEM-F12 medium.   
   3.    15 mg/ml  D -luciferin stock solution in sterile PBS. Allow the 

luciferin solution to sit for a minimum of 15 min with gentle 
agitation prior to make 1 ml aliquots. Protect from light and 
store aliquots at −80 °C.   

   4.    100 mM adenosine-5′-triphosphate disodium salt (ATP) in 
0.1 M Tris-base solution at pH 7.5. Store in 0.5 ml aliquots 
at −80 °C.      

       1.     D -Luciferin.   
   2.       Complete HEK293 cell culture medium ( see  Subheading  2.2 ).   
   3.    RPMI 1640 supplemented with 2 mM  L -glutamine, 1 mM 

Na-pyruvate, 10 % FBS, 100 U/ml penicillin, and 100 μg/ml 
streptomycin.   

   4.    Isofl uorane.   
   5.    Syringe and 27-gauge needle.   
   6.    500 units apyrase from potato reconstitute in 1 ml of PBS buf-

fer. Store in 50 μl aliquots at −80 °C.   
   7.    PmeLUC-transfected HEK293 cells (HEK293-pmeLUC).   
   8.       OVCAR-3 (human ovary carcinoma cell line) ( see   Note 3 ).   
   9.       MZ2-MEL (human melanoma cell line) ( see   Note 3 ).   
   10.    Athimic nude mice ( nude / nude  mice) 5–6 weeks old (Harlan 

Laboratories).   

2.5   Immuno-
fl uorescence  

2.6  In Vitro 
Extracellular ATP 
Measurement

2.7  In Vivo 
Extracellular ATP 
Measurement
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   11.    Total body luminometer (we use Perkin-Elmer Caliper IVIS 
100 System™, but other compatible equipment is also 
suitable).   

   12.    Apparatus for inhalatory anesthesia.   
   13.    C57BL/6 or Balb/c 20 day old mice, weighing 12–14 g.   
   14.    Dextran sulfate sodium salt powder from  Leuconostoc  spp. 

(MW > 500,000): dissolve 5 g of DSS in 100 ml of fi ltered 
drinking water, adjust the pH at 8.5. Store at 4 °C.       

3    Methods 

       1.    Firefl y luciferase is amplifi ed from the pGL3 plasmid (Promega) 
using the following primers: 5′-CC C TGC AG A TGG AAG 
CAA AAA ACA TAA AGA AAG G3′ (corresponding to the 
sequence encoding luciferase amino acids 1–9;  Pst I site under-
lined) and 5′-G CT GCA G CC ACG GCG ATC TTT CCG 
CCC TTC TTG G3′ (corresponding to a 542–549 of lucifer-
ase cDNA without the stop codon;  Pst I site underlined).   

   2.    Thermal profi le: denaturation at 95 °C for 30 min, hybridiza-
tion at 62 °C for 30 min, polymerization at 72 °C for 2 min, 
repeat for 37 cycles.   

   3.    Amplify the  leader-myc  sequence with primers described above 
using the following thermal profi le: denaturation at 95 °C for 
30 min, hybridization at 55 °C for 30 min, polymerization at 
72 °C for 2 min, repeat for 32 cycles.   

   4.    Transfer  the   PCR product to a pBSK+ vector, digest with  Pst I, 
and insert in the right frame between a  Pst I fragment encoding 
the N-terminal leader sequence of the human folate receptor 
(26 aa) fused with myc tag (10 aa) and a  Pst I fragment of the 
GPI anchor protein (28 aa) to generate pmeLUC.   

   5.    The whole fi nal construct is excised by a  Not I/ Xho I or  Xba I 
digestion and cloned into a pcDNA3 expression vector. For 
this purpose, a ligation reaction is performed with recombi-
nant DNA and expression vector with a stoichiometric balance 
of 3:1 (Fig.  2 ).

       6.    The ligation buffer is made with 2 μl Buffer T4 ligase 10×, 
implemented with 1 μl T4 DNA ligation enzyme (2 U/μl) 
reconstituted in deionized water up to 20 μl to obtain the 
pmeLUC plasmid.   

   7.    100 ng of plasmid DNA is used to transform one aliquot of 
Xl1-Blue  E. coli  competent cells by thermic shock: 42 °C for 
45 s followed by 2 min on ice.   

3.1  Engineering 
of pmeLUC
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   8.    Thereafter, the bacterial cell suspension is cultured overnight 
at 37 °C in LB agar in the presence of 100 μg/ml ampicillin.   

   9.    The day after, the bacterial cell suspension is precipitated by 
centrifugation at 3000 ×  g  for 20 min.   

   10.    DNA is extracted with DNA extraction kit from Qiagen as per 
manufacturer instruction.      

       1.    Plate HEK293 (3 × 10 6  cells/plate) into 10-cm tissue culture 
Petri dish 24 h before transfection. Rinse and add fresh DMEM 
F12 medium 4 h before transfection.   

   2.    Prepare tube 1 solution (DNA-Ca) as follows: add 50 μl of 
CaCl 2  solution to 40 μg pmeLUC-pcDNA3 plasmid resus-
pended in 450 μl of aqueous (TE solution or DNAse/RNAse- 
free H 2 O).   

   3.    Prepare tube 2 solution: 500 μl HBS-2X solution.   
   4.    Add the DNA-Ca solution (tube 1) dropwise with a Pasteur 

pipet to tube 2 and vortex immediately for a few seconds. 
Allow the precipitate to sit 30 min at room temperature.   

3.2  Cell Transfection

  Fig. 2    Map of the pmeLUC plasmid       
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   5.    Add the precipitate to the HEK293 cell culture plate, mix 
gently, and incubate overnight.   

   6.    The day after remove medium, wash cells twice with 10 ml of 
warm (37 °C) PBS, and add 10 ml of complete DMEM-F12. 
For stable transfection, allow HEK293 cells to double twice 
before plating in selection medium.      

       1.    For stable transfection, the cell culture is supplemented with 
0.8 mg/ml of the antibiotic G 418 three days after transfection 
and kept in its continuous presence for 2 weeks.   

   2.    Thereafter, positive clones are obtained by limiting dilution: 
100 cells are resuspended in 10 ml of 0.2 mg/ml G418- 
supplemented DMEM-F12 medium; 100 μl of this cell sus-
pension are added to each well of a 96-well cell plate. Place the 
cell plate in a 5 % CO 2 , humidifi ed incubator at 37 °C.   

   3.    Check clones with a phase contrast microscope at 20× magni-
fi cation after 5–6 days. Check each well and mark those well 
that contain only one colony.   

   4.    Transfer colonies to a T-25 culture fl ask in 0.2 mg/ml G418-
supplemented DMEM-F12 medium and wait for colony 
growth.      

       1.    13 mm glass coverslips are placed into single wells of a 24 well 
culture plate.   

   2.    Add 200 μl of poly- L -lysine to each well for coverslip coating 
and incubate 1 h at room temperature.   

   3.    Rinse coverslips twice with sterile H 2 O. Allow coverslips to dry 
completely and sterilize under UV light for at least 4 h.   

   4.    Plate 2 × 10 4  HEK293 pmeLUC cells onto each coverslip. 
Allow cells to adhere and fi x with formaldehyde, 4 % in PBS, 
for 30 min.   

   5.     Rinse   coverslips three times with PBS.   
   6.    Incubate coverslips for 30 min with 0.2 % gelatin in PBS to 

block nonspecifi c binding sites.   
   7.    Immunostaining is carried out for 1 h at 37 °C with a com-

mercial monoclonal Sc-40 antibody against the c-myc epitope 
tag diluted at 1:100 in 0.2 % gelatin-supplemented PBS.   

   8.    Discharge the antibody solution, add fresh PBS, and incubate 
for 5 min. Repeat washing three times, for a total of 15 min.   

   9.    Immunodetection is carried out using Texas Red-conjugated 
goat anti-mouse IgG diluted 1:50 in PBS supplemented with 
0.2 % gelatin. Leave the coverslips in this solution for 1 h at 
room temperature in the dark.   

3.3  Selection 
of Stably Transfected 
Cell Clones

3.4  In Vitro 
Validation of 
Transfected Cells 
by  Immuno-
fl uorescence  
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   10.     Discha  rge the secondary antibody, add fresh PBS, and incu-
bate for 5 min. Repeat washing three times, for a total of 
15 min.   

   11.    After immunostaining, cells are mounted with a drop of 
Prolong Gold antifade reagent and analyzed with a fl uores-
cence microscope at 60× or 100× magnifi cations, e.g., a Zeiss 
LSM 510  confocal   microscope.   

   12.    HEK293 cells, mock transfected with the empty pcDNA3 
vector are used as a  negative   control.      

       1.    Resuspend 1 × 10 6  HEK293-pmeLUC cells in 1 ml of PBS.   
   2.    Incubate HEK293-pmeLUC cells for 1 h at 4 °C with mono-

clonal Sc-40 antibody against the c-myc epitope tag diluted at 
1:100.   

   3.    Rinse two times with cold PBS.   
   4.    Incubate cells at 4 °C for 1 h with a FITC-conjugated anti- 

mouse antibody at a 1:50 dilution in PBS. Protect from light.   
   5.    Rinse two times with cold PBS.   
   6.    Fix cells with 100 μl of 10× Cell Fix™ diluted in 0.9 ml of cold 

PBS.   
   7.    Acquire fl uorescence with a fl ow cytometer (e.g., Becton 

Dickinson BD FACSscan), and analyze data with BD Cell Quest 
software. HEK293 cells, mock- transfected with the empty pcD-
NA3vector, are used as a negative control ( see   Note 1 ).      

       1.    Seed 7 × 10 4  HEK293-pmeLUC cells into 12-well plates 
(Becton Dickinson Biosciences) in DMEM-F12 medium. 
Allow to adhere overnight in a 5 % CO 2 , 37 °C, humidifi ed 
incubator.   

   2.    The following day, add  D -luciferin sodium salt ( see   item 3 , 
Subheading  2.6 ) to each well (8 μl, 120 μg/well), and, 3 min 
later, start luminescence acquisition in a luminometer (e.g., 
IVIS 100). Set acquisition time and binning at 1 min/plate 
and 4, respectively.   

   3.    Build a calibration curve by consecutive additions of increasing 
(from 0.001 to 1 mM) ATP concentrations to one or more 
wells. Start a new acquisition after each ATP addition.   

   4.    As a control, add 5 U apyrase to one or more wells and start 
acquisition. Apyrase addition should cause a large lumines-
cence decrease ( see   Note 2 ).   

   5.    A region of interest (ROI) is manually selected on each well. 
Keep the area of ROI constant and record the intensity as pho-
tons per seconds.      

3.5  In Vitro 
Validation 
of Transfected Cells 
by FACS Analysis

3.6  Analysis 
of pmeLUC Expression 
and Function 
by In Vitro 
Luminescence 
Recording with a Total 
Body Luminometer
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       1.    Plate the HEK293-pmeLUC cells as above.   
   2.    Add 8 μl of  D -luciferin solution ( see   item 3 , Subheading  2.6 ) 

to each well.   
   3.    Add increasing ATP concentrations solution to consecutive 

wells (calibration).   
   4.    Place the plate in the plate reader luminometer and start the 

acquisition. Set the counting time at 7 s/well. Triplicates are 
recommended.   

   5.    Record luminescence in counts per second (CPS) and express 
as function of ATP concentration.      

   PmeLUC-transfected reporter cells can be used to monitor the 
extracellular ATP concentration in several experimental settings. In 
healthy mice, the extracellular ATP concentration is negligible, i.e., 
in the low nanomolar range, and therefore below pmeLUC detec-
tion limit. Thus, best examples of extracellular ATP measurements 
by pmeLUC are given in experimental models of infl ammation and 
cancer.  

       1.    Inject mice (C57Bl/6 or Balb/c) i.p. with 2 × 10 6  HEK293- 
pmeLUC cells in 200 μl of DMEM-F12 the day before start-
ing DSS administration to record basal peritoneal ATP levels.   

   2.    Gently massage the abdomen to allow pmeLUC cell distribu-
tion throughout the peritoneum.   

   3.    Fifteen minutes later, inject each mouse i.p. with 150 mg/kg 
 D -luciferin (3 mg/mouse) of  D -luciferin-containing PBS in a 
fi nal volume of 200 μl. Wait 15 min to allow luciferin distribu-
tion throughout the mouse tissue.   

   4.    Anesthetize mice with isofl uorane (2 % in 1 L/min oxygen).   
   5.    Place the animals (abdominal view) into a total body luminom-

eter (e.g., IVIS 100 System™). Set acquisition time and bin-
ning at 3 min/acquisition and 4, respectively. Up to three mice 
each time can be acquired at the same time.   

   6.    For quantifi cation select manually a region of interest (ROI) 
around peritoneum. Record ROI luminescence intensity as 
photons per seconds.   

   7.    Analyze data with the Living Image software.   
   8.    The day after, supplement mice drinking water with 5 % DSS 

(dextran sulfate solution) for at least 7 days.   
   9.    Feed control mice with regular, DSS-free, drinking water.   
   10.    Replace drinking water, with or without DSS, daily.   
   11.    Check mice wellness daily: measure body weight and inspect 

stools to monitor rectal bleeding (indications of colitis).   

3.7  Analysis 
of pmeLUC Expression 
and Function 
by In Vitro 
Luminescence 
Recording with a Plate 
Reader Luminometer

3.8  In Vivo Analysis 
of Extracellular ATP

3.9  Measurement 
of Extracellular ATP 
Levels in a Model 
of Experimental Colitis 
Induced with Dextran 
Sulfate
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   12.    Repeat  steps 1 – 7  every 2 days for at least 10 days.   
   13.    Colitis shows as an increased luminescence emission of the 

colon (Fig.  3 ).

              1.    Resuspend 1.5 × 10 6  OVCAR-3 cells in 200 μl of RPMI.   
   2.    Inject i.p. into  nude / nude  mice the OVCAR-3 cell suspension 

(200 μl in each mouse) with a syringe fi tted with a 27-gauge 
needle. A minimum of fi ve mice is recommended.   

   3.    Wait 20 days for tumor growth.   
   4.    Inject i.p. in each mouse 2 × 10 6  HEK293-pmeLUC cells in 

200 μl of DMEM-F12.   
   5.    Twenty-four hours later, i.p.  in  ject each mouse with 200 μl of 

 D -luciferin-containing PBS (150 mg/kg  D -Luciferin, 3 mg/
mouse). Wait 15 min and anesthetize the mice with isofl uorane 
(2 % in 1 L/min oxygen).   

   6.    Place the animals (abdominal view) under continuous anesthe-
sia into the IVIS 100™ Luminometer. Set acquisition time and 
binning at 3 min/acquisition and 4, respectively. Up to three 
mice can be acquired at the same time.   

3.10  Measurement 
of the ATP Content 
of the Tumor 
Microenvironment 
in a Model 
of  Peritoneal   OVCAR-3 
Ovarian Carcinoma

  Fig. 3    Detection of experimental colitis by HEK293-pmeLUC cell inoculated i.p. in 
DSS-treated C57Bl/6 mouse. Mouse on the right received DSS and HEK293- 
pmeLUC cells. Mouse on the  left  (control) received only HEK293-pmeLUC cells       
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   7.    Repeat  steps 5  and  6  every 2 days for at least 16 days.   
   8.    For quantifi cation, select manually a region of interest (ROI) 

including the tumor area, and record ROI luminescence inten-
sity as photons per seconds.   

   9.    Analyze  data   with Living Image software ( see   Note 4 ).   
   10.     Inoculate   HEK293-pmeLUC cells into healthy  nude / nude  

mice as a control ( see   Note 5 ).      

         1.    Resuspend 8 × 10 6  MZ2-MEL cells in 200 μl of RPMI.   
   2.    Inject into  nude / nude  mice the MZ2-MEL suspension i.p. 

(200 μl in each mouse) with a syringe fi tted with a 27-gauge 
needle. A minimum of fi ve mice is recommended.   

   3.    Inject the cell suspension subcutaneously (s.c.) in the right 
dorsal hip of each mouse with a syringe fi tted with a 27-gauge 
needle.   

   4.    Wait 10–15 days for tumor growth, or until tumor mass has 
reached a size of 1.5 × 1.5 cm.   

   5.    Inject 2 × 10 6  HEK293-pmeLUC cells in 200 μl of DMEM- F12 
into the tumor mass.   

   6.    As a  c  ontrol, inject 2 × 10 6  HEK293-pmeLUC cells into the 
contralateral (left) dorsal hip (healthy tissue) of each mouse.   

   7.    Inject each mouse i.p. with 150 mg/kg  D -luciferin (3 mg/
mouse).   

   8.    Fifteen minutes after, anesthetize the mice with isofl uorane 
(2 % in 1 L/min oxygen).   

   9.    Place the animals (dorsal view) into the luminometer. Set 
acquisition time and binning at 3 min/acquisition and 4, 
respectively.   

   10.    Up to three mice at the same time can be acquired.   
   11.     Rep  eat  steps 6  and  7  every 2 days for at least 10 days.   
   12.    For quantifi cation, select manually a region of interest (ROI) 

including the tumor area. Draw ROI with the same size area 
also on the left dorsal hip (healthy tissue is used as a negative 
control). Record ROI luminescence intensity as photons per 
seconds (Fig.  4 ).

       13.     Analyze   data with Living Image software.      

       1.    Induce a melanoma tumor as describe above ( see  
Subheading  3.11 ).   

   2.    When tumor mass has reached a size of 1.5 × 1.5 cm, inject 
2 × 10 6  HEK293 pmeLUC cells (resuspended in 200 μl of 
DMEM-F12) into the tumor mass.   

3.11  Measurement 
of the ATP Content 
of the Tumor 
Microenvironment 
in a Model  of   MZ2-
MEL Melanoma

3.12  HEK293- 
pmeLUC Cell 
Validation 
with Apyrase
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   3.    Four days later, inject into the tumor mass 20 U of apyrase 
dissolved in 100 μl of sterile PBS. Inject sterile PBS alone 
(vehicle) in control tumor-bearing mice.   

   4.    Acquire and measure luminescence as described in 
Subheading  3.11 .       

4    Notes 

     1.    To enhance plasma membrane expression of the pmeLUC 
construct, cells can be overnight incubated in the presence of 
1 mM DTT, or kept at room temperature (21 °C) for 2 h 
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  Fig. 4    Detection of the ATP concentration in the microenvironment  of   MZ2-
MEL tumor intra-mass injected with HEK293-pmeLUC cells (from Pellegatti 
et al., ref.  5 )       
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before immunostaining or luminescence recording. These 
treatments do not affect luciferase activity, and maximize pme-
LUC surface expression by enhancing transport to the plasma 
membrane and slowing recycling.   

   2.    Apyrase, a cell-impermeant ATP-hydrolyzing enzyme, is used 
as a control of the extracellular location of pmeLUC probe.   

   3.     O     VCAR-3 and MZ2-MEL cell lines are cultured in RPMI 
1640 with  L -glutamine, Na-pyruvate, and NaHCO 3  (Sigma 
Aldrich) supplemented with 10 % heat-inactivated FBS, 
100 U/ml penicillin, and 100 μg/ml streptomycin. Cells are 
cultured in Falcon T75 cell culture fl asks and split once they 
reach 80–90 % confl uence by treatment with 0.025 % Tripsin 
and 0.025 % EDTA in PBS buffer.   

   4.    In tumor-bearing mice luminescence is very bright shortly 
after pmeLUC inoculation, because of the ATP-rich infl amma-
tory environment within the peritoneal cavity. Then the signal 
progressively attenuates and localizes to discrete abdominal 
foci (metastases). Postmortem analysis and luminometry reveal 
numerous light-emitting metastasis on the abdominal wall. 
Moreover, histologic analysis of metastases with anti-luciferase 
Abs shows that HEK293 pmeLUC cells infi ltrate tumor 
masses and report the ATP concentration in the tumor 
microenvironment.   

   5.    Control mice: Healthy nude mice were injected i.p. with 
2 × 10 6  HEK293 pmeLUC cells and monitored for 3 months. 
No signifi cant luminescence emission can be detected over this 
extended time span. This underlines that in healthy tissue the 
ATP concentration in the extracellular environment is very 
low, certainly below the threshold for detection by HEK293 
pmeLUC (1–5 μM).         
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    Chapter 8   

 Measuring NLR Oligomerization I: Size Exclusion 
Chromatography, Co-immunoprecipitation, 
and Cross-Linking                     

     Sonal     Khare    ,     Alexander     D.     Radian    ,     Andrea     Dorfl eutner    , 
and     Christian     Stehlik      

  Abstract 

   Oligomerization of nod-like receptors (NLRs) can be detected by several biochemical techniques depen-
dent on the stringency of protein–protein interactions. Some of these biochemical methods can be com-
bined with functional assays, such as caspase-1 activity assay. Size exclusion chromatography (SEC) allows 
separation of native protein lysates into different sized complexes by fast protein liquid chromatography 
(FPLC) for follow-up analysis. Using co-immunoprecipitation (co-IP), combined with SEC or on its own, 
enables subsequent antibody-based purifi cation of NLR complexes and associated proteins, which can 
then be analyzed by immunoblot and/or subjected to functional caspase-1 activity assay. Chemical cross-
linking covalently joins two or more molecules, thus capturing the oligomeric state with high sensitivity 
and stability. Apoptosis- associated speck-like protein containing a caspase activation domain (ASC) oligo-
merization has been successfully used as readout for NLR or AIM2-like receptor (ALR) infl ammasome 
activation in response to various pathogen- or damage-associated molecular patterns (PAMPs or DAMPs) 
in human and mouse macrophages and THP-1 cells. Here, we provide a detailed description of the meth-
ods used for NLRP7 oligomerization in response to infection with  Staphylococcus aureus  ( S. aureus ) in 
primary human macrophages, co- immunoprecipitation and immunoblot analysis of NLRP7 and NLRP3 
infl ammasome complexes, as well as caspase-1 activity assays. Also, ASC oligomerization is shown in 
response to dsDNA, LPS/ATP, and LPS/nigericin in mouse bone marrow-derived macrophages 
(BMDMs) and/or THP-1 cells or human primary macrophages.  

  Key words     Cross-linking  ,   Size exclusion chromatography  ,   Co-immunoprecipitation  ,   Protein–protein 
interaction  ,   Oligomerization  ,   Caspase-1 activity assay  ,   Nod-like receptor  ,   NLR  ,   Infl ammasome  

1       Introduction 

 Nod-like receptors (NLRs)  ass     emble into large oligomeric signal-
ing complexes, such as infl ammasomes and nodosomes [ 1 ,  2 ]. 
Several biochemical methods, which are based on the detection of 
protein–protein interactions, are established to detect and quantify 
the conversion of monomeric proteins into active oligomeric pro-
tein complexes [ 3 – 5 ]. 
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 Size exclusion chromatography (SEC) is based on the separa-
tion of native protein complexes according to their size by migra-
tion through a gel matrix, which consists of spherical beads 
containing pores of a specifi c size distribution [ 6 ]. When molecules 
of different sizes are included or excluded within the matrix, it 
results in separation of these molecules depending on their overall 
sizes. Small molecules diffuse into pores and are retarded depend-
ing on their size, whereas large molecules, which do not enter the 
pores, are eluted with the void volume of the column. As the mol-
ecules pass through the column, they are separated on the basis of 
their size and are eluted in the order of decreasing molecular 
weights. Here we describe SEC of the oligomerized NLRP7 com-
plex in response to  S. aureus  infection of human primary macro-
phages [ 7 ]. 

 Immunoprecipitation ( IP  ) and co-immunoprecipitation (co-
IP) are routinely used techniques to study protein– protein      interac-
tions and to identify novel members of protein complexes [ 3 ,  8 ,  9 ]. 
Both techniques use an immobilized antibody specifi c to the anti-
gen/protein of interest. While IP is designed to purify a single 
antigen, co-IP is suited to isolate the specifi c antigen/protein as 
well as to co- purify any other associated proteins, which are then 
separated by SDS/PAGE and detected  by   immunoblotting. 
Interacting proteins might include complex partners, cofactors, 
signaling molecules, etc. The strength of the interaction between 
proteins may range from highly transient to very stable interac-
tions. While studying these interactions by co-IP, there are a num-
ber of factors which should be taken under consideration, e.g., 
specifi city of the antibody, optimization of the binding and wash 
conditions, posttranslational modifi cations, etc. Here, we describe 
a co-IP protocol for the endogenous ASC–NLRP3 complex from 
THP-1 cells and BMDMs and the ASC–NLRP7 complex from 
human primary macrophages, as the recruitment of ASC to these 
NLRs is a readout for infl ammasome assembly. A particularly use-
ful approach is the combination of SEC with co-IP to allow the 
analysis of complexes within a specifi c size fraction, for example, 
for analyzing NLR-containing complexes within high molecular 
weight fractions. 

 This analysis  furthe     r enables the detection of caspase-1 within 
infl ammasomes and allows quantifi cation of its activity, when com-
bined with caspase-1 activity assays. Caspase-1, also known as 
interleukin (IL)-1β-converting enzyme (ICE), is a cysteine prote-
ase and is the downstream effector molecule that becomes acti-
vated within infl ammasomes subsequent to the activation of several 
NLRs [ 10 ]. The active 20 kDa and 10 kDa hetero-tetrameric cas-
pase-1 is derived from the auto-proteolytically cleaved 45 kDa pro-
enzyme (zymogen) [ 11 ,  12 ]. Subsequently, the caspase-1 substrate 
pro-IL-1β (35 kDa) is converted into the biologically active form 
(17 kDa) [ 13 – 15 ]. Here we describe two assays that determine 
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caspase-1 activity, which are routinely used in our laboratory [ 7 ]. 
First, a sensitive fl uorometric assay that quantifi es caspase-1 activity 
within the NLRP7 infl ammasome, where the preferential recogni-
tion of the tetrapetide sequence YVAD by caspase-1 is utilized in 
combination with the detection of the fl uorescent substrate 
7-amino-4-trifl uoromethyl coumarin (AFC) [ 16 ]. YVAD-AFC 
 e     mits blue light (400 nm), but once the substrate is cleaved by 
caspase-1, the free AFC emits yellow-green fl uorescence (505 nm), 
which can be quantifi ed in a plate reader with fl uorescence capa-
bilities and the appropriate fi lter sets. Second, the caspase- 1 sub-
strate pro-IL-1β is converted into mature IL-1β, which can be 
detected by Western blot analysis [ 7 ]. 

 Chemical cross-linking covalently joins two or more molecules 
[ 17 ]. Cross-linking reagents (or cross-linkers) consist of two or 
more reactive ends. This enables cross-linkers to chemically attach 
to specifi c functional groups (e.g., sulfhydryls, primary amines, 
carboxyls, etc.) on proteins or other molecules. Cross-linker-
mediated attachment between groups on two different protein 
molecules leads to intermolecular cross-linking. This cross-linking 
results in the stabilization of protein–protein interactions. Cross-
linkers can be selected on the basis of their chemical reactivity and 
properties, like chemical specifi city, water solubility, membrane 
permeability, etc. [ 17 ]. Here, we  describ     e the cross-linking of 
nucleated and polymerized ASC molecules using the membrane-
permeable, nonreversible cross- linker disuccinimidyl suberate 
(DSS), which contains an amine- reactive N-hydroxysuccinimide 
(NHS) ester at each end of an 8-carbon spacer arm ( see   Note 1 ). 
ASC oligomerization has been successfully used as a readout for 
NLR or ALR infl ammasome activation in response to various 
PAMPs and DAMPs in primary macrophages as well as monocytes 
[ 18 ,  19 ]. We describe ASC oligomerization in response to 
poly(dA:dT) (dsDNA) as well as LPS/ATP or LPS/nigericin in 
mouse BMDM and THP-1 cells [ 20 ].  

2     Materials 

 All solutions  shou     ld be prepared using ultrapure water (sensitivity 
of 18 MΩ·cm at 25 °C) and analytical grade reagents. 

        1.    Appropriate culture medium for THP-1 cells, primary human 
macrophages, BMDMs,  and   HEK293 cells.   

   2.    Lipofectamine 2000 (Invitrogen) or transfection reagent of 
choice.   

   3.     Phosph     ate-buffered saline (PBS) solution.   
   4.    100/60 mm tissue culture dishes.   
   5.    1.5 and 2 ml microcentrifuge tubes.   

2.1  Cell Culture 
and Antibodies

NLR Oligomerization by Proteomic Techniques



134

   6.    15 ml centrifuge tubes.   
   7.    Cell scrappers.   
   8.    Refrigerated tabletop centrifuge with 1.5 ml microcentrifuge 

tube rotor.   
   9.    Tabletop  centrif     uge with 15 ml tube rotor.   
   10.    Heat block.   
   11.    10× protease inhibitor cocktail (we use the cocktail from 

Roche, but other cocktails could be also used).   
   12.    0.1 M phenylmethylsulfonyl fl uoride (PMSF) in ethanol.   
   13.    Poly(dA:dT).   
   14.    Ultrapure  E. coli  lipopolysaccharide (LPS), serotype 0111:B4.   
   15.    ATP.   
   16.     Ni     gericin.   
   17.    Laemmli sample loading buffer: 60 mM Tris–HCl, pH 6.8, 2 % 

sodium dodecyl sulfate (SDS), 100 mM dithiothreitol (DTT), 
10 % glycerol, and 0.01 % bromophenol blue.   

   18.    SDS/PAGE and blotting equipment and materials.   
   19.    Anti-ASC antibody (we use Santa Cruz, sc-22514-R).   
   20.    Anti-NLRP3 antibody (we use Adipogen, Cryo-2, 

AG-20B-0014).   
   21.    Anti-NLRP7  anti     body (we use Imgenex, IMG-6357A).      

       1.     Fast protein liquid chromatography (FPLC)   equipment (we 
use a Bio-Rad BioLogic LP Chromatography System, but 
other systems are also suitable).   

   2.     G     el fi ltration column. We use GE Healthcare HiPrep 16/60 
Sephacryl S-300 High-Resolution Column (matrix, 50 μm 
allyl dextran and  N , N ′-methylenebisacrylamide; bed dimen-
sion, 16 × 600 mm; bed volume, 120 ml). Other similar col-
umns are also suitable.   

   3.    System tubing of 1.6 mm internal diameter.   
   4.    Fraction collector.   
   5.    5 ml round bottom tubes.   
   6.     Separ     ation buffer: 50 mM Tris, pH 7.4, 150 mM NaCl.   
   7.    Lysis buffer: 10 mM Na 4 P 2 O 7 , 10 mM NaF, 20 mM Tris, pH 

7.4, 150 mM NaCl, 1 % octylglucoside, 1 mM PMSF, and 1× 
protease inhibitor cocktail.   

   8.       Trichloroacetic acid (TCA).   
   9.       Acetone.   
   10.    20 % ethanol.   
   11.    Gel  fi ltrati     on standard (we use Bio-Rad 151-1901).   

2.2  Size Exclusion 
Chromatography (SEC)
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   12.    Dounce homogenizer.   
   13.    Sonicator.   
   14.    3 ml syringe using an 18½-gauge needle.   

   15.    0.45 μM syringe fi lter.      

       1.       IP lysis  buff     er: 50 mM HEPES, pH 7.4, 150 mM NaCl, 10 % 
glycerol, 2 mM EDTA, 0.5 % Triton X-100, 1× protease inhib-
itor cocktail.   

   2.    Specifi c antibody against NLR of interest ( see  Subheading  2.1 ).   
   3.    Protein A/G-Sepharose (we use the Protein A/G-Sepharose ®  

4B from Life Technologies).      

       1.    10  m     M Ac-YVAD-AFC. This is a stock solution and should be 
prepared in dimethyl sulfoxide (DMSO); protect solution from 
light.   

   2.    Caspase-1 lysis buffer: 150 mM NaCl, 20 mM Tris, pH 7.5, 
0.2 % Triton X-100;  add freshly : 1 mM DTT.   

   3.    Caspase assay buffer: 50 mM HEPES, 7.2–7.4, 50 mM NaCl, 
1 mM EDTA, 0.1 % CHAPS, 10 % sucrose;  add freshly : 10 
mM DTT, 100 μM substrate Ac-YVAD-AFC.      

       1.    pro-IL-1β cDNA.   
   2.    Anti-IL-1β antibody suitable for Western blotting (e.g., we use 

cell signaling antibody clone 3A6, 12242).      

       1.    100 mM  disucc     inimidyl suberate (DSS). This is a stock solu-
tion and should be prepared in DMSO ( prepare freshly just 
before adding to the lysates ).   

   2.    Lysis buffer: 20 mM HEPES–KOH, pH 7.5, 150 mM KCL, 1 
% NP-40, 0.1 mM PMSF, 1× of protease inhibitor cocktail, 1 
mM sodium orthovanadate (PMSF should be added to the 
lysis buffer just before cell lysis).       

3     Methods 

        1.    Culture  TH     P-1 cells, primary human macrophages, or BMDM 
in the appropriate culture dish and with your established media.   

   2.    To activate the AIM2 infl ammasome, transfect cells with 
poly(dA:dT) using Lipofectamine 2000 (follow the manufactur-
er’s protocol for the transfection) for 5 h (for cross-linking,  see  
 Note 2 ). To activate the NLRP3 infl ammasome with LPS/ATP, 
treat cells with 100 ng/ml of LPS for 4 h followed by a pulse 
with 5 mM ATP for 20 min.  or      incubation with nigericin (5 μM) 

2.3  Co-immunopreci-
pitation (co-IP)

2.4   Fluorometric 
Caspase-1 Activation 
Assay  

2.5  In Vitro 
Caspase-1 Activation 
Assay

2.6   Cross-Linking

3.1  Cell Culture 
and Activation
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for 45 min. Infect cells with  S. aureus  (MOI = 3) or  Listeria 
monocytogenes  (MOI = 12) at 37 °C for 45 min to activate multi-
ple infl ammasomes, including NLRP3, NLRP7, and AIM2 [ 7 , 
 20 ]. Extracellular bacteria will be eliminated with gentamicin (50 
mg/ml) for a total time of 90 min [ 7 ] ( see   Note 3 ).      

        1.    Connect the  co     lumn according to the manufacturer’s instruc-
tions and verify proper bubble-free packing of the column.   

   2.    Equilibrate the column with ½ column volume (CV) ddH 2 O 
(60 ml) at a fl ow rate of 0.5 ml/min, followed by 2 CV (240 
ml) separation buffer at 1 ml/min at 4 °C.   

   3.    Activate 5 × 10 7  cells in 60 mm culture dishes containing 5 × 10 6  
macrophages per plate for 90 min ( see   Note 4 ).   

   4.    Aspirate the culture medium and wash cells twice with ice-cold 
1× PBS.   

   5.    Lyse cells  in      200 μl lysis buffer per plate, pool lysate from all 
plates into a 15 ml conical tube, and incubate for 20 min on 
ice.   

   6.    Prior to homogenization, prechill a glass of 2 ml Dounce tissue 
grinder on ice, transfer lysate to the cooled tissue grinder, and 
homogenize through 30 strong strokes, carefully avoiding 
bubble formation.   

   7.    Following homogenization, place the lysate in a 2 ml micro-
centrifuge tube and spin at 12,000 ×  g  for 30 min to clarify 
the lysate.   

   8.    Transfer the cleared lysates to a fresh tube and then draw it 
into a 3 ml syringe using an 18½-gauge needle. Perform a sec-
ond clarifi cation step to remove any remaining debris  us     ing a 
0.45 μM syringe fi lter. Draw the fi nal lysate in a new 3 ml 
syringe for injection into the chromatography system or store 
it at 4 °C until injection.   

   9.    Carefully examine the lysate within the syringe for any air bub-
bles prior to injection, and if necessary remove it by gently 
fl icking the syringe.   

   10.    Insert the syringe into the injection valve in the valve control-
ler and inject the lysate into a sample loop, which needs to fi t 
the entire lysate (we usually use a 2.5 ml sample loop) prior to 
introducing it into the separation column. During injection, 
the  fl o     w of the chromatography system bypasses the sample 
loop. Adjust the fl ow rate to 0.5 ml/min, and use the valve 
selection device to divert the fl ow into the sample loop, which 
is subsequently connected to the separation column and the 
rest of the system. Take care to avoid any introduction of air 
bubbles into the system.   

   11.    Start an automated collection program:

3.2  Size Exclusion 
Chromatography (SEC)
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    (a)     0.5 ml/min fl ow rate for 72 min, diverting fl ow to dis-
posal (column dead volume).   

   (b)     0.5 ml/min fl ow rate for 216 min, diverting fl ow to frac-
tion collector; collect 9 min/fraction (4.5 ml) for a total of 
24 fractions.   

   (c)     Divert  fl ow      to waste for another 200 min at 0.5 ml/min to 
remove any small molecules remaining in the column.       

   12.    Continuously monitor fractions by UV absorbance.   
   13.    Initiate any subsequent injections at this point, repeating  steps 

10 – 12 .   
   14.    At this step,  eith     er continue with co-IP ( see  Subheading  3.3  

below) or continue for TCA precipitation and Western blot 
analysis.   

   15.    Divide each fraction into three 1.5 ml aliquots in 2 ml micro-
centrifuge tubes.   

   16.    TCA precipitates proteins by adding 500 μl 100 % w/v  trichlo-
roacetic   acid per tube. Mix tubes and incubate on ice for at 
least 10 min and collect proteins by  centri     fugation at 14,000 ×  g  
for 30 min. White protein precipitates are present at the bot-
tom of the tubes. Discard the supernatants and wash pellets 
with 0.5 ml of ice-cold acetone  with   vortexing and pool the 
contents of three tubes corresponding to the same fraction and 
spin at 14,000 ×  g  for 10 min.   

   17.    Aspirate the acetone supernatant and wash the pellets twice 
with 1 ml of ice-cold acetone as above.   

   18.       Aspirate the acetone and keep the tubes uncapped at 30 °C in 
a heat block for 10 min to evaporate any remaining acetone 
( see   Note 5 ).   

   19.     Resuspe     nd protein pellets in 50 μl 1.5× Laemmli buffer ( see  
 Note 6 ). Vigorously vortex the samples to fully resuspend any 
insoluble portion of the pellet. Sonicate samples in a water 
bath to ensure maximum dissolution of the protein pellet. Boil 
samples in a 95 °C heat block for 10 min before separating by 
SDS/PAGE (a 10 % acrylamide gels is usually well suited) and 
analysis  by   immunoblotting ( see   Note 7 ).   

   20.    To match fractions to a particular molecular weight, either 
pre- run or post-run a gel fi ltration molecular weight stan-
dard under the same conditions. The protein standards can 
be  d     etected by UV absorbance and matched to a particular 
fraction. We use a lyophilized protein mixture from Bio-Rad 
consisting of thyroglobulin, bovine γ-globulin, chicken oval-
bumin, equine myoglobin, and vitamin B12 (MW range 
from 1350 to 670,000 Da, pI 4.5–6.9), which we dissolve in 
lysis buffer.   

NLR Oligomerization by Proteomic Techniques
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   21.     Regene     rate the column after each run with one CV (120 ml) 
separation buffer (at 1 ml/min at 4 °C) and four CV (480 ml) 
ddH 2 O, followed by four CV (480 ml) 20 % ethanol, and store 
in 20 % ethanol at 4 °C in an upright position.      

           1.    Plate 1 × 10 7  cells in a 100 mm tissue culture dish ( see   Note 8 ).   
   2.    Wash the  adher     ent cells (primary human macrophages and 

BMDM) with ice-cold PBS. Add 1 ml of ice-cold lysis buffer. 
Keep the plate on ice and make sure the lysis buffer is distrib-
uted evenly. In case of THP-1 cells (suspension cells), transfer 
the cells to a 15 ml tube and centrifuge at 400 ×  g  for 10 min 
at RT. Add 1 ml of ice-cold lysis buffer and transfer the cell 
suspension to a 1.5 ml tube. Incubate the cells in lysis buffer 
for 30 min on ice.   

   3.    Centrifuge the cell lysates at 10,000 ×  g  for 15 min at 4 °C.   
   4.    Transfer  the      cleared lysates to a fresh 1.5 ml microcentrifuge tube. 

Alternatively, use a particular fraction or pooled fractions from 
SEC as input for the co-IP (from  step 14  of Subheading  3.2 ).   

   5.    Preclear lysates with 1 μg control IgG and 5 μl of Protein 
A/G- Sepharose beads.   

   6.    Centrifuge the samples at 2500 ×  g  at 4 °C for 2 min.   
   7.    Transfer the supernatant to a fresh 1.5 ml microcentrifuge 

tube.   
   8.    Add 1 μg of  spe     cifi c antibody to the NLR of interest or ASC to 

the cleared lysates and incubate at 4 °C with rotation for 1 h 
( see   Note 9 ).   

   9.    Add 5 μl of Protein A/G-Sepharose beads to the lysate–anti-
body mix and incubate at 4 °C with rotation for at least 2 h or 
overnight.   

   10.    Centrifuge the samples at 2500 ×  g  at 4 °C for 2 min. Remove 
the supernatant and wash the beads three times with 1 ml lysis 
buffer ( see   Note 10 ).   

   11.     Extract    the      immunoprecipitated proteins by adding 60 μl of 
Laemmli sample loading buffer and incubating at 95 °C for 
10 min.   

   12.    Centrifuge the samples at 2500 ×  g  for 2 min to pellet the 
Sepharose beads.   

   13.    Run the cleared samples on the SDS/PAGE gel and detect the 
immunoprecipitated proteins and the potential interacting 
partners by  immunoblotting   using specifi c antibodies.      

    This is an alternative approach which has  be     en previously used to 
analyze ASC–NLRP3 and ASC–NLRP7 interactions [ 7 ,  20 ,  21 ].
    1.    Transfect a 100 mm tissue culture dish of HEK293 cells with 

myc- ASC, control GFP, GFP-NLRP3, or GFP-NLRP7, 
adjusted to yield comparable expression ( see   Note 11 ).   

3.3  Co-immunopreci-
pitation (co-IP)

3.4  co-IP of 
Overexpressing NLR 
Proteins with ASC
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   2.    36 h post-transfection, lyse the cells  in   IP lysis buffer.   
   3.    Proceed for the co-IP using protein-/tag-specifi c antibody as 

described in Subheading  3.3  ( see   Note 12 ).    

         1.    Pellet from 1 to 5 × 10 6  cells at 400 ×  g  for 10 min in a centri-
fuge at 4 °C ( see   Note 13 ).   

   2.    Wash the cells once with ice-cold PBS.   
   3.    Add caspase lysis buffer with fresh DTT (use the same volume 

as the cell pellet, as a very concentrated cell lysate is required: 
about 50 μl), resuspend and keep on ice for 10 min.   

   4.    Spin for 5 min  in      a refrigerated centrifuge at 14,000 ×  g  and 4 
°C (full speed) and transfer supernatant into a fresh, prechilled 
tube (lysates can be stored at −80 °C). For different time 
points, snap- freeze the lysates in liquid nitrogen instead of 
incubating it on ice.   

   5.    Assay equal volume of extract (determined by cell number); 
keep some lysates to determine protein concentration for nor-
malization of the relative fl uorescence units (RFU) (although 
preferably, you determine it up front). Alternatively, it can use 
immobilized proteins  purifi      ed by co-IP experiments using 
immobilized anti-NLRP7,  s  uch as from  step 10  of Subheading 
 3.3  in combination with SEC or directly from cell lysates, as 
source for the caspase-1. In this case, equilibrate beads in cas-
pase assay buffer (lacking the substrate Ac-YVAD-AFC).   

   6.    Turn on the fl uorescent plate reader, set up the correct excita-
tion and emission fi lters (AFC excitation, 400 nm; emission, 
505 nm), and warm up the reader to 37 °C.   

   7.    Prepare 100 μl caspase assay buffer/sample with fresh DTT 
and 100 μM of substrate Ac-YVAD-AFC.   

   8.    Add  same      volume of adjusted lysates, including a negative con-
trol (max: 15 μl) into white or black 96-well plates.   

   9.    Quickly add 100 μl of assay buffer to each well (if necessary 
remove air bubbles  quick  ly with a syringe needle).   

   10.    Measure caspase-1 activity over time for 1 h at 37 °C at 
400/505 nm  (excitation/emission) ( see   Note 14 ).      

       1.    Transfect a 100 mm tissue culture dish of HEK293 cells with a 
pro- IL- 1β cDNA ( see   Note 15 ). 24–36 h post-transfection, 
lyse cells in caspase-1 lysis buffer, and centrifuge the lysates at 
high speed (14,000 ×  g ) for 10 min at 4 °C to obtain the cleared 
lysate ( see   Note 16 ).   

   2.    Purify the NLRP7 complex and IgG control complex as 
described above (Subheading  3.3 ), except maintain the 
bound proteins on the Sepharose beads (do not elute pro-
teins in Laemmli buffer) and equilibrate beads in caspase-1 
assay buffer.   

3.5  Fluorometric 
Caspase-1  Acti     vation 
 Assay  

3.6  In Vitro 
Caspase-1  Activ     ation 
Assay
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   3.    Incubate the  Sephar     ose beads containing immobilized NLRP7 
and IgG control complex in caspase-1 assay buffer with total 
cleared lysates from HEK293 for 1–2 h at 37 °C.   

   4.    Stop reaction by adding 2× Laemmli buffer and analyzing the 
conversion of pro-IL-1β to mature IL-1β by Western blot ( see  
 Note 17 ).      

       1.    Plate 4 × 10 6  cells  in      a 60 mm tissue culture plate.   
   2.    Transfect or treat cells as described in previous Subheading  3.1  

or  3.4 .   
   3.    Remove the culture supernatants and rinse the cells with ice- 

cold PBS. Add 1 ml of ice-cold PBS to the plate and remove 
the cells using a cell scraper and transfer to 1.5 ml microcentri-
fuge tubes.   

   4.    Centrifuge the cells at 400 ×  g  for 10 min and discard the 
supernatant.   

   5.    Add 500 μl ice-cold  l     ysis buffer to the cell pellet and lyse the 
cells by shearing 10 times through a 21-gauge needle.   

   6.    Reserve 50 μl of cell lysate for Western blot analysis.   
   7.    Centrifuge the remaining lysates at 2500 ×  g  for 10 min at 4 

°C.   
   8.    Transfer the supernatants to fresh tubes. Resuspend the pellets 

in 500 μl PBS. Add 2 mM disuccinimidyl suberate (DSS) (from 
a  freshly prepared  100 mM stock) to the resuspended pellets 
and the supernatants. Incubate at RT for 30 min with agitation 
on a rotator  o     r nutator.   

   9.    Centrifuge samples at 2500 ×  g  for 10 min at 4 °C.   
   10.    Remove supernatants and quench the cross-linking by resus-

pending the cross-linked pellets in 60 μl Laemmli sample 
buffer.   

   11.    Boil the samples for 10 min at 95 °C and analyze by running 
the samples on a SDS/PAGE gel and detect the respective 
NLR or ASC by Western blotting ( see   Note 18 ).       

4     Notes 

     1.    This approach can be modifi ed with application of a reversible 
cross-linker, such as  dithio     bis(succinimidyl propionate) (DSP) 
or Lomant’s reagent, which contains a disulfi de bond in its 
spacer arm, which is cleaved by reducing agents, such as 
Laemmli buffer. This approach allows co-IP experiments under 
stringent conditions of cross-linked protein complexes and 

3.7   Cross-Linking
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detection of purifi ed proteins by  immunoblot   according to 
their monomeric molecular weight.   

   2.    This time point is too long for purifying the complex by co-IP 
and SEC or to determine caspase-1 activity, but works well for 
cross-linking. We used vaccinia virus or MCMV infection for 
shorter times (90 min) to determine the AIM2–ASC complex 
in response to viral DNA [ 7 ].   

   3.    We use activation of NLRP3 by LPS/ATP and LPS/nigeri-
cin and AIM2 by poly(dA:dT) as  exam     ples. However, any 
other inflammasome activator can be used. Crude LPS can 
be substituted for ultra pure LPS, but it already causes 
some inflammasome activation. The timing can be adjusted 
as needed from as short as 1 h to overnight. Similarly, the 
concentration of ATP and nigericin can be adjusted to 
cause the appropriate level of activation (usually 3–5 mM 
ATP and 2–5 μM nigericin is sufficient). Any transfection 
reagent of choice can be used for poly(dA:dT) transfection. 
However, the concentration may need to be adjusted based 
on transfection efficiency and manufacturer’s protocol. 
Poly(dA:dT) conjugated to the cationic lipid transfection 
 rea     gent LyoVec is sold by InvivoGen for direct cytosolic 
delivery, but we did not obtain sufficient inflammasome 
activation in our hands.   

   4.    The large number of cells is required to detect low expressing 
NLRs, when separated into 24 fractions.   

   5.    Do not overdry the pellets or incubate at higher temperatures, 
as this will cause problems when resuspending the protein pel-
let. Incubating at room temperature is also suffi cient, but may 
require longer incubation times.   

   6.    In case the  Lae     mmli buffer changes color to yellow (indicating 
leftover TCA and insuffi cient washing), neutralize pH with a 
drop of 1 M Tris base.   

   7.    You will need more gels, or a wide gel (for example the Bio-
Rad Criterion gels can run up to 26 samples).   

   8.    Less cells can be used, but to achieve sensitivity we usually use 
60 or 100 mm dishes.   

   9.    For the NLRP3–ASC interaction, we commonly IP with an 
anti- ASC antibody (Santa Cruz, sc-22514-R) and detect 
NLRP3 with an anti-NLRP3 antibody (Adipogen, Cryo-2, 
AG-20B-0014). This NLRP3 antibody also works well for IP 
and cross-reacts  with      human and mouse NLRP3. We purify 
the NLRP7 complex with an anti-NLRP7 antibody (Imgenex, 
IMG-6357A).   
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   10.    This is the step to continue to the caspase-1 activity assay, 
rather than Western blot analysis. Alternatively, the beads can 
be divided for both analyses.   

   11.    We established cells stably expressing myc-ASC (HEK293 ASC ) 
for this purpose and only transfect with the NLR of interest. 
This helps with the usually poor expression of NLRs. At mini-
mum, adjust expression of ASC and NLRs by transfecting 
approximately 1/3 ASC and 2/3 NLR. The GFP fusion stabi-
lizes expression of NLRP3 and NLRP7, but additionally we 
tested HA and Flag tags, which also work.   

   12.    In the case  of      epitope-tagged proteins, consider pulling down 
with directly Sepharose-immobilized antibodies, which are 
widely available and used for detecting directly HRP-
conjugated anti-tag antibodies, as ASC runs very close to the 
antibody light chain band.   

   13.    Keep cells on ice all the time to minimize activation of cas-
pase-1, which can be activated by cell lysing at 30 °C [ 10 ].   

   14.    Prolonged  incu     bation times for several hours may be necessary 
for diluted lysates or low activity.   

   15.    We use HEK293 cells for this assay, as these cells do not express 
endogenous caspase-1 and therefore pro-IL-1β is not cleaved 
and is maintained as pro-IL-1β in the lysate. Any other cell 
type lacking caspase-1 would be equally suited.   

   16.     Alterna     tively, a pro-IL-18 cDNA could be used, as pro-IL-18 
is also cleaved by caspase-1 [ 13 – 15 ,  22 ]. Several other sub-
strates are less well characterized [ 23 – 25 ]. Helpful is the use of 
a C- terminally epitope-tagged cDNA, as the N-terminal pro-
domain is proteolytically removed by caspase-1.   

   17.    The size of pro-IL-1β is 31 kDa and of mature IL-1β is 17.5 
kDa. If you use IL-18, pro-IL-18 is 24 kDa and mature IL-18 
is 18 kDa.   

   18.     Conside     r running a gradient SDS/PAGE to properly resolve 
the multiple-sized oligomers.         
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    Chapter 9   

 Measuring NLR Oligomerization II: Detection of ASC 
Speck Formation by Confocal Microscopy 
and Immunofl uorescence                     

     Michael     Beilharz    ,     Dominic     De     Nardo     ,     Eicke     Latz    , 
and     Bernardo     S.     Franklin      

  Abstract 

   Infl ammasome assembly results in the formation of a large intracellular protein scaffold driven by the 
oligomerization of the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC). 
Following infl ammasome activation, ASC polymerizes to form a large singular structure termed the ASC 
“speck,” which is crucial for recruitment of caspase-1 and its infl ammatory activity. Hence, due to the con-
siderably large size of these structures, ASC specks can be easily visualized by microscopy as a simple upstream 
readout for infl ammasome activation. Here, we provide two detailed protocols for imaging ASC specks: by 
(1) live-cell imaging of monocyte/macrophage cell lines expressing a fl uorescently tagged version of ASC 
and (2) immunofl uorescence of endogenous ASC in cell lines and human immune cells. In addition, we 
outline a protocol for increasing the specifi city of ASC antibodies for use in immunofl uorescence.  

  Key words     Infl ammasome  ,   ASC  ,   Speck  ,   Live-cell imaging  ,   Immunofl uorescence  ,   Confocal microscopy  , 
  Flow cytometry  

1        Introduction 

  T  he activation of certain innate  immun  e  receptor  s by microbial 
and endogenous danger signals leads to the formation of large 
multi- protein signaling platforms called infl ammasomes. The 
assembly of infl ammasomes mediates caspase-1-dependent proteo-
lytic cleavage of important infl ammatory mediators of the IL-1 
family of cytokines, IL-1β, and IL-18, in concert with pyroptotic 
cell death [ 1 ]. In addition to their intracellular function, infl am-
masomes have recently been shown to display extracellular activity 
following their release from cells undergoing pyroptosis [ 2 ,  3 ]. 
Infl ammasomes typically consist of three major components, the 

 The original version of this chapter was revised. The erratum to this chapter is available at: 
DOI   10.1007/978-1-4939-3289-4_19     
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receptor/sensor (e.g., NLRP3, AIM2), the adaptor ASC, and 
the effector caspase-1. The association between sensor and ASC 
molecules is mediated via pyrin domain (PYD) interactions, while 
the involvement of caspase-1 is dependent on a caspase recruitment 
domain (CARD) present on both ASC and caspase-1. The activa-
tion of the infl ammasome sensors triggers the recruitment and 
prion-like polymerization of ASC into large fi lamentous structures 
that triggers the infl ammatory activity of caspase-1 [ 4 ,  5 ]. In rest-
ing cells, ASC displays soluble cytoplasmic and nuclear localiza-
tion, but, upon assembly of infl ammasomes, it is mobilized to 
form a large singular paranuclear ASC “speck” (~1 μm in diame-
ter) [ 2 ,  6 ,  7 ]. Due to their relatively large size, ASC specks are 
easily visualized by various imaging techniques and therefore rep-
resent a convenient readout for infl ammasome activation. We and 
others have previously  desc  ribed protocols for the generation of 
ASC fl uorescently tagged cell lines using a retroviral  transduction 
  system and their use in high-throughput imaging for quantifi ca-
tion and assessment of ASC speck formation following infl amma-
some activation [ 8 ,  9 ]; furthermore, methods to generate ASC 
specks from recombinant sources or purify from activated cells are 
also described [ 2 ,  7 ,  9 ]. 

 In this chapter, we describe two imaging-based techniques for 
the detection of ASC specks. Firstly, we provide a protocol to assess 
the localization of ASC fl uorescently tagged in live cells over time 
following NLRP3 infl ammasome activation using confocal micros-
copy. Secondly, we present an optimized protocol for performing 
immunofl uorescence (IF) of ASC in cell lines and primary human 
immune cells with commercially available antibodies. Finally, we 
provide a method for increasing the specifi city of ASC antibodies 
to use in immunofl uorescence by preclearance of anti-ASC anti-
bodies using macrophages defi cient in ASC ( Asc  −/−  iMΦs).  

2     Materials 

       1.    THP-1 monocytes, or mouse-immortalized macrophages 
(iMΦs) expressing ASC fused to a fl uorescent protein (e.g., cyan 
fl uorescent protein, CFP)   

   2.    THP-1  cells   (American-type culture collection- ATCC), 
human monocyte cell line   

   3.     Human peripheral blood mononucleated cells (PBMCs)     
   4.    Wild-type bone marrow-derived macrophages (BMDMs)   
   5.    ASC- defi   cient ( Asc  −/− ) BMDMs   
   6.    Ficoll   
   7.    Tissue culture fl asks, 75 and 175 cm 2    
   8.    96-well tissue culture-treated plates for imaging (with fl at 

glass bottom)   

2.1  Cells and Tissue 
Culture
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   9.    “Complete” Dulbecco’s modifi ed Eagle’s medium (DMEM) 
cell culture medium: DMEM, supplemented with 10 % fetal 
bovine serum (FBS); optional: antibiotics (e.g., 10 μg/ml 
ciprofl oxacin, or 100 U/mL of Penicillin-Streptomycin)   

   10.    “Complete” Roswell Park Memorial Institute (RPMI) cell 
culture medium: RPMI supplemented with 10 % FBS; optional: 
antibiotics (e.g., 10 μg/ml ciprofl oxacin, or Penicillin-
Streptomycin)   

   11.    Phosphate-buffered saline solution (PBS): 137 mM NaCl, 2.7 
mM KCl, 1 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4  and pH 7.4   

   12.     Mamm  alian cell culture facility with an incubator maintained 
at 37 °C and 5 % CO 2  and 95 % air      

       1.    Phorbol 12-myristate 13-acetate (PMA)   
   2.     Ult  rapure lipopolysaccharide from  Escherichia coli  0111:B4 

(LPS)   
   3.    Nigericin   
   4.    Adenosine 5′-triphosphate disodium salt hydrate (ATP) ( see  

 Note 1 )      

       1.    Sixteen percent formaldehyde (store protected from light)   
   2.    Fixation buffer: 4 % formaldehyde in PBS ( see   Note 2 )   
   3.    Permeabilization and blocking (perm/block) buffer: 10 % goat 

 ser  um, 1 % FBS, and 0.5 % Triton-X100 in PBS   
   4.    Wash buffer: PBS   
   5.    DRAQ5 (store at 4 °C protected from light; DRAQ5 is toxic, 

so handle with care)   
   6.    Recombinant cholera toxin subunit B-conjugated with Alexa 

Fluor 555 ®  (this  pr  oduct is exclusive of Life Technologies, 
 alt  hough other fl uorochrome conjugates from other compa-
nies are also suitable). Fluorochrome-conjugated Weat Germ 
Agglutinin also work well and can be used as an alternative cell 
membrane staining.      

  
     1.    There are different anti-ASC antibodies suitable to detect 

ASC; here we use the rabbit polyclonals (pAb) anti-ASC from 
Adipogen (clone AL177) and Santa Cruz (Clone N-15-R) 
and the mouse monoclonals (mAbs) anti-ASC from Millipore 
(clone 2EI-7), and BioLegend (purifi ed TMS-1 antibody, 
clone HASC-71), although other clones might be also 
suitable.   

   2.    Mouse-purifi ed IgG isotype control antibody   
   3.    Rabbit-purifi ed IgG isotype control antibody   

2.2  Stimuli

2.3  Immunostaining 
and  Flow Cytometry  

2.4  Antibodies 
and Conjugates
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   4.    Goat anti-rabbit-Alexa Fluor 488 ®  and anti-mouse-Alexa Fluor 
488® secondary antibodies (these antibodies are exclusive of 
Life Technologies, although other fl uorochrome  conjuga  ted 
antibodies from other companies are also suitable)      

  
     1.     Epifl uor  escence microscope with a fi lter for CFP (e.g., 458 nm 

laser with 510/80 nm emission optics) and a fi lter for DRAQ5 
(e.g., Filter Set 50 from Zeiss or similar: excitation band pass 
640/30, dichroic mirror FT 660, emission band pass 690/50) 
and with 20× and 63× objective. As an alternative, a confocal 
microscope with laser lines 458 nm (or 405 nm) and 647 nm 
(or 633 nm) and appropriate fi lters (as above) can be used.   

   2.    Image analysis software such as Volocity 6.01 or ImageJ (avail-
able as freeware from   http://rsbweb.nih.gov/ij    ).   

   3.    Flow cytometer equipped with argon laser and fi lter settings 
for CFP (e.g., 445 nm laser with 510/80 nm emission optics) 
and GFP/FITC (e.g., 488 nm laser with 505/45 nm emission 
optics).   

   4.    Flow  cytome  try software such as FlowJo V9.8 or later.       

3     Methods 

   This method is suitable to study ASC speck formation by live imag-
ing upon NLRP3 infl ammasome activation  i  n cells stably express-
ing fl uorescent ASC. 

       1.     Optional : To minimize cell lost during the staining protocol, 
it is recommended to coat the wells of 96-well imaging plates 
with either poly- L -lysine or mouse collagen IV before seeding 
the cells ( see   Note 3 ).   

   2.    Seed 0.5 × 10 5  iMΦs in complete DMEM or 1 × 10 5  THP-1 
monocytes in complete RPMI (supplemented with 100 nM of 
PMA) per well of a 96-well imaging plate ( see   Note 4 ).   

   3.    Incubate the cells overnight at 37 °C and 5 % CO 2 .   
   4.    The next day, prime cells with 200–250 ng/ml of LPS for iMΦs 

or 1 μg/ml of LPS for THP-1 for 2–3 h in 100 μl of complete 
media (use DMEM for iMΦs and RPMI for THP-1).   

   5.    If nuclei and/or membrane staining is desired, it can be done 
at this stage. During the last 30 min of LPS priming, DRAQ5 
or cholera toxin  subunit   B (CtxB) can be added to the cells. 
 See   Note 5 .   

   6.    Place the plate containing the cells in the imaging stage in the 
microscope and adjust the laser intensities, the focal plane, and 
the desired fi eld for imaging.  See   Note 6 .   

2.5  Imaging 
and Flow Cytometry

3.1  Live Imaging 
of ASC Speck 
Formation

3.1.1  Stimulation 
and  Cou  nterstaining 
for Live Imaging
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   7.    Remove the media containing LPS, and replace it with 
100 μl of fresh  comple  te media containing NLRP3 infl amma-
some activators (10 μM of nigericin or 5 mM ATP).   

   8.    Place the plate in a confocal microscope equipped with an 
incubation chamber set at 37 °C and 5 % CO 2  and start imag-
ing ( see   Note 7 ).      

         9.    Use the 20× or 63× objective with fi lters for the fl uorescent tag 
of your ASC construct (i.e., we use a laser with 458 nm [or 
405 nm] wavelength to excite ASC-CFP, 561 nm to excite 
CtxB-Alexa 555, and one with 647 nm [or 633 nm] to excite 
DRAQ5).   

   10.    During acquisition, make sure to use the same imaging param-
eters (gain, light intensity, pinhole, etc.) for all conditions.   

   11.    The formation of ASC specks is rapid, so adjust the interval 
 between   every picture accordingly. We recommend following 
the assembly of ASC fl uorescent protein by acquiring images 
every 5 min for up to 90 min total imaging time.   

   12.    While imaging the fl uorescently tagged version of ASC, you 
should see a dramatic change in its cellular distribution. The 
fl uorescent ASC changes from a weak diffuse signal present 
throughout the cell (including the nucleus) to a singular bright 
spot in an activated cell (Fig.  1a ).

           ASC specks can also be targeted by antibodies immediately upon 
infl ammasome activation [ 2 ] ( see   Note 7  and Fig.  1b ). 

 We have tested  s  everal commercially available anti-ASC 
antibodies, and their combination with secondary antibodies 
directly conjugated to Alexa 488,  and found signifi cant differences 
in their performance (e.g., signal/noise and specifi city) ( see  
Fig 1b,  Note 8–9,  and Fig.  2 ). Irrespective of the anti-ASC anti-
body of your choice, we provide here a general protocol to stain 
endogenous ASC in infl ammasome- activated cells:

     1.     Optional : To minimize cell lost during the staining protocol, it 
is recommended to coat the wells of 96-well imaging plates 
with either poly- L -lysine or mouse collagen IV before seeding 
the cells ( see   Note 3 ).   

   2.    Seed wild-type THP-1 monocytes, iMΦs, or BMDMs in 
96-well confocal plates, prime cells with LPS, and activate the 
NLRP3 infl ammasome with  ni  gericin or ATP as described in 
the previous section.   

   3.    Upon activation (60 min for ATP and 90 min for nigericin), 
carefully remove the media on the cells and slowly add 100 μl 
of the fi xation buffer and incubate samples for 30 min at 37 °C 
( see   Note 10 ).   

3.1.2  Confocal Settings 
and Image Acquisition

3.2  Immunofl uore-
scence of ASC Specks 
with Antibodies
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   4.    Carefully wash the cells twice by slowly adding 100 μl PBS 
( see   Note 11 ) to remove fi xation buffer.   

   5.    Slowly add 100 μl of the perm/block buffer to the cells and 
incubate for 30 min at 37 °C. This blocking step is important 
to reduce unspecifi c staining.   

   6.    Slowly remove the perm/block buffer and replace it with 100 
μl/well of  fr  esh perm/block buffer containing 1 μg of the 
anti-ASC of your choice ( see   Note 9  and Fig.  2 ).   
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  Fig. 1 Life imaging of ASC Specks formation in ASC-mCerulean expressing cells    ( a ) Typical result of unstimulated 
and LPS-primed, nigericin-activated ASC-mCerulean-expressing human THP-1 monocytes. Images were 
acquired in a Leica TCS  SMD   FLCS  confocal   microscope (63× objective). Maximum projection images 
are shown. Note the redistribution of ASC-mCerulean from a broad and dim fl uorescence in the  left panels  to 
a bright, small speck-like fl uorescence in the  right panels . Nuclei were stained with DRAQ5 (5 µM) and plasma 
membrane with cholera toxin B-Alexa Fluor 555 (5 µg/mL).  White numbers top - right corners  are imaging time. 
( b ) Titration of the secondary anti-species IgG specifi c antibodies directly conjugated  to   Alexa Fluor 488 dye 
for detection of ASC specks by Flow Cytometry       
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  Fig. 2 Optimization of ASC speck staining for immunofl uorescence and confocal microscopy    ( a ) Flow cytomet-
ric analysis of ASC-mCerulean specks, or lysates of  Asc  −/−  iMΦs, that were stained with a series of commer-
cially available anti-ASC antibodies, followed by staining with 2.5 μg/ml of secondary antibodies directly 
conjugated to Alexa 488. Note that although all antibodies tested yielded a distinct staining of ASC-mCerulean 
specks, the antibodies from Santa Cruz clone N15-R ( red trace ) and Adipogen ( orange trace ) also reacted quite 
highly with  Asc  −/−  iMΦs. ( b ) Confocal imaging of resting or  LP  S-primed, nigericin-activated wild-type or  Asc  −/−  
iMΦs. Cells were fi xed and stained with a series of commercially available anti-ASC antibodies, followed by 
staining with secondary antibodies directly conjugated to Alexa 488. As a control cells were incubated with the 
secondary antibodies alone       
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   7.    Incubate cells at room temperature for at least 1 h ( see   Note 12 ).   
   8.    Wash cells gently three times with 200 μl of block/perm buffer 

( see   Note 11 ).   
   9.    Stain cells with secondary antibody (2.5 μg/ml, Fig.  1b ) in 

100 μl of  bl  ock/perm buffer and incubate for 1 h at RT.   
   10.    Wash cells gently three times with 200 μl block/perm buffer.   
   11.    If nuclear or plasma membrane staining is desired, add 5 μM of 

DRAQ5 and/or 5 μg/ml of CtxB in 200 μl PBS and incubate 
5–10 min at 37 °C.   

   12.    Wash the cells gently three times with 200 μl PBS ( see   Note 11 ).   
   13.    Plates can be stored at 4 °C, with 100 μl of PBS per well until 

imaged.   
   14.    Image cells with a fl uorescent or confocal microscope, as 

 described   above in Subheading  3.1.2 .   
   15.    Similar to live imaging of fl uorescent ASC-expressing cells, you 

should see a dramatic change in the distribution of antibody- 
targeted ASC within the cell (Fig.  3 ).

              1.    Isolate human PBMCs using Ficoll according to manufactur-
er’s instructions.   

   2.    PBMCs adhere very weakly to confocal plates. To minimize cell 
lost during the staining protocol, it is recommended to coat the 
wells of 96-well imaging  pla  tes with either poly- L -lysine or 
mouse collagen IV before seeding the cells ( see   Note 3 ).   

   3.    Seed 1 × 10 5  cells/well in a 96-well glass-bottom plate ( see  
 Note 4 ).   

   4.    Let the cells adhere for at least 3 h (or overnight) at 37 °C.   
   5.    Gently remove the media and wash the cells once with PBS.   
   6.    Prime the cells with 200–1000 pg/ml LPS for 2–3 h in 100 μl 

of complete DMEM per well ( see   Note 13 ).   
   7.    Remove the supernatants and wash the cells once with 100 μl 

of PBS to  re  move serum-containing medium.   
   8.    Add 100 μl/well of serum-free medium containing 10 μM of 

nigericin or 5 mM of ATP and incubate cells at 37 °C, 5 % CO 2  
for 30–60 min with ATP or 90 min with nigericin.   

   9.    After infl ammasome activation, centrifuge the plate at 400 ×  g  
for 5 min to pellet fl oating cells and carefully remove the 
supernatants.   

   10.    Fix cells with 100 μl of fi xation buffer/well and incubate at 37 
°C for 30  m  in (or overnight at 4 °C).   

   11.    Wash the cells very carefully three times with PBS and incubate 
at 37 °C for 5 min between washes ( see   Note 11 ).   

3.3  Imaging of ASC 
Specks Using 
Antibodies in PBMCs

Michael Beilharz et al.
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   12.    Incubate the cells with 100 μl of perm/block buffer for 30 min 
at 37 °C.   

   13.    Add 100 μl of perm/block buffer containing 10 μg/ml of the 
anti- ASC of your choice in the desired wells and incubate 
plates at room temp for 1 h or overnight at 4 °C.   

   14.    Carefully wash the wells three times with PBS.   
   15.    Add 100 μl of perm/block buffer containing 2.5 μg/ml of 

anti- rabbit IgG Alexa Fluor 488 per well and incubate the 
plate at 37 °C for 40–60 min.   

   16.    Carefully wash the wells three times with PBS.   
   17.    If nuclear or plasma membrane staining is desired, add DRAQ5 

 an  d/or CtxB as described above.   
   18.    Carefully wash the wells three times with PBS.   
   19.     Add   100 μl of PBS to the cells and proceed to imaging.   

   20.    Image cells by confocal microscopy as described above in 
Subheading  3.1.2 .      

  
 Antibodies subjected to this method can be analyzed by  fl ow 
cytometry   to assess their binding capacity to purifi ed ASC specks 
or  Asc  −/−  cell lysates. As shown in Fig.  4 , the Anti-ASC N-15R 
antibody (Santa Cruz) stains ASC-mCerulean specks; however, it 
also reacts with  Asc  −/−  cell lysates (mock specks) yielding high stain-
ing background. However, such a nonspecifi c signal is not observed 
with the anti-ASC HASC-71 (BioLegend) antibody. It is thus pos-
sible to “clean” the anti- ASC N-15R antibody to signifi cantly 
reduce nonspecifi c staining in  Asc  −/−  cell lysates, without affecting 
the staining of ASC specks. This method may also be applied to 
other anti-ASC antibodies. Here we provide a protocol to “clean” 
   anti-ASC antibodies:

     1.    Harvest ~1 × 10 6   Asc  −/−  cells/ml and transfer the cell suspension 
to 50 ml tubes.   

   2.    Wash cells twice with cold PBS by pelleting them at 400  × g  for 
5 min at 4 °C.   

   3.    Resuspend cells in 10 ml of block/perm buffer and incubate 
them for 30 min at room temperature.   

   4.    Wash cells twice by pelleting them at 400 ×  g  for 5 min at 4 °C 
and  resuspend  ing in PBS.   

   5.    Resuspend cells in 1 ml of block/perm buffer containing 20 μg 
of Anti-ASC N-15R antibody.   

   6.    Incubate cells overnight at 4 °C with rotation, to allow the 
antibody to evenly diffuse.   

   7.    The next day, pellet the cells at 400 ×  g  for 5 min and transfer the 
supernatants containing unbound antibodies to a new tube.   

3.4  Protocol 
to Increase 
the Specifi city of 
Anti-ASC Antibodies for 
Immunofl uorescence

Michael Beilharz et al.
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   8.    Filter the supernatants at 0.22 μm to remove any cell debris.   
   9.    Determine the protein concentration in the supernatants (e.g., by 

 BC  A or Bradford).   
   10.    Test the clean anti-ASC antibody in  fl ow cytometry   or confocal 

assays (Fig.  4 ).    

4        Notes 

     1.    Many infl ammasome stimuli are toxic and need to be handled 
with care. Follow the manufacturer’s instructions. To activate 
NLRP3, the  foll  owing conditions can be used: prime cells with 
200 ng/ml LPS for 2–3 h, and then stimulate with 5 mM ATP 
for 30–60 min or 10 μM nigericin for 60–90 min.   

   2.    Formaldehyde is toxic and carcinogenic. Wear protective equip-
ment and dispose of formaldehyde according to the local regu-
lations. Formaldehyde solutions need to be made up fresh every 
time, as formaldehyde oxidizes to formic acid over time.   

   3.    As infl ammasome activation leads to pyroptotic cell death, cells 
often detach from the plate and can therefore be washed away 
during the washing steps, leaving very few cells for imaging. 
This can be minimized by pre-coating the plates with either 
30–40 μl/well of poly- L -lysine for 1 h, or with 1–5 μg/ml of 
mouse collagen IV for 30 min at 37 °C. Wash the plates with 
sterile injection water and let them dry completely before 
seeding the cells.   

   4.    It is advised to not use the outer wells of the 96-well plate, as 
they are more prone to evaporation. Thus, only use the middle 
60 wells from columns 2 to 10 and from rows B to G.   

   5.    For live imaging, DRAQ5 and/or cholera toxin B (CtxB) can 
be added to the cells during the fi nal 30 min of LPS priming. 
Dilute DRAQ5 or CtxB in PBS  a  nd add to the cells at a con-
centration of 2.5–5.0 μM for DRAQ5 and 5 μg/ml for CtxB. 
Incubate for 5–10 min at 37 °C. Wash it once with 100 μl/well 
of PBS and replace the PBS with fresh medium. Follow with 
infl ammasome stimulation.   

   6.    Once the infl ammasome stimuli are added, cells are rapidly 
activated. Therefore, it is recommended for optimal imaging 
performance to pre- ima  ge the plates before activation. This 
can be done during the last 30 min of the LPS priming step. 
Place the plate containing the cells in the imaging stage in the 
microscope and adjust the laser intensities, the focal plane, and 
the desired fi eld for imaging. If stacks in the  z -axis are desired, 
this can also be adjusted at this point. This procedure will spare 
the time needed to set up the microscope and guarantee that 
the cells are imaged from the very initial stages of activation.   

Michael Beilharz et al.
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   7.    Infl ammasome activation in cells usually results in disintegration 
of the plasma membrane and cell morphology. Cells will often 
blow and round up. It is thus recommended to take z-stacks 
during imaging and display the maximum intensity projection 
of these z-stacks. Cells with specks will often round up, and 
some of the specks will be located further away from the 
focal plane.   

   8.    To optimize staining of ASC specks for immunofl uorescence, it 
is important to titrate the antibodies to get the best signal/
noise ratio. We found out that most primary anti-ASC antibod-
ies work well at a concentration of 10 μg/ml, thought lower 
concentrations also work. We have tested different concentra-
tions of the fl uorescently  conjugated   secondary antibodies and 
found that the optimal signal-to-noise ratio was obtained when 
secondary antibodies were used at a fi nal concentration of 
2.5 μg/ml (Fig.  1b ). Unless stated otherwise, this concentra-
tion was used throughout in the experiments described in this 
book chapter.   

   9.    We have tested most of the commercially available anti-ASC 
antibodies by  fl ow cytometry   and confocal imaging (Fig.  2 ), in 
different concentrations and conditions (not shown). In our 
laboratory  cond  itions, the mouse monoclonal anti-ASC from 
BioLegend and Millipore displayed the best signal/noise ratio 
and were highly specifi c, as they did not react with  Asc  −/−  cell 
lysates (Fig.  2 ). Although all antibodies tested yielded a dis-
tinct staining of ASC specks, the antibodies from Santa Cruz 
and Adipogen displayed less specifi city as they reacted quite 
highly with  Asc  −/−  iMΦs (Fig.  2a , traces of red and orange for 
Santa Cruz and Adipogen antibodies, respectively).   

   10.    Is it recommended to keep all buffers (fi xation and block/perm) 
cold.   

   11.    It is crucial at this point to wash the wells very gently to avoid 
loss of cells from the plate.   

   12.    Incubation with anti-ASC antibodies overnight at 4 °C usually 
yields better signal.   

   13.    Human PBMCs can be primed with 200 pg/ml or 1 ng/ml of 
LPS. In our hands, 1 ng/ml resulted in a higher percentage of 
infl ammasome- activated   cells (as assessed by quantifying the 
cells that contains ASC specks, Fig.  3c ).         
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Chapter 10

Measuring NLR Oligomerization III: Detection of NLRP3 
Complex by Bioluminescence Resonance Energy Transfer

Fátima Martín-Sánchez, Vincent Compan, and Pablo Pelegrín

Abstract

Bioluminescent resonance energy transfer (BRET) is a natural phenomenon resulting from a non-radiative 
energy transfer between a bioluminescent donor (Renilla luciferase) and a fluorescent protein acceptor. 
BRET signal is dependent on the distance and the orientation between the donor and the acceptor and 
could be used to study protein–protein interactions and conformational changes within proteins in real 
time in living cells. This protocol describes the use of BRET technique to study NLRP3 oligomerization 
in living cells before and during NLRP3 inflammasome activation.

Key words BRET, NLRP3, Sensor, Bioluminescence

1  Introduction

BRET assay is an easy methodological tool used to study protein–
protein interactions in real time in living cells [1–3]. BRET requires 
tagging the proteins of interest with a bioluminescent donor molecule 
(Renilla luciferase or rLuc) and a fluorescent acceptor molecule, 
and their co-expression into suitable host cells. BRET procedure 
implies an energy transfer from the donor to the acceptor, which 
reemits light at a different wavelength. Energy transfer occurs 
when donor and acceptor are in close proximity, less than 100 Å and 
requires an overlap between the emission spectrum of the donor 
and the absorption spectrum of the acceptor [1, 4, 5].

Depending on the rLuc substrate used (for example coelenter-
azine-h, DeepBlueC™ or a protected form of coelenterazine-h, 
termed EnduRen™), and the nature of the acceptor (green fluores-
cent protein variants or quantum dot), different generations of 
BRET have been developed [1]. The main donor and acceptor 
used in BRET are a variant of Renilla luciferase (rLuc) and the 
yellow fluorescent protein (YFP) respectively, and require the 
substrate coelenterazine-h in case of BRET1. The oxidation of 
the substrate by the rLuc results in light emission sufficient to 
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excite the YFP, which then emits fluorescence at a different wave-
length (Fig. 1). The energy transferred from the donor to the 
acceptor is detected and can be measured as BRET signal [1, 6]. 
BRET has some advantages over FRET since it does not require an 
external light source to initiate the energy transfer, minimizing 
autofluorescence, photobleaching of the acceptor, and possible cell 
photodamage.

Here, we focus on the use of two models (model-A and model-B) 
of BRET1 assay to study oligomerization and conformational changes 
of the Nod-like receptor (NLR) with a pyrin domain 3 (NLRP3) in 
living cells before and during inflammasome activation (Fig. 2).

In model-A, we examined intermolecular interactions between 
NLRP3 proteins by using two NLRP3 constructs, one fused to 
rLuc on the C-terminus and one fused to the YFP on the 
N-terminus. Using the model-A, we have proposed that previous 
to stimulation, NLRP3 proteins expressed in HEK293 cells are in 
spatial proximity and form a preassembled complex, as indicated by 
a specific basal BRET signal (Fig. 2). This initial conformation is 
altered during inflammasome activation by hypotonicity or nigeri-
cin treatment of the cells [7].

In model-B, we produced a NLRP3 protein fused to rLuc on 
the C-terminus and the YFP to the N-terminus to record intramo-
lecular BRET variations (Fig. 2). This model is useful to study 
NLRP3 conformational changes during inflammasome activation. 
In resting conditions the conformation of NLRP3 allows an intra-
molecular energy transfer between the donor and the acceptor, as 
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YFP. When the proteins are at less than 100 Å, energy transfer can occur and the acceptor molecule emits
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indicated by a stable BRET signal (Fig. 2). During the initial 
inflammasome activation, NLRP3 protein conformational changes 
will be monitored with a variation of the energy transfer.

In both models the constructs were transfected and expressed 
in HEK293 cells. The rLuc substrate used was coelenterazine-h, 
which oxidation emits light with a single peak at 480 nm, exciting 
the YFP acceptor that then emits at 535 nm. As a signal control, 
we used HEK293 cells expressing the construct NLRP3-rLuc-Ct 
(donor alone). The BRET assays were performed on a multiplate 
reader to measure the light emitted at 480 and 535 nm and BRET 
signal is expressed as milliBRET units (mBU).

2  Materials

Prepare all solutions using ultrapure water and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). Diligently follow all waste disposal 
regulations when disposing of waste materials. We do not add 
sodium azide to the reagents.

a Inter-molecular BRET:
b

Intra-molecular BRET:

535 nm

BRET donor:

BRET acceptor: YFP

LucPYD NACHT

NLRP3-Luc-Ct

NLRP3-YFP-Ct

LRRs
Substrate

480 nm

YFP535 nm
Luc

NLRP3-YFP-Nt Luc-Ct

Substrate

480 nm

0 0.01 0.0150.005 0.02
0

20

40

50

NLRP3-Luc-Ct + NLRP3-YFP-Ct

Theorical BRET for
   non-interacting proteins

Theorical BRET for
    interacting proteins

YFP/rLuc

B
R

E
T

 (
m

B
U

)

30

10

0 2 3 41 5
50

150

250 Theorical inter-
    molecular BRET

Theorical intra-
   molecular BRET

YFP fluorescence (a.u.)

B
R

E
T

 (
m

B
U

)

200

100

NLRP3- YFP-Ct Luc-Ct

Fig. 2 Diagram illustrating two approaches to measure BRET on NLRP3 molecules. (a) In model-A specific 
intermolecular BRET was studied using two NLRP3 molecules, one fused to rLuc acting as a donor, and one 
fused to YFP acting as acceptor. Specific BRET among NLRP3 molecules can be detected when increasing 
concentrations of acceptor results in a saturation curve (red trace). (b) In model-B NLRP3 intramolecular BRET 
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signal is obtained even when increasing concentrations of the NLRP3 sensor are transfected (red trace)
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	 1.	6-well cell culture plates.
	 2.	Complete culture medium for HEK293 cells: Dulbecco’s 

Modified Eagle’s medium F12 (DMEM–F12 1:1), supplemented 
with 10 % fetal bovine serum (FBS) and 1 % -glutamine.

	 3.	Lipofectamine 2000 DNA Transfection Reagent (Life 
Technologies). Other transfection reagents might be also 
suitable if transfection efficiency is high.

	 4.	Opti-MEM® medium (Life Technologies).
	 5.	Sterile, 0.22 μm filtered 0.01 % poly-l-lysine solution.
	 6.	Sterile Dulbecco’s phosphate-buffered saline (D-PBS).
	 7.	Stimulation Buffer: 147 mM NaCl, 10 mM HEPES, 13 mM 

d-(+)-glucose, 2 mM KCl, 2 mM CaCl2, and 1 mM MgCl2, 
pH 7.4. After preparation sterilize the buffer through 0.22 μm 
filters (see Note 1).

	 8.	Nigericin sodium salt from Streptomyces hygroscopicus (see Note 2).
	 9.	Coelenterazine-h (see Note 3).

	 1.	Cell culture CO2 incubator set at 5 % CO2 and 37 °C.
	 2.	Biological safety cabinets, Class II.
	 3.	A plate reader for luminescence recording equipped with two 

emission filters close to 480 nm and 535 nm able to sequentially 
detect light at the two distinct wavelengths, including tempera-
ture control and coupled to reagent injectors, such as the 
Synergy™ Mx from BioTek Instruments.

	 4.	A plate reader for fluorescence measurement able to excite close 
to 480 nm and read emission close to 535 nm. It could be the 
same plate reader than the one used for luminescence detection.

	 5.	96-well plate, white, flat and micro-clear bottom, cell culture 
treated, sterile with lids for BRET measurements (see Note 4).

	 6.	96-well plate, black, flat and micro-clear bottom, cell culture 
treated, sterile with lids for fluorescence detection.

3  Methods

Carry out all procedures with sterile and pyrogen-free material in 
biological safety cabinets, Class II at room temperature unless 
otherwise specified.

	 1.	Seed HEK293 cells in 6-well plates using 2 ml of complete 
culture medium at a density of 1.4 × 106 cells per well and incu-
bate at 37 °C and 5 % CO2 for 24 h until transfection.

	 2.	Transfect cells following manufacturer’s instructions. Briefly 
prepare a mix of 1 μg of total DNA in 50 μl Opti-MEM (tube A) 
and a mix of 3 μl of Lipofectamine 2000 diluted in 50 μl 

2.1  Reagents 
and Solutions

2.2  Materials 
and Equipment

3.1  Expression 
of NLRP3 BRET 
Sensors in HEK293 
Cells
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Opti-MEM (tube B). Incubate tubes 5 min at room temperature 
and then add the volume of tube A into tube B and gently mix-
ing. Incubate the mixture 20 min at room temperature. In the 
meantime, remove cell culture medium from cells and add 800 
μl of fresh warm complete medium (keep the cells at 37 °C and 
5 % CO2 during the rest of the time). Then add the 
Lipofectamine–DNA mixture to the cells (drop to drop) and 
gently swirl to mix (Fig. 3). Incubate at 37 °C and 5 % CO2 for 
24 h (see Notes 5 and 6).

	 3.	The following day, prepare poly-l-lysine solution to coat 
96-well white plates by diluting 0.01 % poly-l-lysine solution 
1:100  in D-PBS, mix well, and add 100 μl to each well. 
Incubate 15 min at room temperature.

	 4.	During the incubation time detach transfected cells with 1 ml 
of complete medium by gentle pipetting up and down (Note 7) 
and transfer them into a sterile tube containing 1 ml of complete 
medium and carefully mix.

	 5.	Aspirate poly-l-lysine solution from each well, wash wells twice 
with D-PBS and dispense 100 μl of cell suspension per well. 
Incubate the plate at 37 °C and 5 % of CO2 for 24 h (see Note 8).

	 6.	In addition, in both intermolecular and intramolecular interaction 
studies, in a black 96-well plate seed duplicate wells with either 
cells transfected with donor alone or cells transfected with the con-
structions fused to the BRET donor and acceptor (see Note 9).

	 1.	Program the microplate reader according to manufacturer’s 
instructions.

	 2.	Using the black plate (see Note 9), wash the cells two times 
with PBS and read the YFP fluorescence after laser excitation 
of the protein, to determine expression of the BRET acceptor 
construction.

3.2  Determination 
of Specific 
Intermolecular 
(Model-A) or 
Intramolecular 
(Model-B) BRET Signal

Tube A

DNA
+

Opti-MEM

Tube B

Lipofectamine
+

Opti-MEM

Tube A Tube B

5 min 20 min

Tube A
+

Tube B

Fig. 3 Representative scheme of HEK293 cells transfection protocol using Lipofectamine 2000 reagent
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	 3.	To record BRET signal, wash wells from the white plate (see 
Note 9) once with stimulation buffer (be careful not to detach 
cells) and dispense 40 μl per well of stimulation buffer fol-
lowed by 10 μl well of 30 μM coelenterazine-h prepared also 
in stimulation buffer. Final concentration of coelenterazine-h 
will be 5 μM (see Note 10).

	 4.	Place the plate into the reader and start reading immediately 
(see Note 11).

	 5.	BRET value, expressed in milliBRET units (or mBU), can be 
determined with the following equation:

BRET mBU
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	 6.	In case of studying intermolecular BRET (model-A), for each 
condition of transfection, determine the ratio acceptor/donor 
by dividing the fluorescence obtained with the black plate by 
the luminescence measured at 485 nm in the white plate dur-
ing BRET recording. Report these values (X axis) to the BRET 
value (Y axis) to get a saturation curve. In case of studying 
intramolecular BRET (model-B), report the value of fluores-
cence (X axis) to the BRET value (Y axis).

	 7.	Determine the BRET specificity according to Fig. 2.

	 1.	Program the microplate reader according to manufacturer’s 
instructions (injection timing, injection speed, delivery vol-
ume, temperature), clean the injectors with distilled water, pre-
pare the stimulus in the hood, and fill up the injector with the 
stimulus (see Note 12).

	 2.	To prepare each BRET experiment (one row each time, Fig. 4), 
wash wells from the white plate once with stimulation buffer 
(be careful not to detach cells) and dispense 40 μl per well of 
stimulation buffer followed by 10 μl well of 30 μM coelenter-
azine-h prepared also in stimulation buffer. Final concentra-
tion of coelenterazine-h after stimulation injection will be 5 
μM (see Note 10).

	 3.	Place the plate into the reader and start reading immediately 
(see Note 11). After 5 min of basal BRET signal reading, inject 
10 μl of stimulus per well (see Note 13). Luminescence record-
ing is measured at 480 nm and 535 nm every 10 s for 20 min. 
The measures before stimulation represent the basal level of 
BRET signal within each experiment and will be used to ana-
lyze the BRET response during inflammasome activation.

	 4.	Add NLRP3 inflammasome activator. We classically used the 
selective K+ ionophore nigericin (see Note 14).

3.3  Detection 
of NLRP3 BRET Signal 
Variation 
During Activation
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	 5.	Determine BRET value (see above Subheading 3.2, step 5)
	 6.	Express the mBU values as the percentage of BRET signal 

relative to the baseline, been this basal BRET signal the average 
of the mBU values from the 5 min before stimulus injection 
(see Note 15). Then calculate the Mean from the three final % 
mBU values, the Standard Deviation and the Standard Error 
of Mean (SEM).

	 7.	Represent in a dispersion plot with the normalized BRET signal 
values calculated (Y axis) against time (X axis) to produce a 
kinetic profile (Fig. 5).

4  Notes

	 1.	For long storage periods keep the buffer at 4 °C.
	 2.	Prepare nigericin stock solution at 10 mM in ethanol and store 

at −20 °C.
	 3.	Coelenterazines are poorly soluble in water and must be resus-

pended in ethanol or methanol preparing a 1 mM stock solu-
tion. Keep stock solution at −20 °C and protect it from light. 

BRET donor and 
acceptor

BRET donor
alone

Exp. 1

Exp. 2

Exp. 3

Exp. 4

Exp. 5

Exp. 6

Exp. 7

Exp. 8

Fig. 4 Plate preparation scheme. Transfected cells with the BRET donor–acceptor 
construct/s or the donor alone construct are seeded in a white 96-well plate as 
indicated. Four wells were prepared for each experiment or experimental condi-
tion (Exp. 1–8), one with the BRET donor transfected cells and three wells with 
the BRET donor and acceptor combination to perform triplicate recordings
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For prolonged stability, resuspend coelenterazine in acidified 
ethanol (10 ml of ethanol and 200 μl of 3 N HCl) and store 
at −80 °C.

	 4.	96-well plate with white bottom could be used but will not 
allow to visualize cells during the different steps of the experi-
ment. If using micro clear bottom plates, a white backing tape 
can be stuck on the bottom of the 96-well plate the day of 
recording and will increase luminescence signal by reflection. 
Note that BRET recording using a plate reader can be per-
formed on other format plate (i.e., 384-well plates) depending 
on the assay and/or luminescence signal strength.

	 5.	It is important to perform two sets of transfections. One cell 
transfection with the BRET donor construct alone, which will 
be used to monitor the signal at 530 nm from the donor, and 
one cell transfection with the donor–acceptor constructs to 
measure the BRET signal.

	 6.	To determine the specificity of intermolecular BRET signal 
(model-A, Fig. 2a), perform BRET saturation curve by trans-
fecting a constant amount of NLRP3-rLuc donor with increas-
ing concentrations of NLRP3-YFP acceptor. In case of specific 
interaction, BRET signal will increase and become saturable 
with increasing amounts of acceptor. On the other hand, in 
case of random collision between proteins, BRET signal will be 
low and will increase linearly with higher quantity of BRET 
acceptor. To analyze if BRET recorded from NLRP3 in model-
B is intramolecular or intermolecular as represented in Fig. 2b, 
transfect increasing concentrations of NLRP3 tagged with 
rLuc and YFP. Intramolecular BRET signal is not dependent 
on expression level of the protein.

0 200 400 600 800 1000 1200
40

60

80

100

120

Nigericin

Control

Time (sec)
%

m
B

U

Fig. 5 Representative plot of intramolecular NLRP3 BRET signal (model-B) kinetic 
in response to vehicle (black circles) or 5 μM nigericin as a NLRP3 inflamma-
some activator (grey circles). The arrow indicates when nigericin was added
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	 7.	HEK293 cells are easily detached without the use of trypsin; 
however, similar results can be obtained by detaching the cells 
with trypsin.

	 8.	For each BRET experiment prepare one well with cells trans-
fected with donor alone and three wells with the cells trans-
fected with the constructions donor and acceptor, prepare as 
many rows as different experimental conditions you want to test 
(Fig. 4).

	 9.	The white plate is for dual luminescence detection at 480 nm 
and 535 nm, and the black plate is for YFP fluorescence 
reading.

	10.	The dilution of coelenterazine-h in stimulation buffer has to 
be performed immediately before using it and solution has to 
be kept in dark conditions. It is important to take into account 
when prepare the diluted coelenterazine-h that the final volume 
in the well will be 60 μl after cell stimulation.

	11.	After coelenterazine-h addition wait around 6  min to allow 
BRET signal stabilization.

	12.	If using a plate reader with a single injector, the injector has to 
be purged with distilled water at least twice every time a differ-
ent stimulation is tested. Prepare enough volume of solution 
to fill up the injector and to inject in the wells. Take into 
account when preparing the stimulation solution that the final 
volume in the well after injection will be 60 μl, therefore 
prepare the right concentrated solution.

	13.	Use a slow injection speed to decrease mechanically stimula-
tion of the cells. We normally use 225 μl/s.

	14.	Prepare enough volume of solution when injecting to fill up the 
injectors and to dispense into the wells. In the BioTek Synergy 
Mx plate reader we require 1.1 ml to fill up the injectors, so it 
is recommended to prepare at least 1.5 ml of 60 μM nigericin 
solution. When preparing nigericin dilution, take into account 
that the injection volume will be 10 μl.

	15.	To calculate the basal BRET signal average, discard the first 
data points until the luminescence is stabilized.

Acknowledgements

This work was supported by the European Research Council and 
instituto salud carlos III-FEDER grants to P.P. F.M.-S. was supported 
by a Sara Borrell fellowship from the instituto salud carlos III. V.C. 
was supported by the Institut National de la Santé et de la Recherche 
Médicale.

Monitoring NLRP3 Inflammasome by BRET



168

References

1.	Pfleger KDG, Eidne KA (2006) Illuminating 
insights into protein-protein interactions using 
bioluminescence resonance energy transfer 
(BRET). Nat Methods 3:165–174

2.	Pfleger KDG, Seeber RM, Eidne KA (2006) 
Bioluminescence resonance energy transfer 
(BRET) for the real-time detection of protein-
protein interactions. Nat Protoc 1:337–345

3.	Xu Y, Kanauchi A, von Arnim AG, Piston DW, 
Johnson CH (2003) Bioluminescence resonance 
energy transfer: monitoring protein-protein 
interactions in living cells. Methods Enzymol 
360:289–301

4.	 Wu PG, Brand L (1994) Resonance energy transfer: 
methods and applications. Anal Biochem 218:1–13

5.	Siddiqui S, Cong W-N, Daimon CM, Martin B, 
Maudsley S (2013) BRET biosensor analysis of 
receptor tyrosine kinase functionality. Front 
Endocrinol (Lausanne) 4:46

6.	Xu Y, Piston DW, Johnson CH (1999) A biolu-
minescence resonance energy transfer (BRET) 
system: application to interacting circadian clock 
proteins. Proc Natl Acad Sci U S A 96:151–156

7.	Compan V, Baroja-Mazo A, López-Castejón G, 
Gomez AI, Martínez CM, Angosto D et al (2012) 
Cell volume regulation modulates NLRP3 inflam-
masome activation. Immunity 37:487–500

Fátima Martín-Sánchez et al.



169

Francesco Di Virgilio and Pablo Pelegrín (eds.), NLR Proteins: Methods and Protocols, Methods in Molecular Biology, 
vol. 1417, DOI 10.1007/978-1-4939-3566-6_11, © Springer Science+Business Media New York 2016

    Chapter 11   

 Measuring NLR Oligomerization IV: Using Förster 
Resonance Energy Transfer (FRET)-Fluorescence Lifetime 
Imaging Microscopy (FLIM) to Determine the Close 
Proximity of Infl ammasome Components                     

     Catrin     Youssif    ,     Bárbara     Flix    ,     Olivia     Belbin    , and     Mònica     Comalada      

  Abstract 

   Intracellular signaling and cellular activation have been demonstrated to reside on multi-protein complexes 
rather than in isolated proteins. Consequently, techniques to resolve these complexes have gained much 
attention over the last few years. Förster Resonance Energy Transfer (FRET) coupled with Fluorescence 
Lifetime Imaging Microscopy (FLIM) is a powerful tool to discriminate direct interactions between two 
proteins within a multi-protein complex. Here, we present the use of FRET-FLIM as an experimental tool 
for the interpretation of the infl ammasome composition. We also introduce some considerations required 
for the correct use of this technique and the control experiments that should be implemented.  

  Key words     FRET  ,   FLIM  ,   Infl ammasome  ,   Immunofl uorescence  ,   Macrophages  ,   Endogenous pro-
teins  ,   NLRP3  ,   Caspase-1  ,   Multi-protein complex  

1      Introduction 

 Infl ammasomes  ar     e cytosolic multi-protein complexes involved in 
bacterial recognition and infl ammation, playing a critical role on 
the secretion of IL-1 related cytokines and pyroptosis [ 1 ]. 
Infl ammasomes assemble around a set of core components that 
include (1) a sensor protein, usually a member of the Nucleotide- 
binding and oligomerization domain-like receptor (NLR) or 
Absent in melanoma 2 (AIM2) families (2), an adaptor protein, 
mainly the Apoptosis-associated speck-like protein (ASC), and (3) 
an infl ammatory caspase (CASP), such as CASP-1. The infl amma-
some activity, type, and complex composition depends on the 
nature of the particular stimulus. The list of agents that are able to 
activate infl ammasomes is constantly increasing and includes 
pathogen-derived proteins, lipids, nucleic acids, and polysaccha-
rides, as well as high levels of ATP and alterations in cell osmolarity 
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[ 1 ,  2 ]. It  is      therefore not surprising that to correctly sensor all 
these stimuli, a plethora of proteins such as NLRP3, NLRP6, 
NLRC3, NLRC4, AIM2, and NLR-family apoptosis inhibitory 
proteins (NAIPs) have been involved in infl ammasome activation. 
Moreover, recently, several so-called unconventional infl amma-
somes have emerged, in which ASC is not required or where cas-
pases other than CASP-1, such as CASP-4, -5, -8, or -11 are 
involved [ 1 – 4 ]. The diversity of infl ammasome components and 
responses has been also extended by cross talk with other Pattern 
Recognition Receptors (PRR) and immune signaling events [ 3 ,  4 ], 
or by interaction of the NLR family member with other infl amma-
some assembly initiator proteins such as Thioredoxin-interacting 
protein (TXNIP) or NAIP proteins [ 4 ]. 

 Here, we describe an approach to analyze the interaction of 
endogenous infl ammasome components in mouse Bone Marrow- 
Derived Macrophages (BMDM). BMDM are primary cultures that 
possess unmodifi ed activation machinery in response to physiolog-
ical stimuli. Based on that, they constitute an excellent model to 
study the infl ammasome response under physiological conditions. 

 The combined use of Förster Resonance Energy Transfer 
(FRET) and Fluorescence Lifetime Imaging Microscopy (FLIM) is 
an established and robust method to demonstrate close proximity 
(<10 nm) between two proteins with on a nanosecond timescale 
[ 5 ,  6 ]. Conceptually, FRET-FLIM is based on the phenomenon of 
FRET [ 7 ], in the lifetime of the donor fl uorophore is shortened in 
the presence of an acceptor fl uorophore at a maximal distance of 
10 nm. Hence, by immunostaining two proteins with fl uorophores 
at different emission wavelengths, the fl uorescence lifetime of the 
donor fl uorophores, as detected by FLIM [ 8 ,  9 ], is inversely pro-
portional to the distance between the two- labeled proteins. A short-
ened lifetime in the presence versus absence of the acceptor 
fl uorophore is therefore indicative for a distance <10 nm between 
the two proteins, a resolution that is currently not reached by using 
conventional microscopy techniques (Fig.  1 ).

   One of the main advantages of FRET-FLIM compared to other 
techniques to detect protein–protein interactions (e.g., co- 
immunoprecipitation), is the fact that it is a direct measurement of 
the distance between two fl uorophores. Moreover, in contrast to the 
intensity-based FRET technique, FRET-FLIM measurements are 
insensitive to the concentration of fl uorophores and can thus fi lter 
out artifacts introduced by variations in the concentration  and      emis-
sion intensity across the sample and as such, can avoid false positive 
signals. Thus, the combination of FLIM with FRET increases the 
sensitivity compared to the appliance of using FRET alone [ 10 ,  11 ]. 
Furthermore, FRET-FLIM has been used to demonstrate direct 
protein–protein interactions in both, fi xed and live cellular sections 
[ 12 ] using both fl uorescently tagged [ 13 ] and immunostained 
proteins [ 14 ] and can be used for both endogenously expressed or 
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transfected proteins. Therefore, the FRET- FLIM technique is a 
good candidate to explore the composition of infl ammasomes and 
to detect endogenously expressed infl ammasome proteins in fi xed 
myeloid cells, thereby avoiding artifacts caused through over-expres-
sion of proteins by transfection. The sensitivity of the technique 
allows us to detect interactions even when the levels of endogenous 
proteins of interest are low and/or the proteins of interest are 
unequally expressed. However, the distance added by antibodies 
used for immune-detection has to be taken in consideration, since 
this could lead to lower FRET effi ciency. 

 The high sensitivity of FRET-FLIM requires adequate robust 
controls for FRET capture. The most common controls used to 
establish and validate the FRET-FLIM assay (Fig.  1 ) are controls 
for FRET capture (A) the donor lifetime measured in the absence 
of the acceptor (negative FRET capture control) and (B) the donor 
lifetime in the presence of an acceptor fl uorophore at a distance 
<10 nm (positive FRET capture control). This can be achieved 
either using two primary antibodies raised in different species 
against the same protein or by using two secondary antibodies 
against the same primary antibody. Additionally, controls for 
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  Fig. 1     Schematic      representation of the basic principle of FRET-FLIM technique       
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 protein–protein interactions should also be used: (C) two  proteins 
     predicted to colocalize but not interact (negative interaction con-
trol) and (D) two proteins known to interact with each other in the 
cellular system being studied. Since the emission wavelength of the 
donor fl uorophore must overlap with the excitation wavelength of 
the acceptor fl uorophore, the 488 nm and 555 nm Alexa-tagged 
antibodies are commonly used as the donor and acceptor, respec-
tively, however, there are other fl uorophore pairs other fl uorophore 
pairs such as GFP and RFP or yellow (venus) and cyan (cerulean) 
can also be used for FLIM. 

 For optimal detection of infl ammasome components, FRET 
capture can be achieved as previously described [ 13 ,  14 ]. Briefl y, 
the donor fl uorophore is excited using a 470 nm pulsed laser 
with 40 MHz repetition rate. The fl uorophores are subsequently 
detected using a time-correlated single photon counting detec-
tor. A fl uorescence fi lter (500–550 nm) limits the detection to 
that of the donor fl uorescence only (Alexa Fluor 488). 
SymphoTime v5.2 software (PicoQuant) is used to measure 
 fl uorescence lifetimes on a pixel-by-pixel basis with high spatial 
resolution. All confocal pictures are acquired with a Laser 
Scanning Confocal Inverted Microscope Leica TCS SP5-AOBS, 
equipped with PicoQuant LSM Upgrade Kit for FLIM and FCS, 
which is used to perform FRET-FLIM experiments. The cap-
tured lifetime of the donor fl uorophore (Alexa Fluor 488) in the 
absence of the acceptor fl uorophore (Alexa Fluor 555) is 
 measured using the negative FRET capture controls. It must be 
noted, that while it is common in biological systems for a fl uoro-
phore to emit two lifetimes (L1 and L2), in some systems a decay 
curve with a single lifetime (L1) may be more appropriate. The 
goodness-of-fi t of a 2 versus 1- exponential model should there-
fore be assessed using the  χ  2  value as calculated by Symphotime 
(choosing the model that gives a value closest to 1). The mean 
donor lifetime (L1 for 1-exponential or L1 and L2 for 2-expo-
nentials) in the absence of an acceptor is calculated for at least ten 
individually captured negative FRET capture control cells. 
Subsequently, the donor lifetime in the presence of the acceptor 
fl uorophore (Alexa Fluor 555) is calculated for at least 10 indi-
vidually captured cells for each of the remaining control and 
experimental conditions. This is  ac     hieved by fi xing the mean 
donor lifetime(s) calculated using the negative FRET capture 
controls and adding an extra exponential to the model (L2 for 
1- exponential or L3 for 2-exponentials), which represents the 
donor–acceptor lifetime. The average lifetime of the exponentials 
(τInt) can be calculated as the average amount of time for which 
the fl uorophores remain in their excited state after the onset of 
excitation and therefore increases with intermolecular distance. 
The FRET effi ciency, or EFRET, is calculated as the proportion 
of the donor molecules that have transferred excitation state 
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energy to the acceptor molecules, such that the EFRET increases 
with decreasing intermolecular distance. Additionally, false-color 
images can be produced by using a pseudo-color scale based on 
the τInt value of each pixel, on a pixel-by-pixel basis, over the 
entire image (Fig.  2 ). All experiments should be performed in 
triplicate providing a minimum of 30 different FLIM captures 
per condition across three independent experiments. Each exper-
iment should be analyzed independently, in order to control for 
inter-experimental variation of factors, such as scattered light. 
However, using the EFRET values and a fi xed scattered light we 
can compare different experiments (Fig.  2 ). As an illustrative 
example, the EFRET and pseudo-color images of the NLRP3 
and CASP-1 interaction in BMDM, non- stimulated and 
 stimulated, with LPS plus ATP or nigericin are shown (Fig.  2 ), 
demonstrating that the NLRP3 infl ammasome is assembled in 
BMDM only in the presence of its activating stimuli.

   In conclusion, the use of FRET-FLIM supported with ade-
quate control experiments can be a powerful tool for the 
 confi rmation of the complex composition of infl ammasomes and 
their cellular response.  
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  Fig. 2    Representative EFRET and fl uorescence lifetime values from control and experimental conditions using 
the FRET-FLIM technique. Negative FRET capture control: No acceptor (only mCASP-1); Positive FRET capture 
control (mCASP-1 recognized by 2 secondary antibodies); Pair 1 (CASP-1-NLRP3 in absence of macrophage 
stimuli); Pair 2 (CASP-1-NLRP3 in LPS + ATP treated macrophages); Pair 3 (CASP-1-NLRP3 in LPS + Nigericin 
treated macrophages)       
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2    Materials 

       1.    Class II cell culture hood.   
   2.    Incubator maintained at 37 °C and 5 % CO 2 , 95 % air.   
   3.     Sterile      surgical material (forceps and scissors).   
   4.    25 gauge needle.   
   5.    5 mL Syringe.   
   6.    Cell scrapers.   
   7.    Petri dishes (150 mm).   
   8.    Complete Dulbecco’s modifi ed Eagle’s medium (DMEM) 

supplemented with 30 % L-cell conditioned medium as a 
source of M-CSF (Macrophage-colony stimulating factor) 
( see   Note 1 ), 20 % of heat-inactivated fetal bovine serum (FBS, 
inactivated at 56 °C for 30 min, store aliquots at −20 °C), 
2 mM L-glutamine, and 1 % of 10,000 U/mL penicil-
lin/10 mg/mL streptomycin (P/S).   

   9.    Ultra Pure Lipopolysaccharide from Escherichia coli 0111:B4 
(LPS).   

   10.    Nigericin, as an infl ammasome activator activator.   
   11.    Adenosine 5′-triphosphate disodium salt hydrate (ATP), as 

infl ammasome  a     ctivator.      

       1.    8- we  ll glass chamber slides, such as the PEZGS0816 
(Millipore).   

   2.    Phosphate buffered saline solution (PBS)-1× (500 mL): 4 g 
NaCl, 0.1 g KCl, 0.38 g Na 2 HPO 4  × 2H 2 O, 0.1 g KH 2 PO 4  
completed with ddH 2 O to reach a volume of 500 mL.   

   3.    100 % methanol, aliquots maintained at −20 °C.   
   4.    Triton X-100.   
   5.    Normal donkey serum aliquots maintained at ≤20 °C.   
   6.    Anti-CD16/CD32 (Fcy III/II R,) Fc receptor blocking 

antibody.   
   7.    Primary antibodies against the proteins of interest.  See  Table  1 .
       8.    Secondary antibodies conjugated to Alexa Fluor 488 ®  for 

donor and  Alexa      Fluor 555 ®  for acceptor.  See  Table  1 .   
   9.    Blocking buffer Stock solution (2 mL): 0.1 mL normal donkey 

serum (dilution 1/20), 0.2 μL Triton X-100 (fi nal  concentration 
0.01 %), and 1.9 mL PBS-1×. Prepare fresh solution daily 
( see   Note 2 ).   

   10.    Blocking buffer with CD16/CD32 blocking antibody: add 
20 μL CD36/CD32 Blocking antibody (dilution 1/50) to 
1 mL of blocking buffer stock solution.   

2.1  Bone Marrow- 
Derived 
Macrophages (BMDM)

2.2  Immunofl uores-
cence
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   11.    Incubation buffer (2 mL): 0.1 mL normal donkey serum and 
1.9 mL PBS-1×. Prepare daily fresh solution.   

   12.    Mowiol mounting medium for immunofl uorescence staining.   
   13.    Conventional Fluorescence Microscope with appropriate fi lter 

sets is recommended in order to check the quality and intensity 
of the  immunofl uorescence   staining prior to FRET- FLIM 
analysis.      

       1.    Laser Scanning Confocal Inverted Microscope, such as the 
Leica TCS SP5-AOBS equipped with PiccoQuant LSM 
Upgrade kit for FLIM  a     nd FCS (Leica) and the SymPhoTime 
(2011) software. Other similar microscopes are also suitable.       

3    Methods 

       1.    Prepare sterile surgical materials, needles and syringes.   
   2.    Kill mice by cervical dislocation. Remove the legs and collect 

the femur and tibiae. Working in sterile conditions in a laminar 
fl ow hood, cut the end of the bones and fl ush them with 
DMEM using a syringe with an adequate injection needle.   

   3.    Disaggregate the bone marrow by pipetting up and down. 
Culture the cells in complete DMEM medium. The bone mar-
row isolated from one mouse is usually divided into four petri 
dishes (40 mL/plate).   

   4.    To obtain an almost homogenous population of macrophages, 
culture the cells for 6 days at 37 °C in 5 % CO 2  without chang-
ing the media.   

2.3  Image Capture, 
FLIM Measurement 
and Analysis

3.1  Bone Marrow- 
Derived 
Macrophages [ 15 ]

     Table 1  
  Primary and secondary antibodies used for FRET-FLIM and  immunofl uorescence   techniques   

 Antibody  Host  Reference  Provider  Suggested dilution 

 NLRP3  Rabbit  Ab91525  Abcam  1/100 

 NLRP3   Ra     bbit  AP-22017PU-N  Acris  1/125 

  NLR  C4  Rabbit  AP-21931SU-S  Acris  1/50 

 CASPASE-1  Mouse  Sc-56036  Santa Cruz  1/50 

 ASC  Rabbit  AP-06792PU-N  Acris  1/100 

 Anti-mouse Alexa Fluor 488  Donkey  A21202  Invitrogen  1/200 

 Anti-rabbit Alexa Fluor 488  Donkey  A21206  Invitrogen  1/200 

 Anti-rabbit Alexa Fluor 555  Goat  A31572  Invitrogen  1/200 

 Anti-   goat Alexa Fluor 555  Goat  A21432  Invitrogen  1/200 

Infl ammasome Detection by FRET-FLIM
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   5.    After 6 days, detach the adherent cells by scraping in the same 
media, centrifuge at 500 ×  g  at 4 °C for 5 min.   

   6.    Count the cells using a Neubauer cell chamber or any other 
equivalent methodology.   

   7.    Seed 50,000 macrophages/well in 8-well glass chamber slides 
in a  total      volume of 500 μL of complete media and allow cells 
to adhere (>30 min) prior to stimulation.   

   8.    Treat the cells with the desired stimuli for the established times 
and corresponding controls.  See  some examples in Table  2  
( see   Notes 3  and  4 ).

              1.    Remove the culture media and immediately fi x the cells with 
500 μL ice-cold 100 % methanol for 5 min at room tempera-
ture (RT) ( see   Note 5 ).   

3.2  Immunofl uores-
cence

   Table 2  
  Example of a FRET-FLIM experiment optimization with suggested controls   

  FLIM negative capture control  

  Stimuli   None 

 Donor 1:   mCASP-1   Donor 2:   DAM-488  

 Acceptor 1:   None   Acceptor 2:   None  

  FLIM negative interaction control  

  Stimuli    N     one 

 Donor 1:   mCASP-1   Donor 2:   DAM-488  

 Acceptor 1:   rArginase-1   Acceptor 2:   DAR-555  

  FLIM positive capture control 1  

  Stimuli   None 

 Donor 1:   mCASP-1   Donor 2:   DAM-488  

 Acceptor 1:   rCASP-1   Acceptor 2:   DAR-555  

  FLIM positive capture control 2  

  Stimuli   None 

 Donor 1:   mCASP-1   Donor 2:   DAM-488  

 Acceptor 1:   None    Accept     or 2:   GAD-555  

  Interaction of infl ammasome components  

  Stimuli   LPS (1 μg/mL) for 18 h and last 30 min add ATP (5 mM) 

 Donor 1:   mCASP-1   Donor 2:   DAM-488  

 Acceptor 1:   rNLRP3   Acceptor 2:   DAR-555  

   DAM D onkey  a nti- M ouse,  DAR D onkey  a nti- R abbit, GAD  G oat  a nti- D onkey,  m  mouse,  r  rabbit,  Arginase-1  a cyto-
solic protein that is not known to interact with infl ammasome components  
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   2.    Carefully aspirate the methanol and wash 3 times with PBS-1× 
at RT.   

   3.    Aspirate PBS-1× and incubate the samples with 100 μL of 
blocking buffer containing CD16/32 blocking antibody at RT 
with shaking during 45 min ( see   Note 6 ).   

   4.    Carefully discard the blocking buffer containing CD16/32 
blocking antibody and add 100 μL of blocking buffer (without 
CD16/32 antibody), containing the primary antibodies for 
the donor and the acceptor at established concentrations ( see  
Table  1 ) for 2 h at RT with shaking ( see   Notes 7  and  8 ).   

   5.    Wash the cells 3 times for 10 min (with shaking) in PBS-1× at 
RT.  Cove     r the plate with aluminum foil to avoid light 
exposure.   

   6.    Aspirate the wash solution and add 100 μL of incubation buf-
fer with 1/200 dilution of the secondary antibody (Alexa 
Fluor 488) for 1 h at RT with shaking ( see   Notes 9  and  10 ).   

   7.    Remove the incubation buffer and wash the cells 3 times for 
10 min (with shaking) in PBS-1× at RT.   

   8.    Add 100 μL of incubation buffer containing a 1/200 dilution 
of the secondary antibody (Alexa Fluor 555) for 1 h at RT with 
shaking ( see   Notes 9  and  10 ).   

   9.    Wash the cells 3 times for 10 min (with shaking) in PBS-1× at 
RT.   

   10.    Remove the PBS-1× and mount slides carefully with three 
drops of Mowiol and a cover glass.   

   11.    Keep the slide at 4 °C until use ( see   Notes 11  and  12 ).      

       1.    Use a Laser Scanning Confocal Inverted Microscope Leica 
TCS SP5-AOBS, equipped with PiccoQuant LSM Upgrade 
Kit for FLIM and FCS. The SymPhoTime software will be 
used to measure  fl uorescenc     e lifetimes on a pixel-by-pixel basis 
with high spatial resolution ( see   Note 13 ).   

   2.    Turning on the PC, microscope and lasers: Start LAS and 
Symphotime software; turn on the fl uorescence lamp and 
turn on the detector channel to 1 (turn laser dial to 0) 
( see   Notes 14  and  15 ).   

   3.    Introduce the 8-well glass chamber slides in the Laser Scanning 
Confocal Inverted Microscope Leica TCS SP5-AOBS, equipped 
with PiccoQuant LSM Upgrade Kit for FLIM and FCS.   

   4.    Place oil on objective (63× oil).   
   5.    Focus cells using eyepiece.   
   6.    Ensure the 488-561 nm laser fi lter is in place.   
   7.    Setting up a FLIM experiment ( see   Note 16 ).   

3.3  Image Capture
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   8.    In the LASAF software (bottom screen): Select SMD FLIM 
WIZARD  f     rom the Leica System drop-down list (top left of 
the screen).   

   9.    Setup Imaging Tab:
    (a)    Select xyz   
   (b)    512 × 512 pixel images   
   (c)    400 Hz   
   (d)     In Channel 1 (PMT2), select Leica/EFFP from drop- 

down list and set the correct wavelength on the scale for 
488 capture   

   (e)    Set the 488 laser capture to 20 %   
   (f)     In channel 2 (PMT3), select Leica/TRITC from drop- 

down list and set the correct wavelength on the scale for 
555 capture   

   (g)    Set the 555 capture to 20 %   
   (h)    MFP >  sub     strate   
   (i)    X1-port setting > mirror, 63× objective oil       

   10.    Setup FLIM Tab:
    (a)    256 × 256 pixels   
   (b)    100 Hz   
   (c)    Deselect PMT2, PMT3 and visible light channel   
   (d)    Click Ext Pulsed   
   (e)    Set the 470 laser to 1   
   (f)    PMTAPD1 > Active > Scan-BF   
   (g)    MFP > DD470/640   
   (h)    X1-port settings > •---       
   11.    Measurements Tab:
    (a)    Acquire > acquire until  max      1000 photons/pixel   
   (b)    MFP > DD470/640   
   (c)    X1-port settings > •---       

   12.    Setup Imaging Tab: New experiment.      

       1.    Place the slides on microscope and focus a cell with the 
eyepiece.   

   2.    In the LASAF software setup Imaging Tab:
    (a)    New experiment   
   (b)    Click Live   
   (c)    Focus image > z-position, gain and offset   
   (d)    Click start to take photo   
   (e)    Save  i     mages       

3.4  FLIM 
Measurements ( see  
 Notes 17  and  18 )
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   3.    In the LASAF software setup FLIM Tab:
    (a)    Run FLIM test   
   (b)    In the popup window look at the Peak Count Rate   
   (c)     Adjust to approx. 1000 counts by adjusting the microme-

ter on top of the laser box ( see   Note 19 )   
   (d)    Click Stop on the left screen (bottom right)       

   4.    In the LASAF software setup measurement Tab: Run FLIM.   
   5.    In the SymPhoTime500 software a new fi le will appear called 

Base Membrane 1, rename the fi le and continue for all 
conditions.      

       1.    In the SymPhoTime500 software go to File > Load workspace 
or  ch     oose from list below it.   

   2.    Select the fi rst cell from BaseName folder.   
   3.    Duplicate fi le for analysis (Edit > Duplicate).   
   4.    On popup window to the right click the 3rd button 

(FASTFLIM).   
   5.    Click Fitting and TCSPC and a graph will open.   
   6.    Move the pink lines to the start and end of the straight line 

( see   Note 20 ).   
   7.    Click Recalculate.   
   8.    In fi tting options click Use MLE.   
   9.    On the right, click Clear.   
   10.    Click FIT.   
   11.    Make a note of the τamp value.   
   12.    Compare using 1 or 2 components (χ value should be roughly 

1 (preferably between 0.8 and 1.2)) ( see   Note 21 ).   
   13.    Look for small residuals that randomly cross zero (without a 

trend  above      or below the line) and Click Export.   
   14.    Repeat for all the Negative FRET capture controls used in the 

experiment.   
   15.    Open all of the “.dat” fi les for the negative controls and take 

down the L1 value.   
   16.    Calculate the mean lifetime (L1) (and L2 for a 2-exponential 

model) for the negative FRET capture controls.   
   17.    Duplicate the fi rst positive control folder and open.   
   18.    Repeat  steps 6 – 9 .   
   19.    Add the donor–acceptor lifetime ( see   Note 22 ):
    (a)     If the negative controls were best fi t to 1-component 

model: Select 2 components. In L1 type the mean L1 
value for the negative controls. To the right of L1 click on 
 ?srch  twice so that it says: !Fixed   

3.5  Analysis FLIM 
Results

Infl ammasome Detection by FRET-FLIM



180

   (b)     If the negative controls were best fi t to 2-component model: 
Select 3 components. In L1 and L2 type the mean L1 and 
L2 values for the negative controls, respectively. To the right 
of L1 and L2 click on  ?srch  twice so that it says !Fixed    

      20.    click FIT.   
   21.     Make      a note of the τamp value.   
   22.    Click Export.   
   23.    Repeat for all the Positive Controls and Experimental conditions.      

   To export the image fi les:

    1.    Open and duplicate the fi le for the fi rst cell.   
   2.    Click Colors and Lifetime Histogram.   
   3.    On the right-hand panel play with the limits of the graph (typi-

cally 1.5–2.2) comparing the positive and negative controls 
until you see a difference in color that you suffi ciently differen-
tiate between the positive and negative controls. These limit 
values should be used for ALL cells analyzed.   

   4.    Click Enter to save the values and update the graph.   
   5.    Click Export BMP at the top of the screen (exports photo of 

cell).   
   6.     Rig     ht click on graph and export as BMP (exports graph image).   
   7.    Click Export graphs (exports numbers for graph).     

 To calculate the FRET energy transfer effi ciency use the fol-
lowing equation:

  
EFRET

Mean amp negative controls Mean amp condition
Mean amp

=
( )t - t

t nnegative controls
´100

   

4       Notes 

     1.    L-cell conditioned medium is obtained from supernatants of 
mouse L929 fi broblast cell line.   

   2.    Donkey or goat serums are commonly used for blocking 
depending on the origin of secondary antibody.   

   3.    It is recommended to use an adequate number of controls, at 
least, two negative controls and two positive controls for 
FLIM. However, since FRET-FLIM capture must be per-
formed on the same day for all conditions within an experi-
ment, for time constraints, experiment will include four 
experimental conditions.   

   4.    The primary antibodies must be raised in different species for 
differential recognition by the secondary antibodies.   

3.6  Image Analysis
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   5.     Al     ternatively, the 8-well glass chamber slides with methanol 
can be stored at −20 °C for up to several weeks.   

   6.    CD16/CD32 blocking Fc Antibodies are used to eliminate 
the majority of unspecifi c antibody capture by BMDM, and 
therefore background signal.   

   7.    For a stronger and more specifi c immunostaining signal, 
instead of incubating for 2 h at RT, the samples can be incu-
bated O/N at 4 °C (with shaking) in the blocking buffer con-
taining the primary antibodies.   

   8.    It is recommended to optimize the dilutions of primary anti-
bodies by conventional  immunofl uorescence t  echnique prior 
to FRET-FLIM analysis, since some variability can be observed 
between commercial providers, lot number and storage condi-
tions of the antibodies. A high, specifi c signal is required for 
adequate FRET capture.   

   9.    It is recommended to centrifuge the primary and secondary 
antibodies at 10,000 ×  g  for 10 min before dilution to remove 
precipitates.   

   10.    The dilution should be validated depending on the commer-
cial provider of the secondary antibodies.   

   11.    Prior to the FRET-FLIM capture, it is recommended to fi rst 
check the antibodies to be used as donor and acceptors and the 
immunostaining signal of each slide using a confocal or fl uo-
rescence microscope in order to avoid a  wa     ste of time.   

   12.    For FRET-FLIM analysis, samples should not be stored longer 
than 3 days.   

   13.    From each experimental condition, ten focal fi eld images con-
taining ~15–60 cells will be captured. It is advisable to capture 
individual cells rather than a population of cells and to avoid 
background interference. To establish and validate the 
 FRET- FLIM capture, Alexa Fluor 488 lifetime decay is mea-
sured in the absence of the acceptor as negativ e  FRET capture 
control.   

   14.    It is recommended to consult the expertise of an experienced 
microscopy user when performing FLIM capture in order to 
ensure that excitation and capture settings are appropriately 
used.   

   15.    The following settings are for Alexa Fluor 488 and Alexa Fluor 
555.   

   16.    There is no sequential option in FLIM, so if sequential photos 
are required, it is necessary to exit the FLIM Wizard and cap-
ture photos in the Leica LAS software. On returning to the 
FLIM Wizard, all FLIM settings will need to be reapplied, 
which can be time consuming.   

Infl ammasome Detection by FRET-FLIM
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   17.    It is advised to start with the negative FRET capture control 
followed by the positive FRET capture control to ensure FRET 
capture.   

   18.    Each individual FLIM capture can take approximately 5 min.   
   19.    If a value of 1000 is not reached, it is advisable to pick a differ-

ent cell to avoid excessive beaching.   
   20.     It      is advised to place the bars in the same position for all 

analyses.   
   21.    All lifetime values should be positive. If not, reject the 

condition.   
   22.    The goodness-of-fi t of the model using 1 versus 2 components 

can vary depending on the fl uorophore and the cell system 
being used. Adding more components allows for greater com-
plexity, and can therefore result in a better fi t, albeit it can also 
produce a more artifi cial model.         
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    Chapter 12   

 Measuring NLR Oligomerization V: In Situ Proximity 
Ligation Assay                     

     Yung-Hsuan     Wu     and     Ming-Zong     Lai      

  Abstract 

   The NLRP3 infl ammasome is assembled in macrophages and monocytes in response to infl ammatory and 
danger stimuli. The atypical nature of the NLRP3 complex impedes detection of NLRP3 infl ammasome 
formation by conventional biochemical and cell biology methods. In situ proximity ligation assay (PLA) 
provides an alternative method of detection, localization, and quantifi cation of protein–protein interac-
tions in tissue and cell samples. Two primary antibodies raised in different species detect the two proteins 
of interest. When the proteins are in close proximity, secondary antibodies conjugated with specifi c DNA 
probes hybridize with linking oligonucleotides to form a DNA bridge between the two proteins. 
Amplifi cation of the DNA bridge then facilitates detection by microscopy using fl uorescence probes. Here, 
we describe application of in situ PLA to detect NLRP3 infl ammasome assembly in mouse bone marrow- 
derived macrophages and human monocyte cell line THP1.  

  Key words     In situ proximity ligation assay  ,   Infl ammasome  ,   NLRP3 complex  ,   Macrophages  ,   NLRP3- 
ASC- caspase-1  ,   Protein–protein interaction  ,   IL-1β  

1      Introduction 

    Infl ammatory stimuli and danger signals such as pathogens, micro-
bial products, and danger molecules trigger assembly of the 
NACHT domain-, leucine-rich repeat-, and pyrin domain- 
containing protein 3 (NLRP3, also known as NALP3 or cryopyrin) 
infl ammasome in macrophages and monocytes. The formation of 
the NLRP3 infl ammasome involves two sequential steps triggered 
by distinct signals. In the fi rst stage, signals from innate receptors 
induce NF-κB-dependent expression of pro-IL-1β and NLRP3. In 
the second stage, a different signal, which may include cytosolic K +  
reduction, reactive oxygen species, or lysosomal destabilization, 
triggers the binding of NLRP3 to apoptosis-associated speck-like 
protein containing a CARD domain (ASC) and sequential recruit-
ment of procaspase-1. The successful formation of NLRP3-ASC- 
procaspase-1 complexes allow the processing of procaspase-1 into 
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active caspase-1 [ 1 – 6 ], which is essential for the cleavage of 
 pro- IL- 1β and pro-IL-18 to produce mature IL-1β and IL-18. 
NLRP3 infl ammasome activation is associated with many chronic 
diseases including familial cold autoinfl ammatory syndrome, gout, 
silicosis, asbestosis, atherosclerosis, and metabolic diseases [ 2 – 6 ]. 
Despite the critical pathological role of the infl ammasome, the 
exact molecular processes involved in the activation of NLRP3 
infl ammasome remain incompletely understood. 

    A few methods have been developed to measure the oligomer-
ization of NLR ( see  Chapters   8    –  11     in this book). Due to the atypi-
cal nature of NLRP3 infl ammasome assembly, its detection is more 
complicated than other protein complexes. One diffi culty in bio-
chemically monitoring the formation of the NLRP3 infl ammasome 
arises from the fact that cell lysis, considered a danger signal due to 
cell membrane damage, induces spontaneous infl ammasome 
assembly [ 1 ]. Incubation of cell lysates from TLR-primed macro-
phages at 30 °C leads to spontaneous NLRP3 infl ammasome for-
mation within 15 min in the absence of the second signals [ 1 ,  7 ] 
( see  Chapter   14     in this book). This limits monitoring of the NLRP3 
infl ammasome assembly by  immunoprecipitation   of macrophage 
cell lysates. Another unique feature of NLRP3 infl ammasome is its 
structure: NLRP3 nucleates ASC oligomerization and ASC fi la-
ments and in turn serves as a template for procaspase-1 polymer-
ization to form a star-shaped complex, in which ASC constitutes 
the center and procaspase-1 forms the arms [ 8 ]. The stoichiometry 
of each component in NLRP3-ASC-procaspase-1 complex is 
highly disproportional, and very few NLRP3 are present in the 
ternary complex while ASC is under-stoichiometric to procaspase-
 1. The unusual stoichiometry of the NLRP3 infl ammasome may 
explain the diffi culties demonstrating the co-localization of NLRP3 
with ASC or caspase-1 in infl ammasome formation. 

    The proximity ligation assay (PLA) measures protein–protein 
interaction in a cellular environment based on the formation of a 
reporter molecule facilitated by the proximal binding of two DNA 
probes. This approach is different in principle from the commonly 
used methods of co-immunoprecipitation, co-localization under 
microscopy, or fl uorescence resonance energy transfer, and has 
been used as an alternative method of studying protein-protein 
interactions [ 9 ,  10 ]. Similar to many other methods of studying 
complex formation, the proteins of interest (using NLRP3 and 
ASC as an example) are fi rst bound by specifi c primary antibodies 
(Fig.  1a ). A requirement is that the two primary antibodies come 
from two different species, selecting from mouse, rabbit, or goat. 
This enables the binding of the two secondary antibodies (e.g., 
anti-mouse and anti-rabbit) that have been conjugated with differ-
ent DNA probes (Fig.  1b ). If NLRP3 and ASC are in close prox-
imity (<40 nm), the two DNA probes will situate close together, 
allowing hybridization with two additional oligonucleotides 
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 containing regions complementary to each of the two antibody-
linked DNA probes (Fig.  1c ). The ligation of the two oligonucle-
otides to antibody-attached DNA probes form a circular DNA 
bridge between the two secondary antibodies. The circular DNA 
then serves as a template for rolling-circle amplifi cation by poly-
merase (Fig.  1d ). The amplifi ed DNA products are detected by 
hybridizing with fl uorescent-labeled oligonucleotides and are visu-
alized as a spot by fl uorescence microscopy (Fig.  2 ). In this proto-
col, we describe the measurement of NLRP3 infl ammasome 
assembly by in situ PLA in macrophages activated through a com-
bination of LPS and ATP. Since NLRP3 infl ammasome assembly is 
stimulated by infl ammatory, infectious, or danger signals, the 

  Fig. 1    Measurement of NLRP3-ASC  associ  ation by in situ PLA. ( a ) Binding of 
primary antibodies. NLRP3 and ASC are fi rst bound by mouse anti-NLRP3 and 
rabbit anti-ASC. ( b ) Binding of secondary antibodies. This is followed by the bind-
ing of anti-mouse and anti-rabbit secondary antibodies, each attached to a dif-
ferent DNA probe (PLUS probe and MINUS probe, blue and green in the fi gure). 
( c ) Hybridization and ligation. The close promixity between NLRP3 and ASC 
allows the hybridization of the two DNA probes with two additional DNA oligo-
nucleotides ( orange  and  red ) to form a DNA bridge between NLRP3 and ASC 
after ligation. ( d ) Amplifi cation. The DNA link serves as the template for rolling-
circle amplifi cation by Ø29 DNA polymerase, and the amplifi ed DNA product is 
visualized after hybridizing with fl uorescence labeled probe       
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 current protocol could be extended to study infl ammasome forma-
tion induced by these stimuli. In situ PLA allows us to detect not 
only NLRP3 infl ammasome complex formation in an intact cell or 
tissue sample [ 7 ,  11 – 13 ], but also the involvement  o  f other pro-
teins in the processes of NLRP3 complex formation [ 7 ,  11 ].

2        Materials 

       1.    Bone marrow-derived macrophages (BMDMs): Bone marrow 
cells collected from tibias and femurs by fl ushing with cold 
PBS with a 25G needle cultured for 6 days in complete DMEM 
medium: DMEM with 10 % fetal bovine serum, 10 mM gluta-
mine, 100 U/ml penicillin,    100 μg/ml streptomycin, and 
20 μM 2-mercaptoethanol (2-ME), with 20 %  L929 condi-
tio  ned media to generate BMDMs ( see   Note 1 ).   

2.1     Cell Culture

  Fig. 2    Detection of NLRP3-ASC  an  d NLRP3-procaspase-1 in situ interaction in 
macrophages. Bone marrow-derived macrophages were left untreated or treated 
with LPS or LPS plus ATP. Untreated and LPS alone were used as negative con-
trols. Cells were washed, fi xed, and permeabilized. Macrophages were then 
incubated with primary antibodies (mouse anti-NLRP3, rabbit anti-ASC, or rabbit 
anti-caspase-1) overnight at 4 °C. Cells were labeled with PLUS probe- conjugated 
anti-mouse antibodies and MINUS probe-conjugated anti-rabbit antibodies. After 
annealing and ligation with the two template oligonucleotides, the circularized 
template was amplifi ed. The amplifi ed sequence was detected by hybridization 
with a Texas Red-labeled probe. The cells were examined under a Zeiss LSM 780 
confocal laser scanning microscope with a 63× objective lens. Texas Red-linked 
oligonucleotide was detected using a 598 nm (Ex) and 613 nm (Em) fi lter set, 
while DAPI was detected using a 360 nm (Ex) and 460 nm (Em) fi lter set. Bar 
indicates 20 μm       
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   2.    THP-1 cells (American Type Culture Collection): Human 
monocyte cell line THP-1 ( see   Note 2 ) cultured in complete 
RPMI medium: RPMI1640 supplemented with 10 % fetal 
bovine serum, 10 mM glutamine, 100 U/ml penicillin, 
100 μg/ml streptomycin, and 20 μM 2-ME.   

   3.    12-O-tetradecanoylphorbol-13-acetate (TPA, also known as 
PMA).   

   4.    LPS ultrapure from  E. coli O111:B4.    
   5.     Adenosine   5′-triphosphate disodium salt hydrate (ATP).   
   6.    Nigericin.   
   7.    12-well plates.   
   8.    3.5 mm coverslips sterilized (autoclaved or by dipping in 70 % 

ethanol).      

       1.    Phosphate  bu  ffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 1 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4.   

   2.    Fixation solution: 4 % formaldehyde in PBS. Fixation solution 
should be freshly prepared each time.   

   3.     Permeabiliza  tion solution: 0.1 % Triton X-100 in PBS.   
   4.    Mounting medium.   
   5.    Super PAP Pen Liquid Blocker (TED PELLA, Redding, CA, 

USA).      

       1.    Mouse anti-mouse NLRP3 antibody (Cryo2, ENZO Life 
Science).   

   2.    Mouse  anti  -human NLRP3 antibody (nalpy3-b, ENZO Life 
Science).   

   3.    Rabbit anti-ASC antibody (AL177, ENZO Life Science).   
   4.    Rabbit anti-mouse caspase-1 antibody (M-20, Santa Cruz 

Biotech).   
   5.    Rabbit anti-human caspase-1 (A-19, Santa Cruz).      

   All reagents are exclusive from Olink  Bioscien  ce and distributed by 
Sigma-Aldrich.

    1.    PLA probes: 1× Blocking Solution, 1× Antibody Diluent, 5× 
PLA probe anti-mouse MINUS, and 5× PLA probe anti-rabbit 
PLUS.   

   2.    Detection reagents: 5× ligation stock, 1 U/μl ligase, 5× 
Amplifi cation Red, and 10 U/μl polymerase.   

   3.    Mounting medium with DAPI.   
   4.    The above reagents are available together in a starter kit ( see  

 Note 3 ) or can be purchased separately.    

2.2  Fixation and 
Permeabilization

2.3  Primary 
Antibodies

2.4  Duolink In Situ 
Reagents
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         1.    Staining jar.   
   2.     Was  h buffer A: 150 mM NaCl, 10 mM Tris–HCl, 0.05 % 

Tween 20, pH 7.4. Filter the solution through a 0.22 μm fi lter 
and store at 4 °C. Warm to room temperature before use.   

   3.    Wash buffer B: 100 M NaCl and 20 M Tris–HCl, pH 7.4. 
Filter the solution through a 0.22 μm fi lter and store at 
4 °C. Warm to room temperature before use.       

3    Methods 

       1.    In tissue  cu  lture hood, place sterile 3.5 mm coverslips into 
12-well plate.   

   2.    Add 2 × 10 5  bone marrow-derived macrophages (BMDMs) in 
0.5 ml complete DMEM medium to each well and leave cells 
to adhere to coverslip for 2 h ( see   Note 4 ). The attachment, 
priming, and activation of macrophages ( steps 2 – 4 ) are per-
formed at 37 °C in a CO 2  incubator.   

   3.    Prime BMDMs with 0.5 ml 1 μg/ml LPS for 3 h ( see   Note 5 ).   
   4.     Repla  ce LPS with 0.5 ml 2.5 mM ATP without washing. 

Activate BMDMs with ATP for 15 min ( see   Notes 6–8 ).   
   5.    Stop the activation by washing cells immediately with 0.5 ml of 

1× PBS twice ( see   Note 9 ).      

       1.    In tissue culture hood, place sterile 3.5 mm coverslips into 
12-well plate.   

   2.    Add 5 × 10 5   THP1 c   e  lls in 0.5 ml complete RPMI medium 
containing 500 ng/ml TPA to each well. After 3 h TPA prim-
ing, remove TPA-containing medium and replace with fresh 
RPMI medium. Incubate overnight for differentiation into 
macrophages ( see   Note 10 ). The differentiation and activation 
of THP-1 cells ( steps 2  and  3 ) are performed at 37 °C in a 
CO 2  incubator.   

   3.     Activate   THP1 cells with 0.5 ml of 1 mM ATP for 30 min ( see  
 Notes 6  and  7 ).   

   4.    Stop the  ac  tivation by immediately and quickly washing cells 
twice with 0.5 ml of 1× PBS ( see   Note 9 ).      

       1.    Fix cells by adding 0.5 ml of freshly prepared fi xation solution 
to each well ( see   Note 11 ) and incubate for 30 min at room 
temperature with gentle shaking on a lab shaker.   

   2.    Wash  cells   with 0.5 ml PBS per well for 5 min with gentle shak-
ing. Repeat wash two more times.   

   3.    Permeabilize cells with 0.5 ml of permeabilization solution for 
3 min at room temperature with gentle shaking.   

2.5  Wash

3.1  Culture 
and Infl ammasome 
Activation of Bone 
Marrow-Derived 
Macrophages

3.2  Culture 
and Infl ammasome 
Activation of THP-1 
Cells

3.3  Cell Fixation
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   4.    Wash cells with 0.5 ml of PBS for 5 min with gentle shaking. 
Repeat wash additional two more times.   

   5.    Wash cells  wi  th distilled water once to remove salt. Remove 
slides from 12-well plate and place on paper towel. Allow slides 
to dry at room temperature for 20 min.   

   6.    With sample side up, adhere the coverslip to the slide fi rmly 
with Mounting Medium ( see   Note 12 ).   

   7.    Mark and seal  t  he reaction area using a Super PAP Pen Liquid 
Blocker ( see   Note 13 ).   

   8.    Check cell morphology under a microscope, and proceed with 
proximity ligation assay only if cells are intact and healthy- 
looking ( see   Note 14 ).      

       1.    Add 35 μl of Blocking Solution to cells and incubate in humid-
ity chamber for 30 min at room temperature ( see   Note 15 ).   

   2.     Duri  ng the incubation, prepare the primary antibody dilution. 
For determining the association between NLRP3 and caspase-
 1 in mouse macrophages, dilute antibodies in 1× Antibody 
Diluent to generate mixture containing 10 μg/ml of anti- 
mouse NLRP3 (Cryo2) and 0.2 μg/ml of anti-mouse caspase-
 1 (M-20) ( see   Notes 16  and  17 ).   

   3.    For measuring the association between NLRP3 and caspase-
 1 in THP1 cells and human macrophages, dilute  a  ntibodies in 
1× Antibody Diluent to generate mixture containing 10 μg/
ml of anti-human NLRP3 (nalpy3-b) and 0.2 μg/ml of anti- 
human caspase-1 (A-19).   

   4.    For detecting the association between NLRP3 and ASC, dilute 
both anti-NLRP3 (Cryo2 or nalpy3-b) and anti-ASC (AL177) 
to fi nal 10 μg/ml each.   

   5.    Tap off the Blocking Solution from the slides ( see   Note 18 ).   
   6.    Add 35 μl of diluted primary antibody solution to each cell 

sample and incubate slides overnight in humidity chamber at 
4 °C ( see   Note 19 ).   

   7.     Dilu  te the 5× PLA probe anti-mouse MINUS and 5× PLA 
probe anti-rabbit PLUS in Antibody Diluent to generate mix-
tures containing 1× of each probe ( see   Note 20 ).   

   8.    Tap off the primary antibody solution from the slides.   
   9.    Wash slides in staining jar twice with PBS for 5 min with gentle 

orbital shaking ( see   Notes 21  and  22 ).   
   10.    Add 35 μl of diluted probe solution to each cell sample and 

incubate for 1 h in humidity chamber preheated to 37 °C.   
   11.    Dilute 5× ligation stock with molecular biology-grade pure 

water (e.g., autoclaved MilliQ water) to make 1× ligation stock 
( see   Note 23 ), leaving the exact volume suffi cient for the addi-
tion of ligase to make 1:40  diluti  on in  step 14 .   

3.4  Proximity 
Ligation Assay
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   12.    Tap off the probe solution from the slides.   
   13.    Wash slides in staining jar with wash buffer A for 5 min × 2 with 

gentle shaking.   
   14.    Remove ligase from −20 °C freezer and dilute 1:40 with 1× 

ligation stock ( step 10 ). Add 35 μl of diluted ligase solution to 
each sample and incubate for 30 min in humidity chamber at 
37 °C.   

   15.    Dilute 5× amplifi cation  sto  ck with molecular biology grade 
pure water to make 1× amplifi cation stock, with the exact vol-
ume suffi cient for the addition of polymerase to make 1:80 
dilution in  step 18 .   

   16.    Tap off the ligation solution from the slides.   
   17.    Wash slides in staining jar with 1× wash buffer A for 2 min × 2 

with gentle shaking.   
   18.    Remove  polymeras  e from −20 °C freezer and dilute 1:80 in 1× 

Amplifi cation Red ( see   Note 24 ). Add 35 μl of diluted amplifi -
cation solution to each sample and incubate for 100 min in 
humidity chamber at 37 °C.   

   19.    Tap off the amplifi cation solution from the slides.   
   20.    Wash slides twice in staining jar with 1× wash buffer B for 

10 min. Next wash slides in staining jar with wash buffer B 
 d  iluted 1:100 (fi nal 0.01×) for 1 min.   

   21.    Tap off the excess wash buffer. Allow slides to air-dry at room 
temperature for 5 min in the dark ( see   Note 25 ).   

   22.    Add 6 μl of the mounting medium with DAPI and then apply 
a coverslip on top of each sample ( see   Note 26 ).   

   23.    Analyze  s  amples with a fl uorescence  or   confocal microscope 
(Fig.  2 ).   

   24.    Store the slides at −20 °C in the dark.   
   25.    Quantitate the number of the spots in each cell ( see   Note 27 ).       

4    Notes 

     1.    NLRP3 infl ammasome activation can also be studied in bone 
marrow-derived dendritic cells and peripheral blood-derived 
human macrophages following the protocol for  mouse   bone 
marrow-derived macrophages.   

   2.    Relative to peripheral blood-derived macrophages, THP-1 
cells possess advantageous  tra  its such as a homogenous genetic 
background, higher growing rates, and availability in large 
quantities [ 14 ]. Heightened transfection effi ciency allows spe-
cifi c genes to be more effectively knocked down or overex-
pressed in THP-1 cells than normal macrophages in 
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infl ammasome study. THP-1 with ASC knockdown or NLRP3 
knockdown are also available from InvivoGen. However, it is 
important to note that the malignant nature of THP-1 cells 
may generate results atypical from normal macrophages.   

   3.    Available in Duolink In Situ Red Starter kit or Duolink In Situ 
Orange Starter kit. Each kit contains PLA probe anti-mouse 
MINUS, PLA probe anti-rabbit PLUS,    wash buffers for fl uo-
rescence, and mounting medium with DAPI, with choice of 
Red (Texas Red) or Orange (Cy3) Detection Reagents.   

   4.    Optimal cell confl uence is ~80 % at the time of experiment. 
Fully confl uent macrophages are not suitable for in situ PLA 
examination due to the potential variability in NLRP3 infl am-
masome activation and the generation of overlapping image.   

   5.    LPS priming represents the fi rst signal required for the upregu-
lation of pro-IL-1β and NLRP3 in BMDMs. LPS could be 
substituted by other TLR agonists such as Pam3CSK4 (for 
TLR4) or R848 (for TLR7/8).   

   6.    ATP is the second signal triggering the formation of NLRP3- 
ASC- procaspase-1 infl ammasome. Nigericin (10 μM) is an 
alternative second signal  activ  ator for NLRP3 infl ammasome 
assembly. Monosodium urate (MSU) and alum crystals are 
other compounds commonly used to activate NLRP3 infl am-
masome [ 3 ,  4 ]; however, due to the crystalline nature, they are 
more diffi cult to wash off from macrophages after activation 
and may interfere with microscopic observation.   

   7.    The concentration of ATP and the time of incubation for opti-
mal infl ammasome detection should be tested. Infl ammasome 
activation is followed by pyroptosis [ 15 ], and incubation with 
ATP for too long will lead to diminished cell viability ( see  
Chapter   17     in this book).   

   8.    Untreated macrophages and macrophages stimulated with 
LPS only served as the negative controls for NLRP3 activation 
by in situ PLA (Fig.  2 ).   

   9.    Limit  tim  e in the wash step to minimize cell death.   
   10.    For  THP1   cells, TPA treatment will increase the expression of 

pro-IL-1β and NLRP3, and LPS priming is not essential.   
   11.    Freshly dilute paraformaldehyde to fi nal concentration of 

exactly 4 % in 1× PBS. The concentrations of PBS and parafor-
maldehyde are critical for intact cell fi xation.   

   12.    When adhering the coverslip to slide, keep the coverslip hori-
zontal to slide. This  en  sures the sample will remain in focus in 
an optic fi eld under microscopic observation. Make sure the 
mounting medium is dry before proceeding.   

   13.    Liquid blocker must be uniformly applied around the sample 
area to prevent reagent leakage and sample over drying.   

Detecting Infl ammasome Formation by PLA

http://dx.doi.org/10.1007/978-1-4939-3566-6_17


194

   14.    Do not proceed with the proximity ligation assay if fi xed cells 
do not appear morphologically robust, since the PLA reagents 
are relatively expensive and success is highly dependent on the 
quality of the fi xed macrophages.   

   15.    The blocking solution should cover the entire area with cells.   
   16.    The two primary antibodies should come from different spe-

cies out of mouse, rabbit,  and   goat, and their isotypes must be 
IgG. Affi nity purifi ed polyclonal antibodies are preferred over 
unpurifi ed polyclonal antibodies.   

   17.    The choice of the primary antibodies is critical to PLA. For use 
of antibodies to detect the association of the other molecules 
with NLR, fi rst validate the recognition ability and titer by 
 immunofl uorescence   staining or intracellular staining.   

   18.    Never allow samples to dry out before the addition of the pri-
mary antibodies.   

   19.    Make sure the humidity chamber works. Do not allow samples 
to dry out.   

   20.    For in situ PLA to detect the association of other proteins, the 
use of secondary  anti  bodies will be based on the species of 
primary antibodies, but the secondary antibodies must be in 
the pair combination of PLA probe MINUS and PLA probe 
PLUS.   

   21.    Each wash in a small staining jar requires about 150 ml PBS.   
   22.    PBS is used for washing off the primary antibodies in this pro-

tocol. Selection of wash buffer for other primary antibodies 
should be based on the antibodies used.   

   23.    The ligation stock contains two additional oligonucleotides to 
hybridize with the two DNA probes attached to secondary 
antibodies (Fig.  1c ).   

   24.    The  ampli  fi cation stock contains the all constituents required 
for rolling circle amplifi cation and for the fl uorescence-labeled 
oligonucleotides to hybridize with the amplifi ed DNA prod-
uct. Four different fl uorescence detection reagents are avail-
able from Olink Bioscience: Green (FITC-like), Orange 
(Cy3-like), Red (Texas Red-like), and Far Red (Cy5-like).   

   25.    Do not allow the slides to completely dry out. One can alter-
natively use Kimwipes tissue paper to absorb the excess liquid 
from slides. Proceed with next step immediately.   

   26.    Slowly apply the coverslip on top of samples to avoid bubbles 
between two coverslips.   

   27.    Image analysis software (Duolink ImageTool) for quantitation 
of  PLA   products can be purchased from Olink Bioscience. 
Unless the sample size is large, counting PLA signal for 100–
200 cells per treatment can also be managed manually.         
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    Chapter 13   

 Assessing Caspase-1 Activation                     

     Baptiste     Guey     and     Virginie     Petrilli      

  Abstract 

   The caspase-1 enzymatic activity plays a major role in the innate immune response as it regulates the 
maturation of two major proinfl ammatory cytokines, the interleukin-1beta (IL-1β) and IL-18. In this 
chapter, we describe the technique of Western blot to assess caspase-1 activation. This method provides 
multiple information within one experiment. It allows the detection of both unprocessed and processed 
caspase-1 and substrates.  

  Key words     Western blot  ,   Infl ammasome  ,   Interleukin-1beta (IL-1β)  ,   Caspase-1  

1      Introduction 

 Caspase-1 is an enzyme belonging to a family of cysteine proteases 
that cleave their substrates after an aspartic acid residue. Like apop-
totic initiator caspases (e.g., caspase-8 or caspase-9), it is synthe-
sized as a zymogen. Caspase-1 consists of three main domains, a 
Caspase Activation and Recruitment Domain (CARD) at the 
N-terminus of the protein followed by two catalytic subunits, the 
p20 and the p10 (Fig.  1 ). As an initiator caspase, caspase- 1 gets 
activated within a multi-protein complex, named the “infl amma-
some.” The infl ammasome acts as a molecular platform inducing 
the zymogen dimerization to initiate caspase-1 activation by auto-
proteolysis. The freed subunits assemble into dimers of p20/p10 
to form the active caspase-1 [ 1 ,  2 ]. The best- characterized sub-
strates of caspase-1 are the proinfl ammatory cytokines, the pro- 
interleukin- 1β (pro-IL-1β) and pro-IL-18. Their cleavage by cas-
pase- 1 results in the production and secretion of the biologically 
active cytokines IL-1β and IL-18. Of note, upon infl ammasome 
activation, the p20/p10 dimers of caspase-1 are secreted together 
with the mature substrates. This is the reason why cell supernatants 
are analyzed by Western blot.

   Infl ammasomes are major actors of the innate immune 
response. They are expressed by myeloid cells such as macrophages 
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and dendritic cells, but also by epithelial cells such as keratinocytes 
or intestinal cells. Different cytosolic pattern recognition receptors 
such as nucleotide-binding domain and leucine rich repeat pyrin 
containing 1 (NLRP1), NLRP3, NLRC4, and absent in melanoma 
2 (AIM2) are able to trigger the assembly of an infl ammasome 
upon sensing of specifi c pathogen-associated molecular pattern 
(PAMP) or danger-associated molecular pattern (DAMP). The 
NLRP3 receptor is able to detect a wide range of DAMP, e.g., 
extracellular ATP and monosodium urate crystals, and PAMP, e.g., 
 Staphylococcus aureus , infl uenza virus, adenovirus and bacterial tox-
ins such as nigericin. The mouse NLRP1b is activated by the lethal 
toxin of  Bacillus anthracis , while the NLRC4 detects bacteria like 
 Salmonella  or  Shigella  [ 3 ]. Infl ammasome activation is often asso-
ciated with a specifi c form of cell death dependent on caspase-1 
activity called pyroptosis. 

 A convenient method to monitor caspase-1 activation is the 
detection of the autoproteolysis of the protein using the technique 
of Western blotting. Separation of the different forms of caspase-1 
protein using denaturing polyacrylamide  g  el electrophoresis fol-
lowed by Western blot allows the visualization of the full length 
caspase-1 at 45 kDa (zymogen) and of the cleaved fragments of the 
protein resulting from its autoprocessing, for instance p20 or p10 
depending on the epitope recognized by the antibody. Similarly 
this technique allows the detection of both the immature and 
mature form of the substrate of caspase-1, for instance the pro- 
IL- 1β at 35 kDa and the mature IL-1β at 17 kDa. However, recent 
studies identifi ed specifi c situations where caspase-1 is active despite 
the absence of autoprocessing. Thus, for some situations, to assess 
caspase-1 activity, monitoring its autoprocessing is not suffi cient 
and assessing substrate cleavage and the induction of cell death are 
also required [ 4 ,  5 ]. We therefore include a simple method to 
monitor cell death, the measurement of lactate dehydrogenase 
released in the medium. 

 In this chapter, we activate caspase-1 by triggering the forma-
tion of the NLRP3 and NLRP1b infl ammasomes in mouse  peritoneal 
macrophages. This method can be applied to bone  marrow derived 

Caspase- 1 zymogen CARD p20

p20

p20

p10

p10
p10

Active dimers of Caspase-1

  Fig. 1    Schematic representation of the full length caspase-1, size 45 kDa, and of 
the active dimers       
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macrophages and dendritic cells, and even to human macrophages, 
using adequate antibodies. It can also be applied to monitor the 
activation of other infl ammasomes using cognate activators.  

2    Materials 

 All buffers and solutions must be prepared using ultrapure water.   

     1.    Mouse peritoneal macrophages from WT, and ideally, from 
 caspase- 1  defi cient (KO) mice that will serve as negative con-
trol (for method  see  ref.  5 ). If no caspase-1 KO mice are avail-
able, the caspase-1 inhibitor Z-YVAD-fmk can be used.   

   2.    12-well plates treated for tissue culture.   
   3.    Dulbecco’s modifi ed Eagle’s medium (DMEM) cell culture 

medium complemented with 10 % (vol/vol) decomplemented 
fetal bovine serum, 1 mM sodium pyruvate, 100 IU/ml peni-
cillin/streptomycin, and 2 mM glutamine.   

   4.    Opti-MEM ®  medium (this medium is exclusive of Life 
Technologies); other serum free media could be also used.   

   5.    Phosphate buffered saline solution (PBS): 137 mM NaCl, 
2.7 mM KCl, 1 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4.   

   6.    Ultrapure  Escherichia coli  0111:B4 lipopolysaccharide (LPS).   
   7.    Stock solution of 10 mM nigericin in ethanol.   
   8.    1 mM adenosine triphosphate (ATP) stock solution in water 

( see   Note 1 ).   
   9.    Lethal toxin (LT) from anthrax: the stock is composed of 

1 μg/μl of lethal factor mixed with 1 μg/μl of protective anti-
gen [ 5 ].   

   10.    6 mM EDTA in PBS buffer: dilute 0.5 M EDTA stock solution 
in PBS.      

       1.    RIPA lysis buffer stock 2×: Mix 5 ml of 1 M Tris–HCl pH 7.5, 
3 ml 5 M of NaCl, 10 ml of 10 % sodium deoxycholate, 0.15 ml 
of 20 % SDS, 1 m of 0.5 % Triton X-100, 1 ml of 0.5 M EDTA, 
and 0.2 ml of 1 M sodium orthovanadate. Add two tablets of 
Roche protein inhibitor cocktail; other protein inhibitors cocktails 
are also suitable. Make the volume up to 50 ml with H 2 O. Mix 
well. Aliquot 0.5 ml in 1.5 ml microtubes  and   store at −80 °C.      

       1.    Bio-Rad mini-PROTEAN Tetra cell electrophoretic system (or 
equivalent).   

   2.    Glass plates with 1.5 mm spacer, 15-well combs.   
   3.    Solution of premixed 30 % ratio 37.5:1 acrylamide–

bis-acrylamide.   

2.1  Cells 
and Infl ammasome 
Stimulation

2.2   Protein 
Extractions  

2.3  SDS-PAGE

Measuring Caspase-1
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   4.    10 % (wt/vol) ammonium persulfate (APS) solution in water.   
   5.     N , N , N , N ′-tetramethyl-ethylenediamine (TEMED).   
   6.    Stacking gel buffer: 0.5 M Tris–HCl pH 6.8: Weigh 60 g of 

tris base, add 0.5 L of H 2 O, mix using magnetic stirrer, adjust 
pH to 6.8 using HCl ( see   Note 2 ) and add H 2 O up to 1 L. Store 
at +4 °C.   

   7.    Separating gel buffer 1.5 M Tris–HCl pH 8.8: Weigh 181.5 g 
tris base, add 0.7 L of H 2 O, mix, adjust pH to 8.8 using HCl 
( see   Note 2 ), make up to 1 L with H 2 O. Store at +4 °C.   

   8.    Separating gels: for two 15 % acrylamide mini-gels mix 4.8 ml 
of H 2 O, 10 ml of 30 % acrylamide–bis-acrylamide, 5 ml of 
separating gel buffer, 0.1 ml of 20 % SDS, 0.2 ml of 10 % APS, 
0.01 ml TEMED.   

   9.    Stacking gels: for two 5 % acrylamide mini-gels mix 5 ml H 2 O, 
1.7 ml of 30 % acrylamide–bis-acrylamide, 2.5 ml of staking 
gel buffer, 0.05 ml of 20 % SDS, 0.1 ml of 10 % APS, 0.01 ml 
TEMED.   

   10.    Running (migration) buffer 10× stock solution: Weigh 60.6 g 
of tris base, 288 g of glycine, add 0.1 L of 20 % SDS, make up 
to 2 L with H 2 O. Mix.   

   11.    3× Laemmli buffer (LB): Weigh 60 mg phenol red ( see   Note 
3 ), add 69 ml of glycerol, 37.5 ml of 1 M Tris–HCl pH 6.8 
and 60 ml of 20 % SDS. Make up to 200 ml using H 2 O. Mix 
well. Verify fi nal pH is 6.8 and adjust if necessary. Just before 
adding the LB to  the   protein extracts, add 100 mM DTT to 
reach fi nal concentration.   

   12.    1 M dithiothreitol (DTT): Dissolve 15.45 g of DTT in H 2 O, 
aliquot into microtubes and store at −20 °C.   

   13.    Protein ladder.      

       1.    Bio-Rad Mini Transblot electrophoretic system (or equivalent).   
   2.    Transfer buffer × 1 (store at + 4 °C): weigh 25 g of tris base, 

120 g of glycine, add 8 L of H 2 O, mix. Adjust pH to 8.3 using 
HCl, add 1.6 L of pure ethanol, make up the volume to 10 L 
with H 2 O.   

   3.    10× stock solution of tris buffer saline Tween (TBST) (store 
at +4 °C): 500 ml of 1 M tris base pH 7.5, 10 ml of Tween 20, 
300 ml of 5 M NaCl, and 190 ml of H 2 O.   

   4.    Nitrocellulose membranes with 0.22 μm pore size.   
   5.    Whatman paper, cut into 7.5 × 7.5 cm pieces.   
   6.    Ponceau S.   
   7.    Nonfat dry milk.   
   8.    Blocking buffer: 5 % (wt/vol) nonfat dry milk in TBST 1×.   

2.4  Western Blot 
and Antibody 
Incubation
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   9.    Primary antibodies: 1:500 dilution of anti-caspase-1 Casper-1 
mouse (Adipogen), 1:1000 dilution of anti-IL-1β IL-1F2 
(R&D Systems).   

   10.    Secondary antibodies coupled to the horseradish peroxidase 
(HRP): 1:5000 dilution of donkey anti-goat or donkey 
anti-mouse.   

   11.    Chemoluminescence substrate for HRP.   
   12.    Frozen ice pack for the transfer.      

       1.    Lactate dehydrogenase (LDH) activity assay kit, such as the 
CytoTox 96 ®  Non-Radioactive Cytotoxicity Assay (Promega). 
However, other brands are also suitable. Prepare LDH sub-
strate mix following manufacturer’s instructions.   

   2.    Flat-bottom 96-well plate.       

3    Methods 

       1.    Plate the WT and  caspase-1  KO macrophages at a density rang-
ing from 8 × 10 5  to 10 6  cells in a 12 well-plate in 1 ml of com-
plete DMEM. Make sure to seed the adequate number of 
wells; do not forget to seed an extra control well that will be 
used as a positive control for the LDH assay. After 2 h, change 
the medium to remove the non-adherent cells.   

   2.    Prime the cells overnight by stimulating them in complete 
DMEM containing 0.5 μg/ml of LPS. This step allows the 
induction of the production of the pro-IL-1β and of the 
NLRP3 proteins.   

   3.    The following morning, remove the medium and replace it 
with 1 ml of Opti-MEM ( see   Note 4 ). Then stimulate the cells 
to activate the infl ammasome by adding either 10 μM nigericin 
per well for 2–4 h or 5 mM ATP for 30 min or 1 μg/ml LT for 
6 h, or the solvent to the control wells. If using Z-YVAD-fmk, 
add the inhibitor at 50 μM 30 min prior to the stimulation.      

       1.    Collect each 1 ml of cell supernatant into labeled microtubes 
and centrifuge gently at 1500 ×  g  to get rid of any dead cells. 
Remove the supernatant and store it in 2 aliquots of 0.5 ml at 
−20 °C (1 for protein precipitation and 1 for other applications 
such as LDH assay  or   ELISA)   

   2.    Wash the cells with PBS and then incubate the cells in 0.5 ml 
of 6 mM EDTA in PBS for 5 min on ice. Scrape the cells and 
collect the cells into a clean microtube. Pellet the cells at 
1500 ×  g  in a refrigerated centrifuge. Discard the supernatant, 
store the dry cell pellet at −80 °C or proceed directly to the cell 
lysis.   

2.5  Cell Death Assay

3.1  Activation 
of the Infl ammasome

3.2  Sample 
Preparation

Measuring Caspase-1
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   3.    Cell extracts: Make the RIPA buffer 1× by adding 0.5 ml of 
water, and lyse the cells in 40 μl of buffer. Incubate on ice for 
30 min and centrifuge at +4 °C at 15,800 ×  g . Collect the cell 
 protei  n extract into a clean tube (optional: measure the protein 
concentration using the Bradford assay and use bovine serum 
albumin as a standard). Add Laemmli buffer containing DTT 
to the extracts, heat for 5 min at 95 °C. Load directly onto 
SDS- PAGE or store at −80 °C.   

   4.    Supernatants: to analyze the protein contents of cell superna-
tants, we  use   the methanol/chloroform protein precipitation 
method. This part should be conducted under a fume hood. 
To 0.5 ml of cell supernatant, add 0.1 ml of chloroform and 
0.5 ml of methanol. Vortex. Centrifuge for 3 min at 15,800 ×  g . 
The white protein disk is visible at the interphase between the 
aqueous and organic phase. Discard most of the upper phase 
without disturbing the protein pellet. Add 0.5 ml of methanol, 
vortex, and centrifuge for 3 min at 15,800 ×  g . The protein pel-
let should be stacked at the bottom of the tubes. Discard the 
supernatant. Leave the pellets to air-dry under a fume hood to 
remove any trace of solvent. Resuspend the proteins in 50 μl of 
LB 3× containing DTT ( see   Note 5 ). Heat at 95 °C for 5 min. 
Load directly onto gels or store at −80 °C.      

       1.    Assemble the glass plates (1.5 mm spacer) using the casting 
system of miniPROTEAN electrophoretic system.   

   2.    Prepare Separating gels.   
   3.    Mix well.   
   4.    Pour 7.5–8 ml of gel preparation into the plates and gently 

overlay the gel with 0.5 ml water. Leave to polymerize 
(20 min).   

   5.    Prepare the stacking gels.   
   6.    Mix well.   
   7.    Remove the water from the surface of the gels and pour the 

stacking gels on top of the separating gels. Quickly add the 
combs to the stacking gel. Wait until gels are polymerized ( see  
 Note 6 ).   

   8.    Install the glass plates containing the gels into the migration 
tank, fi ll with running buffer 1× and gently remove the combs.   

   9.    Load the gels: add the protein ladder to one well and load 
20 μg of samples (or 15–20 μl) per well. Top up the tank with 
running buffer 1× if necessary ( see   Note 7 ).   

   10.    Start the electrophoresis at 70 V for 20 min then increase the 
voltage to 100 V for 90 min. Regularly check the migration. 
Another method is to electrophorese by applying 35 mA/gel.      

3.3  SDS- 
Polyacrylamide Gel 
Casting 
and Electrophoresis
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       1.    Prepare a tank containing transfer buffer and soak the foam 
pads and membranes in this buffer.   

   2.    Uncast the gels and remove the gels from the glass plates 
carefully.   

   3.    Prepare the transfer sandwich by stacking 1 foam pad, 2 
Whatman papers soaked into the transfer buffer, the gel (we 
remove the stacking gel before the transfer), the nitrocellulose 
membrane, and 2 Whatman papers soaked in the transfer buf-
fer, on the black lid of the transfer cassette (Fig.  2 ). Get rid of 
any bubbles by gently rolling the top of the pile with half of a 
5 ml pipette. Add another foam pad and close the cassette, 
place it into the transfer cell, taking care to put the cassette in 
the proper orientation with regards to the electrodes (with the 
Bio-Rad system the black side of the cassette toward the black 
side of the transfer cell). Add one ice block to the transfer tank 
and fi ll with transfer buffer ( see   Note 8 ).

       4.    Transfer at 100 V for 1 h.      

        1.    Open the transfer cassettes to collect the membranes.   
   2.    Optional: you may want to incubate your membrane in a 

Ponceau S solution before the blocking step. The Ponceau S 
stains the proteins and is useful to visualize the quality of the 
protein transfer and the protein load of each well. Incubate the 
membranes in a solution of Ponceau S for 5 min under agita-
tion, then rinse briefl y several times with water.   

   3.    Block the membranes by incubating them in the blocking buf-
fer for 1 h at room temperature and under gentle agitation.   

   4.    Incubate the membranes overnight in the primary antibodies 
diluted in the blocking buffer at +4 °C under gentle 
agitation.   

   5.    Proceed to the washing step: add at least 10 ml of TBST 1× for 
15 min at room temperature under agitation. Discard the buf-
fer and repeat this step three times.   

   6.    Incubate the membranes in the secondary antibody solution. 
Dilute the appropriate horseradish-coupled antibody in 1 % 
milk TBST.   

   7.    Wash the membranes with 10 ml of TBST 1× for 15 min at 
room temperature under agitation. Discard the buffer and 
repeat this step three times.   

   8.    Incubate the membranes in HRP substrate. For detection of 
IL-1β and caspase-1, we incubate the membranes for 5 min in 
the luminescence HRP substrate solution diluted 1:2 with 
water ( see   Note 9 ).   

   9.    Expose the membranes to autoradiography fi lms or to a gel 
imager ( see  example results in Fig.  3 ) ( see   Note 10 ).

3.4  Western Blot, 
Wet Method

3.5  Probing 
and Detection

Measuring Caspase-1
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  Fig. 3     Immunoblots   showing caspase-1 autoproteolysis and IL-1β cleavage in response to the NLRP1b and 
NLRP3 infl ammasome activation in WT and  caspase-1  KO peritoneal macrophages. Caspase-1 and IL-1β are 
shown in cell extracts and cell supernatants.  O/N  overnight,  LT  lethal toxin,  Nig  nigericin,  −  untreated,  *  unspe-
cifi c signal       

Transfer cassette
Anode (+)

Foam pad

Membrane

Gel

Foam pad

Transfer cassette

Whatman papers

  Fig. 2    Schematic representation of the sandwich assembly for the Western blot       
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          This assay is carried out following the manufacturer’s instructions. 
It is used to detect the cell death induced by caspase-1 activation.

    1.    Make sure to set up the experimental controls: 1 well left 
untreated for cell spontaneous LDH release and 1 well treated 
with a lysis solution for cell maximum LDH release.   

   2.    Transfer 50 μl of cell supernatant to a fl at-bottom 96-well 
plate.   

   3.    Add 50 μl of the reconstituted LDH Substrate Mix to each 
well of the plate, cover and incubate at room temperature, pro-
tected from light, up to 30 min.   

   4.    Add 50 μl of the Stop Solution to each well of the plate.   
   5.    Read the absorbance at 490 nm.     

 LDH release percentage is calculated by the following formula: 

 LDH treated LDH untreated LDH total lysis LDH untreated[ ] - [ ] [ ] - [ ]( ))´100      

4    Notes 

     1.    Make small aliquots of ATP stock and always use a new aliquot 
for infl ammasome stimulation.   

   2.    Use 12 N HCl to get close to the desired pH then use 6 N 
HCl to fi nish the adjustment.   

   3.    Phenol red can be replaced by bromophenol blue. We fi nd 
convenient, for instance, to use a blue LB for cell extracts and 
a red LB for cell supernatants.   

   4.    Opti-MEM ®  medium allows a cleaner protein electrophoresis 
as it contains very few proteins.   

   5.    It is also possible to resuspend the protein pellet in 30 μl of 
RIPA buffer 1× and then add LB.   

   6.    The casted gels can be stored for 10 days immerged in a box 
containing running 1× buffer at +4 °C.   

   7.    If many wells are empty, we recommend adding 15 μl of LB 3× to 
these empty wells to ensure an even migration of the samples.   

   8.    As the best transfer is obtained with cool buffer, do not remove 
buffer from the fridge until immediately prior to fi lling tanks. 
Some people of the team like to transfer in the cold room.   

   9.    We use the Luminata TM  Crescendo Western HRP substrate 
(Millipore). This HRP substrate is convenient as it is premixed. 
Furthermore, depending on the abundance of the protein 
detected and on the specifi city of the primary antibody, it is 
possible to adapt the substrate concentration by diluting it 

3.6  LDH Assay

Measuring Caspase-1
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with water and to also adapt the time of membrane incubation 
to modulate the intensity of the signal.   

   10.    The membranes can be re-hybridized with another antibody to 
detect another protein without being stripped if, the size of the 
other protein of interest to be detected is different and if the 
primary antibody species is different. To that purpose, we 
block the membranes as described in Subheading  3.5  and add 
0.05 % of sodium azide to the buffer to inactive the HRP. For 
instance, the anti-caspase-1 antibody can be re-hybridized fol-
lowing the hybridization with the anti-IL-1β antibody.         
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    Chapter 14   

 Cell-Free Assay for Infl ammasome Activation                     

     Yvan     Jamilloux      and     Fabio     Martinon     

  Abstract 

   Infl ammasomes are multiprotein complexes, which assembly results in caspase-1 activation and subsequent 
IL-1β and IL-18 activation and secretion. In a cell-free system, based on cytosols of normally growing 
cells, the disruption of the cell membrane spontaneously activates the infl ammasome. Studying the 
activation of the infl ammasome in cytosolic extracts provides multiple advantages, as it is synchronized, 
rapid, strong, and mostly plasma membrane-free. This protocol covers the methods required to prepare 
cell lysates and study infl ammasome activation using different read-outs. General considerations are 
provided that may help in the design of modifi ed methods. This assay can be useful to study potential 
infl ammasome interactors and the signaling pathways involved in its activation.  

  Key words     Cell-free assay  ,   Infl ammasome  ,   ASC  ,   NLRP3  ,   IL-1β  

1      Introduction 

    Infl ammasomes are multiprotein complexes, which are typically 
composed of a cytoplasmic sensor and an effector protease, caspase-
 1, which constitutes the catalytic active core of the complex. Most 
infl ammasomes also require the adaptor ASC (apoptosis- associated 
speck-like protein containing a CARD) that recruits caspase- 1 to 
the oligomeric sensor [ 1 ,  2 ]. The assembly of these complexes 
depends on the recognition of infectious stimuli or danger signals 
and results in caspase-1 activation and subsequent IL-1β activation 
and secretion. The fi rst characterization of an infl ammasome com-
plex was made in 2002 in a cell-free system using THP-1 cell 
extracts [ 1 ]. This assay, which is based on the hypotonic lysis of 
cells in low-potassium buffers (<70 mmol/L), had been adapted 
from previous studies that characterized and studied the apoptosome 
[ 3 ,  4 ]. The apoptosome is formed upon binding of cytochrome c 
to APAF-1, leading to its oligomerization and further recruitment 
and activation of the apoptotic protease, caspase-9. While the 
assembly and activation of the apoptosome in cell-free extracts 
requires the addition of exogenous cytochrome c or its release 



208

from damaged mitochondria, the activation of the infl ammasome 
occurs spontaneously, suggesting that its ligand or trigger is acti-
vated or released by  me  chanical disruption of the cell integrity. 

 Because the study of the infl ammasome using the cell-free 
assay requires a relatively large amount of cells, the use of immor-
talized cells facilitates the setup of this assay. However, in most 
immortalized cell lines the ASC promoter is highly methylated and 
the transcription of ASC is repressed [ 5 ]. One exception is the 
human monocytic cell line, THP-1, that expresses ASC and is 
therefore, among human cell lines, the one that best responds to 
infl ammasome activation, including in cell-free conditions [ 1 ]. 
Interestingly, caspase-1 was fi rst detected and purifi ed from THP-1 
 lysat  es prepared in buffers containing low-potassium, years before 
the fi rst description of the infl ammasome [ 6 – 9 ]. It is therefore 
likely that the preparation of the cell extracts in these landmark 
papers led to the spontaneous assembly and activation of the 
infl ammasome that resulted in the observed caspase-1 activity. 
Indeed THP-1 cells do not activate caspase-1 or secrete processed 
IL-1β at basal conditions. 

 Over the years, the cell-free assay has been used in a few studies 
that investigated some aspects of the infl ammasome. For example, 
it was used to demonstrate the key role of ASC in THP-1 cells as 
well as in primary mouse macrophages [ 1 ,  10 ]. It was then used to 
study the rates of caspase-1 activation in THP-1 cells and Bac1 
mouse macrophages [ 11 ,  12 ]. This system has also been used to 
demonstrate the role of low-potassium concentration on infl am-
masome activation [ 13 ]. 

 This system remains of interest for the study of infl ammasome 
activation and regulation since it  all  ows: (1) rapid, synchronized, 
and strong detection of infl ammasome activation, caspase-1 cleav-
age, and IL-1β processing; (2) easy manipulation of the system 
with the addition of putative activators or inhibitors in the cell 
lysates; and (3) analysis of the biochemistry of the complex includ-
ing its composition at defi nite time points following activation, 
without need for further membrane crossing. 

 Here, we describe the successive steps required to activate the 
infl ammasome in cell-free extracts  obt  ained from THP-1 mono-
cytes and give examples of available read-outs.  

2    Materials 

 Solutions are to be prepared using ultrapure and deionized water. 
All reagents, including solutions, tubes, and syringes, should be 
brought to a temperature of 4 °C unless indicated otherwise.

    1.    22G needles.   
   2.    1 mL syringes.   
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   3.    Pasteur pipettes.   
   4.    Thermoshaker block for  m  icrotubes, as the ThermoMixer ®  

(Eppendorf) or equivalent such as the Thermo-Shaker ®  
(Biosan) or the ThermoCell ®  Mixing Block (Bioer).   

   5.    THP-1 human monocytic cell line. (THP-1 cells are cultured 
to a density of about 1.5 × 10 6  cells/mL.)   

   6.    150-cm 2  plastic fl asks for cell culture or, alternatively, 2-L roller 
bottles system for cell culture.   

   7.    Sterile 50 mL conical tubes.   
   8.    1.5 mL microfuge tube.   
   9.    Refrigerated centrifuge and microfuge.   
   10.    Complete cell culture media: Roswell Park Memorial Institute 

(RPMI) 1640 media  complemente  d with 10 % heat- inactivated 
fetal calf serum (FCS) and 100 μg/mL each of penicillin/
streptomycin ( see   Note 1 ).   

   11.    Sterile phosphate buffered saline solution (PBS): 137 mM 
NaCl, 2.7 mM KCl, 1 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4.   

   12.    Buffer W: 20 mM HEPES–KOH at pH 7.5, 10 mM KCl, 
1.5 mM MgCl 2 , 1 mM sodium EDTA, 1 mM sodium EGTA, 
and 0.1 mM PMSF ( see   Note 2 ). Since PMSF is unstable in 
water, it should be added freshly for each experiment (PMSF 
can be stored for longer time in isopropanol or ethanol). Store 
Buffer W at 4 °C ( see   Note 3 ).   

   13.    Buffer A: 20 mM HEPES–KOH at pH 7.5, 10 mM KCl, 
1.5 mM MgCl 2 , 1 mM sodium EDTA, 1 mM  s  odium EGTA, 
and 320 mM sucrose.   

   14.    CHAPS buffer: 20 mM HEPES–KOH at pH 7.5, 5 mM 
MgCl 2 , 0.5 mM sodium EGTA, 0.1 mM PMSF, and 0.1 % 
CHAPS. PMSF should be added freshly for each experiment.   

   15.    Disuccinimidyl suberate (DSS), prepare fresh each time in 
dimethyl sulfoxide (DMSO) according to the manufacturer’s 
instructions.   

   16.    Antibody dilution buffer: 5 % skimmed milk.   
   17.    1:1000 dilution of each primary antibody: mouse monoclonal 

antihuman caspase-1 (#AG-20B-0048-C100, AdipoGen), 
rabbit  p  olyclonal anti-ASC (AL177, #AG-25B-0006-C100, 
AdipoGen), and mouse monoclonal antihuman IL-1β 
(MAB201, R&D Systems).   

   18.    1:10,000 dilution of appropriate horseradish peroxidase 
(HRP)-conjugated secondary antibodies.   

   19.    Nitrocellulose membranes.   
   20.    1 M DTT stock  solu  tion: dissolve 1.5 g of DTT in 8 mL of 

water, adjust the final volume to 10 mL with water, and 

In vitro Infl ammasome Activation
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dispense into 1 mL aliquots. Store the stock solution in the 
dark, at −20 °C.   

   21.    4× Laemmli Sample Buffer: for 100 mL mix 3 g of Tris–HCl 
adjust to pH 6.8, 40 mL of a 40 % solution of glycerol, 5 g of 
5 % SDS, and 5 mg of 0.005 % bromophenol blue. Complete 
with water to 100 mL. Store at room temperature and before 
use complement with 400 mM DTT from stock solution.   

   22.    15 % SDS-polyacrylamide resolving gel: for 8 mL mix 2.8 mL 
of water, 3 mL of 40 % acrylamide/bis-acrylamide solution, 
2 mL of 1.5 M Tris–HCl pH 8.8, 80 μL of 10 % SDS, 80 μL 
of 10 % ammonium persulfate (APS), and 8 μL of TEMED 
immediately before pouring the gel.   

   23.    Stacking SDS- polyacryla  mide gel: for 5 mL mix 2.9 mL of 
water, 750 μL of 40 % acrylamide/bis-acrylamide solution, 
1.25 mL of 0.5 M Tris–HCl pH 6.8, 50 μL of 10 % SDS, 
50 μL of 10 % APS, and 5 μL of TEMED immediately before 
pouring the stacking gel.   

   24.    Acrylamide electrophoresis system.   
   25.    Semidry or wet transfer system.      

3    Methods 

      Carry out all  procedures   on ice unless otherwise specifi ed. A sche-
matic diagram of the cell-free assay is provided in Fig.  1 .

     1.    Harvest 100 million of THP-1 cells ( see   Note 4 ) in 50 mL 
tubes and centrifuge the cells at 4 °C for 5 min at 400 ×  g . Wash 
the pellets by aspirating the supernatant, adding 2 mL of 
ice- cold PBS, and centrifuging the tubes again 5 min at 400 ×  g . 
Discard the supernatant, centrifuge the pellets one more time 

3.1  Cell-Free 
Lysates Preparation 
and Infl ammasome 
Activation

  Fig. 1    Schematic  diagram   of the cell-free assay. After hypotonic swelling and mechanical disruption of the 
plasmatic membrane, the infl ammasome complex is spontaneously activated in the lysates of THP-1 cells, 
upon incubation at 30 °C       
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for 2 min at 400 ×  g  and remove the remaining liquid with a 
Pasteur pipette ( see   Note 5 ).   

   2.    Add 2 mL of ice-cold buffer W, without resuspending cells. 
Centrifuge the tubes for 5 min at 400 ×  g . Discard the 
supernatant.   

   3.    Estimate the volume of the dry pellet ( see   Note 6 ) and add 3× 
that volume of ice-cold buffer W ( see   Note 7 ). Resuspend the 
cells by gentle pipetting up and down. Transfer the resus-
pended cells to a prechilled 1.5 mL microfuge tube. Keep cells 
on ice.   

   4.    Incubate 10 min on ice to  allow   the swelling of the cells.   
   5.    Mechanically disrupt cell membranes by 15 passages ( see   Note 8 ) 

through a 22G needle, with the 1 mL syringe. Work rapidly 
and stay on ice to avoid the activation of the infl ammasome 
and avoid the generation of air bubbles.   

   6.    Centrifuge the tubes 5 min at 13,000 ×  g , at 4 °C.   
   7.    Harvest the supernatant in a prechilled 1.5 mL microfuge 

tube. The negative control tube is to be left on ice or at 
−20 °C. At this time, protein concentration can be checked 
and  a  djusted using commercial kits ( see   Note 9 ).   

   8.    Aliquot the samples in experimental tubes using at least 25 μL 
of lysate per condition ( see   Note 10 ).   

   9.    Incubate the sample tubes during 30–120 min at 30–37 °C 
( see   Note 11 ), with agitation set at 400 rpm, in a thermoshaker 
block ( see   Note 12 ).   

   10.    The process can be stopped at any time, either by freezing the 
lysates at −20 °C or by adding denaturing buffers (Laemmli 
sample buffer or buffer A) ( see   Note 13 ).    

           1.    Dilute 4× Laemmli sample buffer (containing 400 mM DTT) 
to 1× with the samples and the negative  control   from  step 10  
of Subheading  3.1 .   

   2.    Boil samples for 5 min.   
   3.    Fractionate samples by electrophoresis on a 15 % SDS- 

polyacrylamide gel.   
   4.    Transfer proteins into a nitrocellulose membrane.   
   5.    Probe membranes with antibodies for caspase-1 and IL-1β. 

Processing of these two proteins can then be analyzed, pro- 
caspase- 1 cleavage results in 20 kDa (p20) fragment of active 
caspase-1 (Fig.  2 ), and pro-IL-1β processing results in 17 kDa 
(p17) active fragment of IL-1β.

              1.    Save a 10 % aliquot of each incubated sample from  step 10  of 
Subheading  3.1  for future Western blot analysis of total ASC.   

3.2  Read-Outs

3.2.1  Caspase-1 
Cleavage and Pro-IL1β 
Processing

3.2.2  ASC 
Assembly Assay

In vitro Infl ammasome Activation
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   2.    In each sample, add twice the  s  ample volume of buffer A and 
centrifuge the lysates at 2000 ×  g  for 5 min at 4 °C.   

   3.    Collect the supernatant in a clean 1.5 mL microfuge tube. 
Dilute the supernatant with 1 volume of CHAPS buffer and 
centrifuge at 5000 ×  g  for 8 min to pellet the ASC oligomers. 
Discard the supernatant.   

   4.    Wash the ASC aggregates by resuspending the crude pellets in 
1 mL of CHAPS buffer, pipet up and down, and centrifuge the 
tubes for 8 min at 5000 ×  g . This step should be repeated twice.   

   5.    After three washes, discard the supernatant and resuspend the 
pellets in 30 μL of CHAPS buffer.   

   6.    Crosslink by  a  dding 4 mM DSS and  in  cubate 30 min at room 
temperature.   

   7.    Quench the reaction with 30 μL of 2× Laemmli buffer without 
DTT. Add 2× Laemmli buffer without DTT to the 10 % ali-
quot from  step 1 .   

   8.    The ASC assembly can then be analyzed by Western blot after 
boiling and fractionating on a 15 % SDS-polyacrylamide gel 
and using anti-ASC antibody. The assembly of aggregated ASC 
is detected as monomers (22 kDa), together with dimers, and 
high molecular weight oligomers (Fig.  2 ).        

  Fig. 2    Possible read-outs  for   infl ammasome activation, using the cell-free assay. ( a ) In THP-1 cell lysates, 
obtained after hypotonic swelling and mechanical disruption, the infl ammasome was activated upon incuba-
tion at 30 °C during 1 h, resulting in caspase-1 cleavage (20 kDa band). ( b ) Infl ammasome activation can also 
be demonstrated by the formation of ASC aggregates (oligomers) upon incubation at 30 °C during 1 h       
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4    Notes 

     1.    Other cells that express the infl ammasome components 
(including ASC) can be used. For example, this assay has been 
successfully reported in thioglycolate-elicited mouse  perit  oneal 
macrophages [ 10 ], in mouse Bac1 macrophages [ 11 ], and in 
J2-immortalized mouse bone marrow- derived   macrophages 
[[ 13 ];  unpublished personal data ].   

   2.    Buffer W refers to buffer A reported in Xiaodong Wang’s land-
mark studies characterizing the apoptosome complex in a cell-
free system [ 4 ,  14 ,  15 ].   

   3.    A buffer W with 150 mM KCl can be used as negative control, 
since infl ammasome is only activated with potassium concen-
tration below 70 mmol/L. However because the addition of 
 pota  ssium may affect the hypotonic lysis, it is recommended to 
add the extra KCl after mechanical lysis of the cells ( step 5  of 
Subheading  3.1 ).   

   4.    This amount of cells is optimized for this protocol to obtain a 
good lysis and a reproducible caspase-1 activity, however the 
assay can be scaled-up or down.   

   5.    Remaining PBS and media may affect the effi ciency of the 
hypotonic lysis.   

   6.    To estimate the volume of the dry pellet, place an empty tube 
next to the tube containing the pellet, add the same volume of 
a solution (water) to reach the level of the pellet. Measure the 
volume of the solution with a pipette.   

   7.    The volume of buffer W can be increased up to 5× the volume 
of the dry pellet. This may decrease the  ac  tivity of the lysate 
but may facilitate downstream applications.   

   8.    The number of passages can vary from 10 to 20, depending on 
the volume to lyse and the experimenter.   

   9.    For example, the Quick Start™ Bradford Protein Assay (Bio- 
Rad) can be used. Use the “standard protocol” with 10–100- 
times dilutions of each sample in buffer W.  Bovine   serum 
albumin is used for the standard range. Pipet 5 μL of each 
sample into separate microplate wells. Dispense 250 μL of 1× 
dye reagent in each well with multichannel pipet. Depress the 
plunger repeatedly to mix the sample and reagent in the wells. 
Incubate 5 min at room temperature. Read the microplate 
using a spectrophotometer with wavelength set at 595 nm. 
Refer to manufacturer’s protocol for data analysis.   

   10.    We typically performed experiments using 25–500 μL of lysate 
per condition without observing obvious differences in the 
activity per μL. The protein concentration of the lysates typi-
cally ranges from 5 to 10 μg/μL.   

In vitro Infl ammasome Activation
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   11.    In THP-1 lysates the activation  occ  urs within minutes. A 30 °C 
incubation temperature should be preferred to limit protein 
degradation. Note that the assay can be performed at 37 °C, 
this may result in stronger activity depending on the cell line.   

   12.    Strong activation can also be observed using a water bath incu-
bator rather than with the thermoshaker block.   

   13.    Laemmli sample buffer can be used if the samples are directly 
loaded on a polyacrylamide  gel   electrophoresis  fo  r Western 
blotting. Buffer A is used if the samples are analyzed for ASC 
oligomerization. Additionally, RIPA buffer can be used in 
other biochemical procedures such as  immunoprecipitations   
and molecular pull-down assays.         
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    Chapter 15   

 Functional Reconstruction of NLRs in HEK293 Cells                     

     Vincent     Compan      and     Gloria     López-Castejón     

  Abstract 

   Infl ammasomes are molecular complexes that initiate innate immune response. They are mainly expressed 
by immune cells; however, molecular manipulations in these cells remain very diffi cult. Here, we describe 
a simple protocol to overexpress and activate functional NRLP3 infl ammasomes in HEK293 cells.  

  Key words     NLR  ,   HEK293  ,   ASC  ,   Infl ammasome  ,   Active caspase-1  

1       Introduction 

 Members of the NOD-like receptor (NLR) family are key compo-
nents in the initiation of innate immune response to tissue injury 
or pathogen infection. These proteins trigger cellular responses by 
forming supramolecular complexes called infl ammasomes [ 1 ]. The 
best characterized infl ammasome contains the NLR protein 
NLRP3, the adaptor protein ASC, and the cysteine protease cas-
pase-1. Activation of this complex leads to the processing and the 
release of the pro- infl ammatory cytokine IL-1β in order to initiate 
and propagate the infl ammatory response. NLRP3 infl ammasome 
responds to a broad range of stimuli including different pathogens or 
pathogen associated toxin (as the bacterial ionophore nigericin [ 2 ]), 
endogenous danger signals (as extracellular ATP [ 2 ]), or variation 
in homeostatic parameter (for example, variation in extracellular 
osmolarity [ 3 ]). Immune cells are the main cells expressing the 
NLRP3 infl ammasome, including macrophages and monocytes 
[ 4 ]. Characterization of infl ammasome activation remains rather 
challenging as immune cells are hard to transfect cells and they 
express endogenous infl ammasome components that could inter-
act with the variations under study. Thus, we developed a simple 
protocol for expression of NLRP3 components in HEK293 cells 
that allows reconstituting a functional NLR complex. We found 
that in response to low osmolarity or nigericin, overexpressed 
NLRP3 infl ammasome trigger caspase-1 activation and IL-1β 
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processing with similar features to an endogenous infl ammasome, 
hence validating the use of this approach in experimental research 
settings [ 5 ].  

2     Materials 

       1.    Lipofectamine2000 reagent ®  (Life Technologies) or equivalent 
can be used to transfect HEK293 cells.   

   2.    Complete cell culture media: Dulbecco’s modifi ed Eagle’s 
medium (DMEM) high glucose with glutamine and comple-
mented with 10 % decomplemented fetal bovine serum. 
Antibiotics as penicillin/streptomycin can be used.   

   3.    Opti-MEM ®  medium (Life Technologies).   
   4.    Mammalian expressing plasmids coding for NLRP3, caspase-1, 

and ASC ( see   Note 1 ).      

       1.    Antibodies for detection of caspase-1 (inactive form and one of 
the active forms p10 or p20 of caspase-1), ASC, and NLRP3 
( see   Note 2 ).   

   2.    Cell lysis buffer (CLB): 20 mM HEPES (pH 7.4), 100 mM 
NaCl, 5 mM EDTA, 1 % Nonidet P-40, and supplemented on 
day of use with protease inhibitors.   

   3.    HBS solution: 147 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM 
MgCl 2 , 10 mM HEPES, and 13 mM  d -glucose (pH 7.4).   

   4.    Hypotonic solution: HBS solution diluted in sterile ultrapure 
H 2 O to get a 90 mOsmol solution.   

   5.    Tris–glycine gels (resolving gel 15 % and stacking gel 5 %, 
 see   Note 3 ).   

   6.    SDS-PAGE running buffer (TGS; 1×): 25 mM Tris–HCl, 192 
mM Glycine, 0.1 % (w/v) SDS (pH 8.3).   

   7.    Laemmli Sample Buffer 4× supplemented with 10 % 
β-mercaptoethanol.   

   8.    Mini-PROTEAN Tetra Cell electrophoresis system (Bio-Rad) 
or equivalent.   

   9.    Trans-Blot Turbo transfer system (Bio-Rad) or equivalent.   
   10.    Nitrocellulose membrane pore size 0.22 μm.   
   11.    Transfer buffer, for 1 L: 200 mL of 5× Transfer buffer (Bio-Rad), 

600 mL of nanopure water, and 200 mL of ethanol 100 %.   
   12.    Powdered skim milk.   
   13.    Bovine serum albumin (BSA).   
   14.    Tris–HCl buffered saline (TBS; 10×): 1.5 M NaCl, 0.1 M 

Tris–HCl (pH 7.4).   

2.1  Transfection 
of NLRP3 
Infl ammasome 
in HEK293 Cells

2.2  Detection 
of Infl ammasome 
Functionality/
Activation by Western 
Blot

Vincent Compan and Gloria López-Castejón
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   15.    TTBS solution: TBS containing 0.1 % Tween-20.   
   16.    Blocking solution: 5 % milk in TBST. Store at 4 °C.   
   17.    Secondary immunoglobulins coupled to HRP.   
   18.    Enhance chemoluminescent (ECL) substrate for Western blot.   
   19.    ChemiDoc MP Imaging System (Bio-Rad) or equivalent.       

3     Methods 

 Carry out all procedures with sterile and pyrogen-free material in 
biological safety cabinets Class II at room temperature unless oth-
erwise specifi ed. 

       1.    Plate HEK293 on 35 mm dishes to get 60 % confl uence. Use 
one dish per condition to be tested.   

   2.    Transfect cells 4–5 h later using Lipofectamine 2000 ®  manu-
facturer’s instructions with few exceptions. For one 35 mm 
dish, in a fi rst tube prepare 0.1 μg of each DNA coding for 
NLRP3 and caspase- 1, and 0.2 μg DNA coding for ASC in 
100 μL Opti-MEM. In a second tube, gently mix 2.0 μL 
Lipofectamine 2000 ®  transfection reagent in 100 μL Opti-
MEM. Incubate for 5 min at room temperature then add tube 1 
into tube 2. After 20 min at room temperature, add the previ-
ous mix (   DNA-transfection reagent complexes) on dish con-
taining 1 mL of complete cell culture media.   

   3.    The following day, remove transfection reagent containing 
media and replace by 2 mL of fresh cell media.      

       1.    48 h after transfection, cells expressing functional NLRP3 
infl ammasome can be used ( see   Note 4 ).   

   2.    Wash cells twice with HBS.   
   3.    Add 1 ml of HBS to each dish.   
   4.    To activate the infl ammasome add 5 μM nigericin for 30 min 

or apply the hypotonic solution (1 mL) for 40 min.   
   5.    Remove supernatants, add 100 μL of CLB to the cells.   
   6.    Scrape cells and transfer cell lysate to a tube. Store on ice.   
   7.    After 30 min on ice, spin tubes at 13,000 ×  g  at 4 °C to remove 

insolubilized materials and keep supernatant.      

       1.    Determine protein concentration using a BCA kit (alternative 
protein concentration methods can be used).   

   2.    Load 30 μg of protein form each condition per lane.   
   3.    Run the SDS-PAGE gels and transfer proteins on nitrocellulose 

membrane ( see   Note 5 ).   

3.1  Transfection 
of NLRP3 
Infl ammasome 
in HEK293

3.2  Infl ammasome 
Activation

3.3  Western Blot 
to Detect 
Infl ammasome 
Functionality/
Activation

Infl ammasome Expression in HEK293 Cells
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   4.    Block the membrane for 30 min in 5 % milk/TBST.   
   5.    Probe membranes with caspase-1, NLRP3, and ASC antibodies 

accordingly, overnight at 4 °C.   
   6.    Wash the membrane 3× with TBST during 30 min.   
   7.    Incubate membrane with appropriate secondary antibodies in 

5 % milk/TBST for 1 h at room temperature.   
   8.    Wash the membrane 3× with TBST during 30 min.   
   9.    Develop using ECL substrate according to manufacturer 

instructions.   
   10.    Check for the active form of caspase-1 p10 or p20 to determine 

infl ammasome activation. Check for the presence of NLRP3 
and ASC to confi rm their expression (Fig.  1 ).

4             Notes 

     1.    Similar protocol described here has been used to reconstitute 
functional NLRPC4 infl ammasome (data not shown).   

   2.    References and dilution of antibodies working by WB: caspase-1 
(Santa Cruz, sc-515, dilution 1:300), ASC (Santa Cruz 
sc-22514-R, dilution 1:1000), and NLRP3 (Adipogen, 
AG-20B-0014-C100, dilution 1:1000).   

  Fig. 1    Reconstruction of functional NLRP3 inflammasome. HEK293 cells 
overexpressing infl ammasome components (NLRP3, Caspase-1, and ASC) were 
stimulated with the K +  ionophore nigericin (5 μM for 40 min). Activation of cas-
pase-1 (detection of p10 subunit) and expression of NLRP3 and ASC were detected 
by WB after protein separation on 4–12 % gradient gels. Note that in this experi-
ment, cells were also transfected with the IL-1β  BRET   sensor described in Chap.   5     
(not shown) (adapted from [ 5 ])       
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   3.    Alternatively to the current protocol describe here, NLRP3 
infl ammasome activation can be detected in 96-well plate using 
the IL-1β  BRET   biosensor described in this book ( see  Chap.   5    ).   

   4.    15 % acrylamide homemade gels can be employed to visualize 
active caspase-1. Alternatively, 4–12 % precast gradient gels 
allow large separation of proteins with different molecular 
weight as NLRP3 (MW = 118 kDa) and p10 fragment of active 
caspase-1 (MW = 10 kDa).   

   5.    To improve caspase-1 p10 detection, transfer proteins on 
nitrocellulose membrane with pore size of 0.22 μm.         
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    Chapter 16   

 Method to Measure Ubiquitination of NLRs                     

     Pablo     Palazón-Riquelme     and     Gloria     López-Castejón      

  Abstract 

   Posttranslational modifi cations are crucial in determining the functions of proteins in the cell. Modifi cation 
of the NLRP3 infl ammasome by the ubiquitin system has recently emerged as a new level of regulation of 
the infl ammasome complex. Here, we describe a method to detect polyubiquitination of NRLP3 using 
two different approaches: (1) detection with an ubiquin antibody or (2) using TUBE (Tandem Ubiquitin 
Binding entities). This approach can be used to detect ubiquitination of other NLR or other components 
of the infl ammasome.  

  Key words     Immunoprecipitation  ,   Ubiquitination  ,   Infl ammasome  ,   NLRP3  ,   TUBE  

1      Introduction 

 Ubiquitination is a posttranslational protein modifi cation crucial 
to maintain cellular homeostasis. The addition of ubiquitin to a 
protein is mediated by an E1-ubiquitin activating enzyme, an 
E2-ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase [ 1 ]. 
This is a reversible process and this is controlled by a family of 
enzymes called deubiquitinases [ 2 ]. Disturbing this balanced ubiq-
uitination state can have detrimental consequences for the cell 
impairing important processes that maintain the normal function-
ing of the cells such as protein degradation, traffi cking, or gene 
expression [ 3 ] and hence the body. 

 The ubiquitin system also plays a crucial role in the regula-
tion of infl ammation. This is especially relevant in innate immune 
responses where key signalling pathways are fi nely tuned by ubiq-
uitin [ 4 ]. Pathways such as the NFkB rely on this posttranslational 
modifi cation to successfully initiate the transcription of impor-
tant proinfl ammatory mediators [ 5 ,  6 ]. Increasing evidencing, 
however, is showing that ubiquitin is not only important in the 
regulation of transcriptional pathways but also in the assembly of 
the NLRP3 infl ammasome [ 7 ]. This is a molecular complex that 
 mediates the release of the proinfl ammatory cytokine IL-18 and 
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IL-1β [ 8 ]. Although it has been shown that the NLRP3 is ubiqui-
tinated, how the ubiquitination state of this receptor regulates the 
infl ammasome still remains a mystery. In order to further study 
these mechanisms, it is necessary to determine the level of ubiqui-
tination of the NLRP3. In this chapter, we described a method to 
detect endogenous NLRP3 ubiquitination in NLRP3-expressing 
HEK293 cells by two different methods. Here, NLRP3  is   immu-
noprecipitated and then the ubiquitination state detected by west-
ern blot using either a ubiquitin antibody or  Tandem Ubiquitin 
Binding Entities (TUBE)  . This method could also be applied to 
detect ubiquitination in cells that endogenously express NLRP3 or 
for other components of the infl ammasome complex.  

2    Materials 

       1.    SDS-lysis buffer: 20 mM Tris–base (pH 8.0), 250 mM NaCl, 
3 mM EDTA, 10 % glycerol, 1 % SDS, 0.5 % NP-40, 20 mM 
 N - Ethylmaleimide (NEM), and 5 mM 1,10-phenanthroline 
monohydrate, protease inhibitors [ 9 ].   

   2.    Nondenaturing lysis buffer: 50 mM Tris–HCl (pH 7.4), 
150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, 10 %  glycerol, 
20 mM NEM, and 5 mM 1,10-phenanthroline monohydrate, 
protease inhibitors ( see   Note 1 ).      

       1.    Complete cell culture media: Dulbecco’s Modifi ed Eagle’s 
Medium (DMEM) containing glucose,  l -glutamine, sodium 
pyruvate, and sodium bicarbonate, supplemented with 10 % of 
decomplemented Fetal Bovine Serum (FBS).   

   2.    Microcentrifuge tubes.   
   3.    12-well cell culture plates.   
   4.    Transfection media: DMEM without FBS supplementation.   
   5.    Lipofectamine 2000 ®  transfection reagent (Life Technologies). 

Other transfection reagents might be also suitable if transfec-
tion effi ciency is high.   

   6.    Plasmid coding for NLRP3-Flag ( see   Note 2 ).      

       1.    SDS-immunoprecipitation (SDS-IP) buffer: 20 mM Tris–Base 
(pH 8.0), 250 mM NaCl, 3 mM EDTA, 10 % glycerol, 0.1 % 
SDS, 0.5 % NP-40, 20 mM NEM, and 5 mM 1,10- phenanthroline 
monohydrate, protease inhibitors ( see   Note 3 ).   

   2.    Nondenaturing lysis buffer: 50 mM Tris, 150 mM NaCl, 
1 mM EDTA, 1 % Triton X-100, 10 % glycerol, 20 mM NEM, 
and 5 mM 1,10-phenanthroline monohydrate, protease inhib-
itors ( see   Note 4 ).   

   3.    Bicinchoninic acid (BCA) protein assay kit.   

2.1  Cell Lysis

2.2  Transfection

2.3   Immunopre-
cipitation  
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   4.    Anti-Flag M2 affi nity gel.   
   5.    Protein G Sepharose.   
   6.    Hamilton syringe or equivalent device, such a narrow-end 

Pasteur  pipette  .      

       1.    Tris-glycine gels (resolving gel 6 % and stacking gel 5 %).   
   2.    Tris-Glycine-SDS (TGS) running buffer: 25 mM Tris, 192 mM 

Glycine, 0.1 % (w/v) SDS, pH 8.3.   
   3.    Laemmli Sample Buffer 4× supplemented with 10 % 

β-mercaptoethanol.   
   4.    Protein electrophoresis system. We use the Mini-PROTEAN 

Tetra Cell electrophoresis system (Bio-Rad).   
   5.    Semidry blot transfer system. We use the Trans-Blot Turbo 

transfer system (Bio-Rad).   
   6.    Nitrocellulose membrane with pore size 0.45 μm.   
   7.    Transfer buffer, for 1 L: 200 ml of 5× Transfer buffer (Bio- 

Rad), 600 ml of nanopure water, and 200 ml of ethanol 100 %.   
   8.    Powdered skim milk.   
   9.    Bovine serum albumin (BSA).   
   10.    Tris buffered saline (TBS) 10×: 1.5 M NaCl, 0.1 M Tris–HCl, 

pH 7.4.   
   11.    Phosphate buffered saline (PBS) 10×: 1.2 M Sodium chloride, 

90 mM disodium hydrogen orthophosphate, 37 mM sodium 
dihydrogen orthophosphate, and 26 mM potassium chloride 
(pH 7.4).   

   12.    PBST solution: PBS containing 0.1 % Tween-20.   
   13.    TTBS solution: TBS containing 0.1 % Tween-20.   
   14.    Blocking solution: 5 % milk in PBST (BS1) or TBST (BS2). 

Store at 4 °C.   
   15.    Diluent solution: 5 % milk in TBST (TBST1) or PBST 

(PBST2). Store at 4 °C.   
   16.    Antibodies: Mouse anti-ubiquitin (SantaCruz, sc-8017), 

mouse anti-ubiquitin M1-specifi c (Lifesensor, AB130), mouse 
anti-NLRP3 (Enzo, ALX-804-818), and rabbit anti- Flag (Cell 
Signaling, 2368).   

   17.    Secondary Polyclonal rabbit antimouse or goat antirabbit 
immunoglobulins conjugated with HRP.   

   18.    TUBE2-Biotin (Binds to K6-, M1-, K48-, and K63-linked 
polyubiquitin) (Lifesensors).   

   19.    Streptavidin-HRP.   
   20.    Enhanced chemoluminescence (ECL) substrate.   
   21.    Imaging System, such as the ChemiDoc MP (Bio-Rad).       

2.4  Western Blot

Ubiquitination of NLRP3
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3    Methods 

       1.    Plate HEK293 cells (0.15 × 10 6  cells per well in a 12 well plate) 
in 1 ml of complete DMEM cell culture media ( see   Note 5 ).   

   2.    The following day transfect cells with 1 μg of NLRP3-Flag 
plasmid. Control cells were transfected with an empty plasmid. 
Mix 50 μl of transfection media with 1 μl of NLRP3-Flag-tag 
vector or empty vector (1 μg/ul) (Tube 1). Mix 50 μl of trans-
fection media with 2.5 μl of Lipofectamine2000 (Tube 2). 
Incubate for 5 min a room temperature. Add contents from 
tube 1 into tube 2 and mix gently. Incubate at room tempera-
ture for 15 min.   

   3.    Add this mix to the well and incubate the cells for 48 h ( see  
 Note 6 ).      

       1.    Wash cells in PBS.   
   2.    Add 200 μl of SDS-lysis buffer per well.   
   3.    Boil samples at 90–95 °C by placing the cell culture plate on 

the heat block for 20–30 min. To help lysis, mix and pipette up 
and down using a pipette (10–1000 μl range) for 5–10 s every 
3 min during the boiling step. Continue procedure until vis-
cosity is eliminated.   

   4.    Transfer samples to a microcentrifuge tube and centrifuge the 
samples at 12,000 ×  g , 10 min at room temperature in a stan-
dard table-top microfuge and transfer supernatants to new 
tubes. Cell lysates can now be used or stored at −20 °C before 
further analysis.      

       1.    Perform lysis at 4 °C.   
   2.    Lyse cells by adding 200 μl of nondenaturing lysis buffer per 

well.   
   3.    Incubate on ice for 10 min.   
   4.    Transfer samples to an microcentrifuge tube and centrifuge 

the samples at 12,000 ×  g , 10 min at 4 °C in a standard 
table-top microfuge and transfer supernatants to new tubes. 
Cell lysates can now be used or stored at −20 °C before 
further analysis.      

       1.    Subject equal amounts of protein lysates (around 100–150 μg) 
to immunoprecipitation (IP) assay. Measure protein 
 concentration using a BCA assay. Save 5–10 μg of cell lysates 
for use as the pre-IP samples.   

   2.    Dilute lysates into IP buffer to a fi nal 800 μl of and perform all 
subsequent steps at 4 °C.   

3.1  Transfection

3.2  Cell Lysis 
for Detection 
with Ubiquitin 
Antibody

3.3  Cell Lysis 
for Detection 
with TUBE-Biotin

3.4   Immunopre-
cipitation   of NLRP3
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   3.    To prepare the Sepharose and/or anti-Flag M2 affi nity gel, 
thoroughly suspend them to make a uniform suspension of the 
resin. Immediately transfer 40 μl of the suspension per reaction 
to a fresh test tube ( see   Note 7 ).   

   4.    Wash the resin with IP buffer, 6 times with 1 ml of the corre-
sponding IP buffer. Centrifuge at 8000 ×  g  for 30 s and discard 
buffer after each wash. In order to let the resin settle in the tube, 
wait for 1–2 min before removing the buffer ( see   Notes 8  and  9 ).   

   5.    Preclearing step: Add the 800 μl of cell lysate to the washed 
resin (Protein G sepharose).   

   6.    Incubate at 4 °C for 1 h with rotation (a roller shaker is recom-
mended). Centrifuge at 8000 ×  g  for 30 s, collect supernatant, 
and  d  iscard agarose ( see   Notes 10  and  11 ).   

   7.    Add this supernatant to the anti-Flag M2 affi nity gel previously 
washed ( see   Note 12 ).   

   8.    Agitate or shake all samples and controls gently (a roller shaker 
is recommended) for 4 h at 4 °C.   

   9.    Centrifuge the resin for 30 s at 8000 ×  g . Remove the superna-
tants with a narrow-end pipette tip.   

   10.    Wash the resin 5 times with 0.5 ml of the appropriate IP buffer 
depending on protocol (as in  step 4 ). Make sure all the superna-
tant is  removed   by using a Hamilton syringe or equivalent device.   

   11.    Dilute the SDS-PAGE sample buffer 4× to 1× with water.   
   12.    Add 40 μl of 1× sample buffer to each sample and control.   
   13.    Boil the samples and controls for 3 min.   
   14.    Centrifuge the samples and controls at 8000 ×  g  for 30 s to pel-

let undissolved agarose. Transfer the supernatants to fresh test 
tubes with a Hamilton syringe or a narrow-end Pasteur pipette. 
These samples are ready to be loaded in a SDS- pag  e gel.      

       1.    Load samples obtained from IP in two different 6 % Tris- 
glycine gels (a) to detect NLRP3 ubiquitination (load 30 μl of 
IP- sample) and (b) to confi rm that IP has worked (load 10 μl 
of IP-sample).   

   2.    Optional: Load a third gel with Pre-IP samples. This will 
inform us of the success rate of transfection ( see   Note 13 ).   

   3.    Run the gel at 150 V in TGS buffer for 1 h and transfer into a 
nitrocellulose membrane using the High Molecular weight set-
tings in the Trans-Blot Turbo transfer system.      

       1.    Transfer membrane into BS1 and block for 2 h at room 
temperature.   

   2.    Add the desired primary antibodies: anti-Ub (1:200), anti-M1 
Ub (1:1000), anti-Flag (1:800), or anti-NLRP3 (1:1000), and 
incubate overnight at 4 °C.   

3.5  Western Blot 
Analysis

3.6  Detection 
of Polyubiquitination 
by Using Ubiquitin 
Antibodies

Ubiquitination of NLRP3
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   3.    Wash membrane 10×, 2 min each with PBST.   
   4.    Add secondary antibody in BS1 and incubate for 1 h at room 

temperature.   
   5.    Wash membrane 10×, 2 min each with PBST.   
   6.    Develop using ECL detection reagents according to manufac-

turer instructions and a luminescence compatible Imaging 
System (Fig.  1a, b ).

              1.    Transfer membrane into BS2 and block for 2 h at room 
temperature.   

   2.    Add 1 μg/ml of TUBE-Biotin or primary antibodies: anti-Flag 
(1:800) or anti-NLRP3 (1:1000), and incubate overnight at 4 °C.   

   3.    Wash membrane 10×, 2 min each with PBST.   
   4.    To detect TUBE-Biotin add streptavidin-HRP (1:10,000) in 

BS2. For other antibodies, add appropriate secondary antibod-
ies in BS1. Incubate for 1 h at room temperature.   

   5.    Wash membrane 10×, 2 min each with PBST.   
   6.    Develop using ECL detection reagents according to manufac-

turer instructions and a luminescence compatible Imaging 
System (Fig.  1c ).       

4    Notes 

     1.    These buffers can be made ahead of time with the exception that 
the 10 μl/ml of 100× protease inhibitor, NEM, and 1,10-phen-
anthroline monohydrate should be added immediately before 
use. The buffers can be stored at room temperature.   

   2.    Plasmid coding for NLRP3 was a gift of J. Tschopp.   
   3.    For detection using ubiquitin antibodies.   

3.7  Detection 
of Polyubiquitination 
by Using TUBE-Biotin

NLRP3-Flag
a b c+ NLRP3-FlagNLRP3-Flag

IP:Flag

IP:Flag
250

150

100

250

150

100

250

150

100

WB:Ub
IP:Flag

WB: M1-Ub
IP:Flag

WB: TUBE-Biotin

WB: NLRP3

IP:Flag
WB: NLRP3

IP:Flag
WB: NLRP3

- +- +-

  Fig. 1    Western blotting detection of NLRP3 ubiquitination in HEK293 cells. The  blots at the top  show a smear 
above 120 kDa typical of protein polyubiquitination. This is detected using ubiquitin general antibody (Ub) ( a ), 
specifi c linear M1-ubiquitin antibody (M1-Ub) ( b ), or TUBE-Biotin ( c ). The  blots at the bottom  show that the 
NLRP3 receptor was  successfully   immunoprecipitated, validating the assay       
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   4.    For detection using TUBE-Biotin.   
   5.    Cells should be 75–80 % confl uent when transfecting.   
   6.    Scale the transfection reagents up or down depending on the 

samples required for your experiment.   
   7.    For resin transfer, use a clean, plastic pipette tip with the end 

enlarged to allow the resin to be transferred.   
   8.    SDS-IP buffer for ubiquitin and nondenaturing buffer  for 

  TUBE protocol.   
   9.    In case of numerous  immunoprecipitation   samples, wash the 

resin needed for all samples together and after washing, divide 
the resin according to the number of samples tested.   

   10.    This step is to remove nonspecifi c binding to agarose.   
   11.    Remove the supernatant with a narrow-end pipette tip or a 

Hamilton syringe, being careful not to transfer any resin. 
Narrow- end pipette tips can be made using forceps to pinch 
the opening of a plastic pipette tip until it is partially closed.   

   12.    If not using anti-Flag M2 affi nity gel, combine the appropriate 
antibody (e.g., anti-NLRP3 if using endogenous expression) 
with the cell lysates for 1–4 h at 4 °C to form the immune com-
plexes. Depending on the antibody, different amounts of anti-
body could be used. Typically, 3–5 μg of antibody is used for 
each IP. This could be increased to 10 μg if no signal is observed.   

   13.    Dilute them in SDS-load buffer to 1× and boil for 3 min previ-
ous to loading.         
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    Chapter 17   

 Cytofl uorometric Quantifi cation of Cell Death Elicited 
by NLR Proteins                     

     Valentina     Sica    *,     Gwenola     Manic    *,     Guido     Kroemer     ,     Ilio     Vitale    , 
and     Lorenzo     Galluzzi      

  Abstract 

   Nucleotide-binding domain and leucine-rich repeat containing (NLR) proteins, also known as NOD-like 
receptors, are critical components of the molecular machinery that senses intracellular danger signals to 
initiate an innate immune response against invading pathogens or endogenous sources of hazard. The best 
characterized effect of NLR signaling is the secretion of various cytokines with immunostimulatory effects, 
including interleukin (IL)-1β and IL-18. Moreover, at least under specifi c circumstances, NLRs can 
promote regulated variants of cell death. Here, we detail two protocols for the cytofl uorometric quantifi ca-
tion of cell death-associated parameters that can be conveniently employed to assess the lethal activity of 
specifi c NLRs or their ligands.  

  Key words     Annexin A5  ,   Apoptosis  ,   Caspase  ,   Mitochondria  ,   Necrosis   

1      Introduction 

 Nucleotide-binding domain and leucine-rich repeat containing 
(NLR) proteins, also known as NOD-like receptors, are a relatively 
large family of cytosolic, catalytically inactive polypeptides with a 
key role in the initiation of innate immune responses [ 1 – 3 ]. NLRs 
have indeed the ability to respond to a wide panel of danger signals 
by establishing a state of alert that, at least hypothetically, allows 
for the restoration of homeostasis. Such a response is generally 
centered on the secretion of proinfl ammatory cytokines like inter-
leukin (IL)-1β and IL-18, which involves two sequential processes 
[ 1 ,  4 ]. First, proinfl ammatory transcription factors including (but 
not limited to) NF-κB drive the synthesis of the immature forms of 
IL-1β and IL-18. Second, a supramolecular complex involving 
caspase- 1 catalyzes the proteolytic maturation of IL-1β and IL-18, 
allowing for their secretion [ 5 ,  6 ]. Of note, NLRs are not only 
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activated by exogenous microbe-associated molecular patterns 
(MAMPs), i.e., relatively conserved bacterial or viral constituents, 
but also by endogenous danger-associated molecular patterns 
(DAMPs) [ 4 ,  7 ,  8 ]. DAMPs are emitted by eukaryotic cells that 
experience a situation of stress, alerting neighboring cells of the 
hazard and playing a central role in the maintenance of organismal 
homeostasis [ 9 – 11 ]. Interestingly, activated NLRs can also elicit 
regulated variants of cell death, at least under some circumstances 
[ 1 ]. From a fi nalistic perspective, this can also be viewed as a mech-
anism that contributes to the preservation of organismal fi tness by 
ensuring the removal of excessively compromised, and hence 
potentially dangerous, cells [ 12 ,  13 ]. 

 At odds with its accidental counterparts, regulated cell death 
(RCD) near-to-invariably occurs when adaptive responses to 
homeostatic perturbations fail [ 12 ,  14 ], and it relies on the activa-
tion of a specifi c molecular machinery, implying that its course can 
be pharmacologically or genetically altered [ 15 – 17 ]. Nonetheless, 
it is diffi cult to identify the precise moment at which the cascade of 
events initiated by the failure of adaptive stress responses becomes 
irreversible [ 15 ]. For this reason, although the loss of plasma mem-
brane barrier functions is a late event of most signal transduction 
cascades that lead to cell death, occurring when most bioenergetic 
activities are already irremediably compromised, it is nowadays 
considered as the most reliable marker of cellular demise [ 15 ,  16 ]. 
In vitro, plasma membrane permeabilization can be easily moni-
tored with so-called exclusion dyes, i.e., colored or fl uorescent 
dyes that cannot enter cells with normal plasma membrane barrier 
functions [ 18 ,  19 ]. Propidium iodide (PI) and 4′,6-diamidino- 2-
phenylindole (DAPI) are commonly employed for the quantifi ca-
tion of cells with permeabilized plasma membrane by  fl ow 
cytometry   [ 18 ,  19 ]. 

 Additional events that are widely considered as cornerstones in 
the transition between a reversible fl uctuation in cellular homeo-
stasis and the irrevocable commitment of cells to death are mito-
chondrial outer membrane permeabilization (MOMP) [ 20 – 22 ], 
the massive activation of some proteases, notably, caspase-3 [ 16 , 
 23 ], and the phosphorylation of mixed lineage kinase domain-like 
(MLKL) [ 24 – 26 ]. Irrespective of how it is elicited, widespread 
MOMP entails the structural and functional breakdown of the 
mitochondrial network, producing a bioenergetic and redox crisis 
[ 15 ]. This is lethal for the cell and is invariably accompanied by the 
dissipation of the electrochemical gradient built across the inner 
mitochondrial membrane by respiratory chain complexes, i.e., the 
mitochondrial transmembrane potential (Δ ψ  m ) [ 27 ,  28 ]. 
Accordingly, MOMP can be reliably quantifi ed in vitro by means 
of Δ ψ  m -sensitive dyes, such as 3,3′-dihexyloxacarbocyanine  iodide   
(DiOC 6 (3)) or tetramethylrhodamine methyl ester (TMRM) [ 18 ]. 
Caspase-3 activation, which in some (but not all) instances origi-
nates from MOMP, has been considered for a long time as the 
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actual cause of a specifi c RCD instance known as apoptosis [ 16 ,  23 ]. 
Although the causal relationship between caspase-3 activation and 
RCD may be less robust than previously thought, caspase-3 activa-
tion and some of its manifestations are still commonly measured 
as indicators of ongoing RCD [ 15 ,  29 ]. This applies, for instance, 
to the exposure of phosphatidylserine (PS) on the outer leafl et of 
the plasma membrane, a caspase-dependent process catalyzed by 
ATPase, class VI, type 11C (ATP11C) [ 30 ]. PS exposure can be 
conveniently monitored on  fl ow cytometry   or fl uorescence 
microscopy by means of fl uorescent variants of annexin A5 
(ANXA5, best known as AnnV), a naturally occurring PS-binding 
protein [ 18 ,  19 ]. MLKL phosphorylation has recently been 
identifi ed as a reliable biomarker of necrotic variants of RCD 
[ 31 ,  32 ], and can be evaluated on  fl ow cytometry   or  immunob-
lotting   by neophosphoepitope-specifi c monoclonal antibodies 
[ 31 ,  32 ]. The assessment of MLKL phosphorylation, however, 
has not yet become part of routine procedures for the quantifi ca-
tion of cell death. 

 Here, we detail two methods for the cytofl uorometric assess-
ment of cell death manifestations based on PI, DiOC 6 (3),    and 
AnnV. These protocols are suitable for the quantifi cation of cells 
that are dead (i.e., they have undergone plasma membrane per-
meabilization) or committed to die (i.e., they exhibit widespread 
MOMP and/or massive caspase-3 activation), in vitro, relatively 
early (24–96 h) after exposure to a lethal trigger. In particular, 
these methods can be employed to assess the ability of specifi c 
NLRs or their ligands to trigger RCD. Moreover, if appropriate 
pharmacological modulators, such as the broad spectrum caspase 
inhibitor  N -benzyloxycarbonyl-Val-Ala-Asp(O-Me) fl uoromethyl-
ketone (Z-VAD-fmk) and the receptor-interacting protein kinase 1 
(RIPK1) inhibitor Necrostatin-1 (Nec-1) are involved [ 33 – 36 ], 
these methods allow for a preliminary characterization of the signal 
transduction pathways that are activated along with (and perhaps 
account for) the execution of NLR-elicited RCD.  

2    Materials 

 Unless otherwise specifi ed, fl uorochromes were obtained from 
Molecular Probes ® -Life Technologies, Fluorochoromes from alter-
native providers are also suitable (as long as compatible with 
equipment). 

       1.    1.5 mL microcentrifuge tubes.   
   2.    15 and 50 mL conical centrifuge tubes.   
   3.    5 mL, 12 × 75 mm FACS tubes.   
   4.    6-, 12-, 24-well plates for cell culture.   
   5.    75 or 175 cm 2  fl asks for cell culture.      

2.1  Disposables

FACS-Assisted Detection of NLR-Triggered Cell Death



234

   Cytofl uorometer, such as the FACScan or FACSVantage (Becton 
Dickinson), equipped with an argon ion laser emitting at 488 nm 
and controlled by operational/analytical software ( see   Note 1 ).  

       1.    Complete growth medium  for   HCT 116 cells: McCoy’s 5A 
medium containing 3 g/L  D -glucose and 1.50 mM  L -glutamine, 
supplemented with 1 mM sodium pyruvate, 100 mM 
2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid 
(HEPES) buffer and 10 % fetal calf serum (FCS) ( see   Note 2 ).   

   2.    Phosphate buffered saline (PBS, 1×): 137 mM NaCl, 2.7 mM 
KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4  in deionized water 
(dH 2 O), adjust pH to 7.4 with 2N NaOH.   

   3.    Trypsin/EDTA: 0.25 % trypsin—0.38 g/L (1 mM) EDTA × 4 
Na +  in Hank’s balanced salt solution ( see   Notes 3  and  4 ).   

   4.     cis -diamminedichloroplatinum(II) (CDDP, cisplatin), 50 mM 
stock solution in  N , N -dimethylformamide (DMF), stored at 
RT under protection from light ( see   Notes 5 – 8 ).   

   5.     N -benzyloxycarbonyl-Val-Ala-Asp(O-Me) fl uoromethylke-
tone (Z-VAD-fmk), 20 mM stock solution in dimethylsulfox-
ide (DMSO), stored at −20 °C ( see   Notes 9 – 12 ).      

       1.    3,3′-dihexiloxalocarbocyanine iodide (DiOC 6 (3)), 40 µM 
stock solution in 100 % ethanol, stored at −20 °C under pro-
tection from light ( see   Notes 13 – 15 ).   

   2.    Propidium iodide (PI), 1 mg/mL stock solution in dH 2 O, 
stored at 4 °C under protection from light ( see   Notes 
16 – 18 ).      

       1.    Fluorescein isothiocyanate-conjugated Annexin V (FITC- 
AnnV), stored at 4 °C ( see   Notes 19 – 21 ).   

   2.    PI, 1 mg/mL stock solution in dH 2 O, stored at 4 °C under 
protection from light ( see   Notes 16 – 18 ).   

   3.    Binding buffer (20×) from Miltenyi Biotec, stored at 4 °C 
( see   Note 22 ).       

3    Methods 

         1.    Upon thawing,    HCT 116 cells are maintained in complete 
growth medium within 75 cm 2  fl asks (37 °C, 5 % CO 2 ) ( see  
 Note 23 ).   

   2.    As cells approach 80–90 % confl uence ( see   Note 24 ), remove 
culture medium by aspiration, wash gently the adhering cell 
monolayer with prewarmed PBS ( see   Note 25 ), and add ~3 mL 
0.25 % (w/v) trypsin–EDTA solution ( see   Note 26 ).   

2.2  Equipment

2.3  Cell Culture 
and Treatments

2.4     DiOC 6 (3)/PI 
Co-staining

2.5  FITC-AnnV/PI 
Co-staining

3.1  Cell Culture
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   3.    Incubate cells in trypsin/EDTA solution for 1–3 min at 37 °C 
and, as soon as they are detached ( see   Notes 27 – 29 ), add com-
plete medium to the cell suspension ( see   Note 30 ).   

   4.    For the propagation of maintenance cell cultures, transfer ali-
quots of the cell suspension to new 75 cm 2  fl asks and culture 
them as described in  steps 2 – 4  ( see   Notes 31  and  32 ,  see also  
 Notes 24 – 30 ).   

   5.    Alternatively, for experimental  d  eterminations ( see   Note 33 ), 
seed cells in 12-well plates at a concentration of 0.8 × 10 5  cells 
in 1 mL growth medium per well ( see   Note 34 ).   

   6.    Twenty-four hours after seeding ( see   Notes 35 ), treat cells by 
substituting the culture medium with complete medium sup-
plemented with the NLR agonist of choice ( see   Notes 36 – 38 ), 
alone or in the presence of 50 μM Z-VAD-fmk. CDDP (fi nal 
concentration = 50 μM) can be conveniently employed as a 
positive control for the induction of Z-VAD-fmk-sensitive cell 
death ( see   Note 39 ).      

           1.    Seed and  treat   HCT 116 cells as described in Subheading  3.1 , 
 steps 5  and  6  ( see also   Notes 33 – 39 ).   

   2.    At the end of the incubation period, transfer culture superna-
tants to 5 mL FACS tubes ( see   Notes 40  and  41 ) and detach 
adherent cells with ~0.5 mL trypsin/EDTA upon a wash with 
~1 mL prewarmed PBS ( see also  Subheading  3.1 ,  steps 2  and 
 3 , and  Notes 24 – 29 ).   

   3.    Upon complete detachment, add 1 mL complete growth 
medium ( see   Note 30 ) and collect cells from each well in the 
FACS tube containing the corresponding supernatant.   

   4.    Centrifuge cell  s  uspensions at 300 ×  g , RT, for 5 min.   
   5.    Discard supernatants and resuspend cells in 200–400 μL of 

40 nM DiOC 6 (3) in complete growth medium (staining solu-
tion) ( see   Notes 42 – 45 ).   

   6.    Incubate cells with the staining solution for 20–30 min in the 
dark at 37 °C (5 % CO 2 ) ( see   Note 46 ).   

   7.    Add PI to a fi nal concentration of 1 μg/mL and incubate 
samples for additional 2–5 min under protection from light 
( see   Notes 47  and  48 ).   

   8.    Acquire and analyze samples by means of a classic cytofl uo-
rometer allowing for the simultaneous quantifi cation of light 
scattering parameters (forward and side scatter, FSC and SSC) 
and fl uorescence signals in two separate channels (e.g., green 
and red) ( see   Notes 49 – 54 ).   

   9.     Repr  esentative dot plots and quantitative data are illustrated 
in Fig.  1 .

3.2  DiOC 6 (3)/   PI 
Co-staining
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               1.    Seed, treat, and  collect   HCT 116 cells as described in 
Subheading  3.2 ,  steps 1 – 4  ( see also   Notes 24 – 30  and 
 33 – 41 ).   

   2.    Gently wash cells 1–2 times with 250–500 μL cold (4 °C) 1× 
binding buffer ( see   Note 55 ).   

   3.    Prepare the FITC-AnnV staining solution (50–100 μL for 
tube) by mixing 48–96 μL 1× cold (4 °C) binding buffer and 
2–4 μL FITC-AnnV ( see   Note 56 ).   

   4.    Resuspend cells in 50–100 μL FITC-AnnV solution and incu-
bate samples for 15 min at RT under protection from light ( see  
 Notes 57  and  58 ).   

   5.    Add 1 mL of cold (4 °C) 1× binding buffer and wash 1–2 times.   
   6.    Resuspend cells in 250–500 μL of cold (4 °C) 1× binding 

buffer previously complemented with 0.5–1 μg/mL PI.   
   7.    Incubate samples for additional 2–5 min at RT, under protection 

from light, and then proceed to cytofl uorometric acquisitions 
( see  Subheading  3.2 ,  step 8 , and  Notes 52–54  and  59 ).   

   8.    Representative dot plots and quantitative data are illustrated 
in Fig.  2 .

3.3  FITC-AnnV/PI 
Co-staining

  Fig. 1    Cytofl uorometric assessment of plasma membrane permeabilization and mitochondrial transmembrane 
potential dissipation. Human colorectal  carcinoma   HCT 116 cells were maintained in control conditions or 
exposed to 50 μM cisplatin (CDDP), alone or combination with 50 μM Z-VAD-fmk for 24 h, then processed for 
the cytofl uorometric quantifi cation of plasma membrane permeabilization and mitochondrial transmembrane 
potential dissipation as detailed in Subheading  3.2 . In  panel a , representative dot plots are reported. In  panel 
b , quantitative data are reported (means ± SD,  n  = 2 parallel samples; *** p  < 0.001, as compared to untreated 
cells; ### p  < 0.001, as compared to cells treated with CDDP only; two-sided, unpaired Student’s  t  test)       
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4            Notes 

     1.    To ensure the performance of the instrument over time, it is 
strongly recommended to periodically monitor the fl ow rate, 
laser alignment, and fl uorescence stability. We also suggest to 
align/calibrate the instrument with standard beads, as per 
manufacturer’s recommendations, before the beginning of 
each experimental session.   

   2.    Based on the recommendations of the American Type Culture 
Collection (ATCC, Manassas, VA, US).   

   3.    EDTA is not currently listed as a carcinogen by the International 
Agency for Research on Cancer (IARC), the National 
Toxicology Program (NTP) or the Occupational Safety and 
Health Administration (OSHA), yet it may be harmful if 
 swallowed, and may behave as a mild irritant for the eyes, skin, 
and respiratory system.   

   4.    Trypsin/EDTA solution is stable for at least 18 months, under 
appropriate storage conditions (−20 °C, under protection from 
light). The manufacturer recommends to avoid repeated 
freeze-thawing and to store trypsin/EDTA solution in aliquots 
of 2–10 mL. Once thawed, the product is stable at 4 °C for 
approximately 2 weeks.   

  Fig. 2    Cytofl uorometric assessment of plasma membrane permeabilization and phosphatidylserine exposure. 
Human colorectal  carcinoma   HCT 116 cells were maintained in control conditions or exposed to 50 μM cispla-
tin (CDDP), alone or combination with 50 μM Z-VAD-fmk for 24 h, then processed for the cytofl uorometric 
quantifi cation of plasma membrane permeabilization and phosphatidylserine exposure as detailed in 
Subheading  3.3 . In  panel a , representative dot plots are reported. In  panel b , quantitative data are reported 
(means ± SD,  n  = 2 parallel samples; *** p  < 0.001, as compared to untreated cells; ### p  < 0.001, as compared 
to cells treated with CDDP only; two-sided, unpaired Student’s  t  test)       
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   5.    CDDP is a platinum-based alkylating compound exerting 
clinical activity against a wide spectrum of solid neoplasms. 
The principal (but not the sole) mechanism of action of CDDP 
involves the generation of intra-/inter-strand DNA crosslinks 
and DNA- protein   crosslinks [ 37 ,  38 ].   

   6.    CDDP is currently listed as a carcinogen by IARC, NTP, or 
OSHA. CDDP is also mutagenic, fatal if swallowed, harmful if 
inhaled, or absorbed through skin and may cause serious eye 
damage. For these reasons, it should always be handled by 
wearing appropriate protective equipment (gloves, clothing, 
and eyewear).   

   7.    Undissolved CDDP appears as a yellow to orange powder and 
has a minimum shelf life of >2 years if stored at 4 °C and pro-
tected from light. Under appropriate storage conditions (RT, 
vials sealed and protected from light), CDDP solutions are 
stable for several months.   

   8.    DMF is not listed as a carcinogen by IARC, NTP, or OSHA, 
yet may be harmful in contact with eyes and skin, and is infl am-
mable. Therefore, it should always be manipulated under a 
chemical fume hood and by using suitable protective equip-
ment (gloves, clothing, and eyewear). In addition, it should be 
kept away from sources of ignition and stored tightly closed in 
a dry, well-ventilated place.   

   9.    Z-VAD-fmk is a cell-permeable, irreversible pan-caspase inhib-
itor widely used in preclinical as a means to block the execution 
of regulated forms of cell death [ 15 ].   

   10.    Z-VAD-fmk is not currently listed as a carcinogen by IARC, 
NTP, or OSHA, yet may behave as an irritant for the eyes, skin, 
and respiratory system.   

   11.    Undissolved Z-VAD-fmk is stable for at least 2 years if stored 
at −20 °C, sealed, and protected from light. Under appropriate 
storage conditions (−20 °C, under protection from light), 
Z-VAD-fmk stock solutions are stable for at least 1 year. It is 
recommendable to store the reconstituted inhibitor in small 
aliquots (10–50 μL) and avoid repeated freeze-thawing.   

   12.    DMSO is not listed as a carcinogen by IARC, NTP, or OSHA, 
yet may behave as irritant, sensitizer, may be harmful in  contact 
with eyes, and is infl ammable. Therefore, it should always be 
handled under a chemical fume hood, and by wearing appro-
priate protective equipment (gloves, clothing, and eyewear). 
In addition, it should always be kept away from sources of igni-
tion and stored tightly closed in a dry, well-ventilated place.   

   13.       DiOC 6 (3) is a cell-permeant, lipophilic dye that selectively 
accumulates within energized mitochondria, when used at low 
concentrations. DiOC 6 (3) exhibits excitation/emission peaks 
at 482/504 nm, respectively.   
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   14.       DiOC 6 (3) is not currently listed as a carcinogen by IARC, NTP, 
or OSHA, yet may behave as an irritant for the eyes, skin, and 
respiratory system. No mutagenic effects have been reported.   

   15.       Under appropriate storage conditions (−20 °C, under protec-
tion from light) DiOC 6 (3) stock solution is stable for at least 
12 months. Prolonged and unnecessary exposure to light of 
the solution should be minimized to prevent photobleaching.   

   16.    PI is an exclusion dye, i.e., it penetrates into cells that have lost 
plasma membrane integrity. PI exhibits excitation/emission 
peaks at 482/504 nm in aqueous solution and at 535/617 nm, 
when bound to DNA.   

   17.    PI is not currently listed as a carcinogen by IARC, NTP, or 
OSHA. This product, however, may have mutagenic effects, is 
harmful if swallowed, and behaves as irritant to eyes, respira-
tory system, and skin. Handling PI with the maximal care by 
wearing protective equipment (gloves, clothing, and eyewear) 
is recommended.   

   18.    Undissolved PI has a dark red solid appearance and is stable for 
at least 12 months under standard storage conditions (RT, 
protected from light). In solution, PI is stable for at least 
6 months (at 4 °C, under protection from light).   

   19.    FITC-AnnV exhibits excitation/emission peaks at 494/518 nm.   
   20.    This agent contains sodium azide (NaN 3 ), which is toxic by 

ingestion and a severe irritant to the eyes and skin. Moreover, 
under acidic conditions NaN 3  yields the highly toxic gas hydra-
zoic acid. For these reason, FITC-AnnV should be always han-
dled under a fume hood wearing appropriate equipment 
(gloves, clothing, and eyewear).   

   21.    FITC-AnnV should be carefully protected from light to pre-
vent photobleaching and should never be subjected to steep 
temperature changes. This product is stable for at least 6 
months, under appropriate storage conditions (4 °C, under 
protection from light).   

   22.    Under ordinary conditions of use and storage conditions this 
buffer is stable for at least 6 months. The manufacturer recom-
mends to not freeze this product.   

   23.    When large quantities of cells are needed or the physical space 
within incubators is limited alternative cell culture supports 
(i.e., 25 cm 2  or 175 cm 2  fl asks) can be used.   

   24.    It is recommendable to keep cells in culture by avoiding exces-
sive underconfl uence, which may result in a signifi cant genetic 
drift of the population, as well as overconfl uence, which may 
affect cell growth and viability by inducing metabolic, nutri-
tional, and/or redox perturbations ( see also   Notes 31  and  32 ).   

FACS-Assisted Detection of NLR-Triggered Cell Death



240

   25.    Cells are washed with PBS to remove traces of serum that may 
inactivate trypsin and thereby inhibit detachment. Prolonged 
or harsh washing should be avoided as it may provoke a size-
able loss of cells, especially for cell type that are particularly 
prone to detachment (such  as   HCT 116 cells).   

   26.    Trypsin/EDTA can be replaced by TrypLE™ Express, a 
recombinant trypsin-like proteolytic enzyme that, as opposed 
to trypsin, can be stored for long periods at 4 °C, displays ele-
vated stability at RT, and does not require inactivation during 
subculturing.   

   27.    The incubation time for achieving complete detachment with 
trypsin/EDTA may vary with cell type and culture conditions. 
The majority of adherent cancer cells are effi ciently detached 
by incubating cells for 1–3 min at 37 °C.   

   28.    Over-trypsinization should be avoided, as it can result in severe 
cellular damage (e.g., degradation or internalization of growth 
factor receptors).   

   29.    Detachment should be verifi ed on light microscopy upon 
slight agitation of fl asks/plates. Hitting or excessive shaking 
may result in cell clumps, which can be easily dissolved by 
repeatedly pipetting the cell suspension.   

   30.    The serum contained in complete culture medium neutralizes 
trypsin.   

   31.    According to ATCC, the standard subcultivation ratio for 
HCT 116 cells is 1:3–1:8. In our personal experience,    HCT 
116 cells can be safely diluted 1:15 without noticeable behav-
ioral shifts in the population ( see also   Notes 24  and  32 ).   

   32.    To preserve the stability of cultured cells, they should be always 
maintained in the exponential growth phase, and subcultured 
for a limited, predetermined number of passages ( see also   Notes 
24  and  31 ). This requires a large stock of cryovials generated 
with early passage cells.   

   33.    It is recommendable to allow recently thawed cells to readapt 
for at least two passages before employing them in  experimen-
tal   determinations.   

   34.    The amount of cells that should be seeded may vary with cell 
type and specifi c experimental setting. 8 × 10 5  cells per well is 
usually appropriate  for   HCT 116 cells that will be analyzed 
48 h upon seeding.   

   35.    Some cells may require longer adaptation times upon seeding.   
   36.    Confl uence and general status of the cells should be carefully 

checked by light microscopy before any experimental interven-
tion, as these parameters may affect both the uptake of some 
chemicals and the ability of cells to respond to them. As a 
general rule, confl uence at treatment should not exceed 50 %.   
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   37.    To avoid the unwarranted loss of attached cells, it is recom-
mended to remove the culture supernatant and replace it with 
the maximal care.   

   38.    Untreated cells and cells exposed to equivalent amounts of 
solvent(s) provide an appropriate set of negative control 
conditions.   

   39.    As an alternative to CDDP, the well-established inducer of 
caspase-dependent RCD staurosporine (fi nal concentration = 
0.1–1 μM) can be employed.   

   40.    Samples should be checked on light microscopy for confl uence 
and general status before collection.   

   41.    Some instances of cell death proceed along with the detach-
ment of cells from the culture substrate. Supernatants should 
therefore not be discarded unless the experimental settings are 
designed as to include only viable cells.   

   42.    As general rule, all fl uorochrome-containing solutions should 
be thoroughly mixed before use and maintained protected 
from light, in order to eliminate precipitates and avoid photo-
bleaching, respectively.   

   43.    When used at low  concentrations  , DiOC 6 (3) quickly accumu-
lates within healthy, energized mitochondria in a virtually non-
saturatable fashion. To uniformly stain all samples of the same 
experiment, we suggest these general guidelines: (1) superna-
tants should be removed completely (by aspiration followed by 
inversion of FACS tubes on paper); (2) a single staining solu-
tion should be employed for all samples; (3) the staining solu-
tion must be repeatedly mixed throughout the experiment; (4) 
an equal volume of staining solution should be employed for 
all samples; and (5) cell clumps should be avoided ( see also  
 Note 29 ).   

   44.    When used at high concentrations,    DiOC 6 (3) may be display 
considerable quenching and stain the endoplasmic reticulum 
as well as other intracellular compartments.   

   45.    Tetramethylrhodamine methyl ester (TMRM, excitation/
emission peaks: 543/573 nm) at the fi nal concentration of 
150 nM can be employed as an alternative  to   DiOC 6 (3). 
TMRM, however, is spectrally incompatible with PI ( see also  
 Note 48 ).   

   46.    Prolonged incubation with DiOC 6 (3) (>40 min) may be too 
toxic for some cells, while a short staining time (<20 min) may 
result in nonhomogenous or incomplete staining. Preliminary 
experiments aimed at optimizing staining conditions are sug-
gested to avoid the under- or overestimation of dying cells 
( see also   Note 49 ).   
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   47.    As an alternative, PI can be added to  the   DiOC 6 (3) staining 
solution at the fi nal concentration of 0.5–1 μg/mL ( see  
Subheading  3.2 ,  steps 5  and  6 ). In this case, preliminary 
experiments to evaluate PI-dependent toxicity are required ( see 
also   Note 49 ).   

   48.    As an alternative to PI, 10 μM 4′,6-diamidino-2-phenylindole 
(DAPI) can be employed (excitation/emission peaks at 
358/461 nm, respectively). DAPI is compatible with  both 
  DiOC 6 (3) and TMRM ( see also   Note 45 ).   

   49.    It should be noted that DiOC 6 (3) fl uorescence may be 
infl uenced by Δ ψ  m -independent, mitochondrion- dependent 
parameters (e.g., mitochondrial mass) as well as by 
mitochondrion- independent variables (e.g., cell size and 
plasma membrane potential). To estimate Δ ψ  m - independent 
  DiOC 6 (3) fl uorescence, preliminary experiments should be 
performed whereby samples are divided in two aliquots prior 
to DiOC 6 (3) staining, one of which is exposed to 50–100 μM 
carbonyl cyanide  m -chlorophenylhydrazone (CCCP, an ion-
ophore that irreversibly dissipates Δ ψ  m ) for 5–10 min under 
standard conditions (37 °C, 5 % CO 2 ).   

   50.    FSC refl ects cell size, while SSC depends on the so-called 
refractive index, which is associated to various parameters 
including cell shape and granularity.   

   51.    In our experimental setting, the following channels are 
employed for fl uorescence detection: FL1  for   DiOC 6 (3) and 
FL3 for PI.   

   52.    If the experiment involves >30 specimens, we recommend to 
perform the staining and acquisition on <24 samples at a time, 
to control the exposure of cells to DiOC 6 (3) and PI ( see also  
 Notes 46  and  47 ).   

   53.       Flow cytometers are normally equipped with software for 
instrumental control and fi rst-line statistical analyses. 
Alternatively, various software for the analysis of cytofl uoro-
metric data is available online (for a catalog, refer to   http://
www.cyto.purdue.edu/fl owcyt/software.htm    ).   

   54.    To ensure statistical power, it is strongly recommended to 
acquire and analyze a large number of events exhibiting nor-
mal FSC and SSC (at least 10,000 events per sample).   

   55.    Harsh or protracted washes may promote the exposure of PS 
on the cell surface, eventually favoring the overestimation of 
dying cells.   

   56.    The FITC-AnnV solution should be prepared no early than 
30 min before use and carefully shielded from light to limit 
photobleaching. FITC is signifi cantly more sensitive to this 
problem than other dyes,  including   DiOC 6 (3) ( see also  
 Notes 21  and  42 ).   
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   57.    The total amount of FITC-AnnV necessary for optimal 
 staining may vary with cell type and should therefore be 
 estimated by preliminary experiments. It is not recom-
mended to exceed the manufacturer’s recommendations 
(i.e., 10 μL of FITC- AnnV in 100 μL of 1× cold (4 °C) bind-
ing buffer per 10 6  cells), as this may increase the likelihood 
of unspecifi c staining.   

   58.    As an alternative, labeled samples may be kept for 30–45 min 
on ice under protection from light.   

   59.    In our experimental setting, the following channels are 
employed for fl uorescence detection: FL1 for FITC and FL3 
for PI.         
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    Chapter 18   

 NLR in Human Diseases: Role and Laboratory Findings                     

     Sonia     Carta    ,     Marco     Gattorno    , and     Anna     Rubartelli      

  Abstract 

   Autoinfl ammatory diseases are a group of inherited and multifactorial disorders characterized by an 
overactivation of innate immune response. In most cases, the clinical manifestations are due to increased 
activity of the NLRP3 infl ammasome resulting in increased IL-1β secretion. Investigating infl ammatory 
cells from subjects affected by autoinfl ammatory diseases presents a number of technical diffi culties related 
to the rarity of the diseases, to the young age of most patients, and to the diffi cult modulation of gene 
expression in primary cells. However, since cell stress is involved in the pathophysiology of these diseases, 
the study of freshly drawn blood monocytes from patients affected by IL-1-mediated diseases strongly 
increases the chances that the observed phenomena is indeed pertinent to the pathogenesis of the disease 
and not infl uenced by the long-term cell culture conditions (e.g., the high O 2  tension) or gene transfection 
in continuous cell lines that may lead to artifacts.  

  Key words     Autoinfl ammatory diseases  ,   Primary monocytes  ,   ATP  ,   IL-1β secretion  ,   Redox  

1       Introduction 

 Autoinfl ammatory diseases (AID) are a group of multisystem 
disorders characterized by recurrent episodes of fever and systemic 
infl ammation affecting the eyes, joints, skin, and serosal surfaces. 
These syndromes differ from autoimmune diseases by several fea-
tures, including the periodicity whereas autoimmune diseases are 
progressive, and the lack of signs of involvement of adaptive immu-
nity such as association with HLA aplotypes, high-titer autoanti-
bodies, or antigen-specifi c T cells. Thus, autoinfl ammatory 
syndromes are recognized as disorders of innate immunity [ 1 ]. 
This defi nition is supported by the dramatic therapeutic response 
to IL-1 blocking. Indeed, the rapid and sustained response to a 
reduction in IL-1 activity on an “ex adjuvantibus” basis is the best 
hallmark of most of these diseases [ 2 ,  3 ]. 

 Due to the rarity of these conditions, most of the studies aimed 
to unravel the pathogenic consequences related to the mutation of 
genes involved in inherited autoinfl ammatory diseases were 
based on the analysis of in vitro transfected cells or animal models. 
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These approaches have the clear advantage to facilitate the 
availability of material for these studies and also to reduce the 
variability associated to clinical and genetic variables (type of muta-
tion, active versus inactive disease, ongoing treatment, individual 
responses to stress, etc.). On the other hand the use of patients’ 
primary cells strongly increase the possibility that the observed 
phenomena could be indeed pertinent to the pathogenesis of the 
disease and not infl uenced by possible artifacts linked to the study 
of transfected cells or animal models. 

 In this chapter, we describe the basic laboratory procedures for 
the investigation of NLR and infl ammasome activation in primary 
cells from individuals affected by inherited autoinfl ammatory 
diseases.  

2     Materials 

       1.    Ficoll-Paque.   
   2.    Heparinized  tu  bes to collect blood.      

       1.    Phycoerythrin-conjugated anti-CD14 monoclonal antibody.   
   2.    Flow  cytometer   (e.g., Becton-Dickinson Canto) or equivalent 

with appropriate lasers and detectors.      

       1.    Humidifi ed 5 % CO 2  and 37 °C incubator.   
   2.    Cell culture plates of different formats (96-, 24-, or 6-well plates).   
   3.    RPMI-FBS: Roswell Park Memorial Institute (RPMI) 1640 

medium containing 5 % fetal bovine serum ( see   Note 1 ).   
   4.    RPMI-HU: RPMI 1640 medium supplemented with 1 % 

Nutridoma- HU (Roche Applied  Science  ) ( see   Note 1 ).      

       1.    Lipopolysaccharide (LPS) from  Escherichia coli  0111:B4.   
   2.    Selective TLR7 ligand R848.   
   3.    Zymosan.   
   4.    Diphenylene iodonium, DPI ( see   Note 2 ).   
   5.    1,3-bis(2-chloroethyl)-1-nitrosourea, BCNU ( see   Note 3 ).   
   6.    Adenosine triphosphate, ATP.   
   7.    Oxidized ATP, oATP ( see   Note 4 ).   
   8.    6- N , N -diethyl- d - β - γ -dibromomethylene adenosine triphos-

phate, ARL67156 ( see   Note 5 ).      

2.1  Isolation 
of Peripheral Blood 
Mononuclear  Cells   
(PBMCs)

2.2  PBMC 
Characterization

2.3      PBMC Culture

2.4  PBMC Agonists 
and Inhibitors
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       1.    TriPure Isolation Reagent (Roche) or other similar reagent 
that allows RNA  isolation from cell samples.   

   2.    NLRP3 predesigned short interfering RNA.   
   3.    Amaxa Nucleofector™ Technology (Lonza).   
   4.    Lymphocyte Growth Media-3 LGM-3, IMDM media (Lonza) 

( see   Note 6 ).   
   5.       Reverse Transcription Kit.   
   6.    Platinum SYBR green qPCR SuperMix-UDG (Invitrogen) or 

 equivalent  .      

       1.     Human   IL-1β ELISA kit.   
   2.    Trichloroacetic acid (TCA).   
   3.    Acetone.      

       1.    2,7-Dichlorodihydrofl uorescein diacetate, H2DCF-DA.   
   2.    0.2 % Triton X-100.   
   3.    Detergent compatible (DC) protein assay.      

  

     1.    5,5-Dithiobis-2-nitrobenzoic acid, DTNB.   
   2.    Cysteine and cystine.   
   3.    Oxidized glutathione, GSH.   
   4.    Bondapak NH 2  column.      

  
     1.    RPMI-FCS ( see   Note 1 ).   
   2.     ATP   Bioluminescence Assay Kit HS II (Roche) or equivalent.       

3     Methods 

             1.    PBMC fraction is obtained by differential centrifugation of 
freshly drawn heparinized blood over Ficoll-Paque gradients 
( see   Note 7 ). PBMC are stained with phycoerythrin-conju-
gated anti-CD14 monoclonal antibody and analyzed  by   fl ow 
cytometer to determine the percentage of monocytes. In 
healthy subjects, the percentage of monocytes ranges between 
10 and 20 % [ 4 ].   

   2.    PBMC are adjusted to 10 7 /ml in RPMI-FBS medium ( see  
 Note 1 ) and plated in 96-well (0.1 ml/well), 24-well (0.4 ml/
well), or 6-well (2 ml/well) plates.   

   3.    Monocytes are enriched by adherence by 45–60 min incuba-
tion at 37 °C and 5 % CO 2 .   

   4.    Non adherent cells are discharged by removing the cell culture 
media.      

2.5  Transfection, 
   RNA Isolation, 
and Amplifi cation

2.6  Measurement 
of IL-1β Release

2.7  Measurement 
of Intracellular 
Reactive Oxygen 
Species (ROS)

2.8  Measurement 
of Cysteine Release

2.9  Measurement 
of ATP Release

3.1  Isolation 
of Primary Monocytes 
from Patients with AID
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        1.    Adherent cells are stimulated with various doses of LPS (from 
100 ng/ml to 10 pg/ml) [ 4 ,  5 ], R848 (5 μg/ml) or zymosan 
(20 μg/ml) [ 6 ] for different times (from 3 to 18 h) at 37 °C 
and 5 % CO 2  in either RPMI-FBS or RPMI-HU [ 7 – 9 ] ( see  
 Notes 1  and  8 ).   

   2.    Secretion of IL-1β is used as readout for NLRP3 infl amma-
some activation. To inhibit infl ammasome activation and IL-1β 
secretion, monocytes are treated with DPI (20 μM), BCNU 
(50 μM) [ 5 ], oATP (300 μM), or ARL67156 (200 μM) for 
different times (3–18 h) [ 4 ].   

   3.    At the end of the incubation, supernatants are collected for 
IL-1β or cysteine determination ( see  Subheading  3.6 ). To 
study the effect of exogenous ATP on IL-1β secretion, mono-
cytes ( see  Subheading  3.1 ,  step 2 ) in RPMI-FBS or RPMI-HU 
are primed with LPS for 3 h, supernatants are withdrawn and 
replaced with RPMI-FBS or RPMI-HU ( see   Note 8 ) supple-
mented with or without 1 mM ATP, for 20 min at 37 °C and 
5 % CO 2 . Supernatants are collected for IL-1β determination.   

   4.    IL-1β secreted in the supernatants is determined  b     y ELISA or 
immunoblot as described in Subheading  3.3 .   

   5.    Cells are then lysed in Triton X-100 lysis buffer for western 
blot analysis or in TriPure Isolation Reagent  for   RNA extrac-
tion [ 4 ,  10 ,  11 ].      

        1.    Supernatants from adherent cells cultured in RPMI-HU are 
transferred to 1.5 ml tubes.   

   2.    The protease inhibitor PMSF (1 mM) is added.   
   3.    Supernatants are centrifuged at 9300 ×  g  for 5 min at 4 °C in a 

minifuge to eliminate cell debris.   
   4.      TCA is added to supernatants to precipitate proteins (10 % 

vol/vol).   
   5.    Samples are incubated 1 h at room temperature.   
   6.    Precipitated proteins are pelleted at 13,400 ×  g  for 10 min at 4 

°C in a minifuge.   
   7.    Pellets are washed 3× with acetone (13,400 ×  g  for 10 min).   
   8.    The dry pellets are resuspended in H2O with 1 % Tris base and 

1 mM PMSF.   
   9.    Equal amounts of 2× reducing Laemmli sample buffer are added.   

   10.    Samples are heated for 5 min at 95 °C [ 10 ].      
  

     1.    NLRP3 mRNA silencing is performed on PBMC, isolated 
from heparinized blood of healthy individuals or AID patients 
as described in Subheading  3.1  using the Human Monocytes 
Nuclofector kit.    PBMC (3 × 10 6 –1 × 10 7  cells) are resuspended 

3.2  Culture 
Conditions 
and Stimulation 
of Enriched Monocytes 
Preparations 
from Patients with AID

3.3  Analysis 
of Pro- and Mature 
IL-1β Production 
and Secretion

3.4  NLRP3 mRNA 
Silencing in Primary 
Cells
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in 100 μl of Human Monocytes Nuclofection Solution and 
mixed with 5 μg of mock or NLRP3 siRNA. The sample is 
transferred into an Amaxa cuvette and nucleofected using the 
program Y-001 for Nucleofector II Device [ 12 ].   

   2.    Post-electroporation, cells are immediately transferred to cul-
ture plates containing prewarmed culture medium ( see   Note 
6 ) at a density of 5 × 10 5  cells/well (for 96-well plate) or 2 × 10 6  
cells/well (for 24-well plate) [ 12 ].   

   3.    Medium is changed after 1 h ( see  Subheading  3.1 ) and after 4 
or 24 h ( see   Note 9 ) adherent cells are stimulated with 1 μg/
ml of LPS for 18 h. The level of IL-1β is measured in the 
supernatants at the end of incubation as an index of NLRP3 
infl ammasome activation ( see   Note 10 ) [ 13 ].   

   4.    To validate silencing, cells are then lysed in Triton X-100 lysis 
buffer for western blot analysis or in TriPure Isolation Reagent 
for RNA extraction.      

  
     1.     P  BMCs are isolated from heparinized blood of healthy indi-

viduals or AID patients as described in Subheading  3.1 .   
   2.    Monocytes are stimulated with different TLR agonists (LPS 

100 ng/ml, R848 5 μg/ml, or zymosan 20 μg/ml) for 1 h. 
Thirty min before the end of the incubation the fl uorescent 
dye H 2 DCF-DA (10 μM) is added to the cells.   

   3.    Cells are then lysed in 0.2 % Triton-X100 and H 2 DCF-DA 
fl uorescence is measured in the cell lysates with a microplate 
fl uorometer at the 480/530 nm excitation/emission wave-
length pair.   

   4.    Fluorescence signal intensity is normalized vs the protein con-
tent of each sample evaluated  b  y DC protein assay [ 5 ].      

   
     1.    Supernatants (0.1 ml) from monocytes cultured at 

4 × 10 5 /0.4 ml in 24-well plates ( see  Subheadings  3.1  and  3.2 ) 
are transferred to 96-well plate and reacted with 10 mM 
DTNB. The absorption is measured immediately using a 
microplate reader (e.g., ELx808 absorbance microplate reader 
BioTek) set to 412 nm. Cysteine is used as standard. A seven 
point standard curve using twofold serial dilution of cysteine 
(from 50 to 2.5 μM) in RPMI-FCS is utilized.   

   2.    To discriminate between extracellular cysteine and GSH, high- 
performance liquid chromatography is used.  S -carboxymethyl 
derivatives of soluble thiols were generated by reaction of free 
thiols with iodoacetic acid followed by conversion of free 
amino groups to 2,4-dinitrophenyl derivatives with 1-fl uoro-
2,4- dinitrobenzene. These derivatives are separated by HPLC 
with a Bondapak NH2 column. GSH, oxidized glutathione, 
cystine, and cysteine are used as external standards [ 5 ].      
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       1.     PBMC  s are isolated from heparinized blood of healthy 
individuals or AID patients as described in Subheading  3.1  
and then activated with LPS ( see   Note 11 ), for 3 h at 37 °C in 
5 % CO 2  in RPMI- FCS, in the presence or absence of 
ARL67156 or DPI. After 3 h, cell supernatants were collected 
for ATP measurement.   

   2.    For measurement of extracellular ATP concentration, 50 μl of 
cell supernatant are transferred to 96-white microtiter plate 
and 50 μl of luciferase reagent ( ATP   Bioluminescence Assay 
Kit HS II) are added. Luminescence is measured with a micro-
plate luminometer (e.g., Luminoskan Ascent Thermo Electron 
Corporation) [ 4 ,  14 ]. Serial dilution of ATP in the range of 
10 −6  to 10 −12  M is used as standard curve.      

       1.    Total mRNA is isolated from monocytes, unstimulated or stim-
ulated with TLR agonists, with the TriPure Isolation Reagent 
and reverse-transcribed with  the   Reverse Transcription Kit.   

   2.    Real-time  PCR   is performed using Platinum SYBR green qPCR 
SuperMix-UDG. The specifi c primers for IL-1β, NLRP3, xCT, 
and GAPDH are described in refs [ 12 – 15 ]. Target gene lev-
els are normalized to those of GAPDH mRNA, and relative 
expression is determined using the ΔCt  metho  d [ 4 ].       

4     Notes 

     1.       PBMC are cultured in RPMI-FBS (RPMI 1640 supplemented 
with 2 mM  l -glutamine, 5 % FBS, 100 U/ml penicillin, and 
100 μg/ml streptomycin) or RPMI-HU (RPMI 1640 supple-
mented with 2 mM  l -glutamine, 100 U/ml penicillin, and 100 
μg/ml streptomycin and 1 % Nutridoma-HU).   

   2.    DPI is an inhibitor of fl avoproteins that prevents ROS 
production.   

   3.    BCNU inhibits thioredoxin activity.   
   4.    oATP is an irreversible inhibitor of the purinergic receptor 

P2X7.   
   5.    ARL67156 is a specifi c ecto-ATPase inhibitor.   
   6.    Transfected cells are cultured in Lymphocyte Growth Media-3 

LGM-3 (serum-free culture) or IMDM media supplemented 
with 10 % FBS, 100 U/ml penicillin, 100 μg/ml streptomycin 
and with the addition of 20 ng/ml human recombinant 
γ-interferon.   

   7.    Ficoll-Paque is a solution of high molecular weight sucrose 
polymers and sodium diatrizoate used for isolating mononu-
clear cells from blood using a centrifugation procedure. Ficoll-

3.7  Determination 
of ATP Secretion 
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Monocytes
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of the Expression 
and Modulation 
of Redox Gene 
and Cytokine Gene 
in Adherent Cells 
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Paque is placed at the bottom of a conical tube, and blood is 
then slowly layered above. After being centrifuged (1800 ×  g  
for 20 min), the following layers will be visible from top to 
bottom: plasma and other constituents,    PBMC, Ficoll-Paque, 
and erythrocytes and granulocytes which are present in pellet 
form.    PBMC layer is collected, placed in a new tube and rinsed 
3× with PBS (at 515 ×  g , 394 ×  g , and 290 ×  g  for 5 min).   

   8.    Monocytes are cultured in RPMI-HU for Western Blot 
Analysis of supernatants.   

   9.    The incubation period before stimulation with TLR agonist 
depends on the gene of interest. In some experiments, gene 
expression is often detectable after only 4–6 h. If this is the 
case, the cells are incubated in culture medium without human 
recombinant γ-interferon.   

   10.    In these experimental conditions, the levels of secreted IL-1β 
are lower than those detected in supernatants of monocytes 
stimulated immediately after isolation [ 13 ].   

   11.    Different concentrations of LPS can be used, from 0.001 to 
100 ng/ml.         
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