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1 Introduction 

1.1 Immune system 

 The immune system is the host’s antimicrobial defense system, which involves specific cells 

and organs, a prerequisite for functioning of which is a recognition of invading pathogens. The 

immune system is principally capable of distinguishing self from non-self (foreign) and it is 

divided into two branches, namely an innate and an adaptive system (Gerald Karp 2014). 

1.1.1 Innate immunity 

Innate immunity is the first line of defense and mounts an immediate host response towards the 

invading pathogen. The first barriers encountered by microorganisms intending to invade the 

host are skin and mucous membranes including those of the intestinal and the respiratory tract. 

The cells of the innate immune system guard these barriers and include macrophages, 

neutrophils and dendritic cells (DCs) capable of phagocytosing invading microorganisms and 

killing them. Antigen presenting natural killer (NK) cells and mast cells also contribute to innate 

immunity such as by mediator production. As the innate immune system recognizes classes of 

foreign particles rather than individual entities, it was termed “non-specific”. However, 

infectious microorganisms evolve means to evade innate immune surveillance such as through 

protein mutation and other modifications towards camouflage. Therefore, the adaptive immune 

system evolved to more flexibly respond to microbial structure change and target individual 

pathogen structural properties (Janeway and Medzhitov 2002) (Gerald Karp 2014).  

1.1.2 Adaptive immunity 

Often the innate immune system itself fails to clear an infection. However, through triggering 

activation of the adaptive immune system such as by cytokine production and antigen 

presentation, it drives a more highly “specific” immune response. Adaptive immune cells 

include B- and T-lymphocytes that originate alike myeloid cells from hematopoietic bone 

marrow stem cells, and then mature in bone marrow and thymus respectively. They express 

antigen-specific B- and T-cell receptors evolved upon somatic gene recombination and they 

retain the genes encoding them by carrying them as memory cells which can be activated upon 

secondary encounter of the respective pathogen (Janeway 1989; Chaplin 2010). Adaptive 

immunity is: 

A. Humoral: plasma B-cells release soluble antibodies to the serum where they bind to foreign 

antigens to opsonize pathogens and prevent their cellular entry.   
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B. Cell mediated: cytotoxic CD8+T-cells kill the infected cells while T-helper (TH) cells 

polarize and activate B- and other immune cells. 

Pathogen-derived antigens are presented to T-cell receptors on surface protein complexes called 

major histocompatibility complexes (MHC) I and II. MHC Class I molecules located on almost 

all nucleated cells present cytosol-borne antigenic peptides while MHC class II molecules are 

mainly located on antigen-presenting cells (APCs)to present extracellular milieu-borne antigens 

to TH cells. 

A third group called regulatory T-lymphocytes (TReg) are present naturally or induced. They 

inhibit immune activity to prevent collateral damage upon inflammation and prevent 

autoimmunity (Janeway and Medzhitov 2002; Chaplin 2010) (Gerald Karp 2014). 

1.1.3 Pattern recognition receptors (PRRs) 

PRRs are germline-encoded and thus innate signal-transducing receptors of xenobiotic ligands 

such as pathogen-associated molecular patterns (PAMPs).  

All innate immune effector cells express PRRs either on their cell surface or intracellularly. 

Fragments of some PRRs are secreted into the bloodstream and tissue fluids, e.g. extracellular 

TLR domains. PRRs include transmembrane proteins such as Toll-like receptors (TLRs) and 

C-type lectin receptors (CLRs), as well as cytoplasmic sensor molecules such as retinoic acid-

inducible gene-I-like receptors (RLRs), the AIM2-like receptors (ALRs) and NOD-like 

receptors (NLRs) (Takeuchi and Akira 2010). 

 

a. PAMPs 

PAMPs are conserved immune-stimulatory microbial products, which represent entire clades 

of microbes rather than individual species. Lipopolysaccharide (LPS) and peptidoglycan (PGN) 

are examples of microbe-derived PAMPs. LPS represents Gram-negative bacteria while PGN 

represents Gram-positive bacteria due to the exclusive production of LPS by the former and 

substantially higher synthesis of PGN by the latter bacteria (Barton 2008). 

LPS endotoxin is a component of the cell wall of Gram-negative bacteria and a potent 

immunostimulant (Akira, Uematsu et al. 2006). LPS comprises a terminal O-antigen which is 

a chain of upto fifty saccharide units and encompasses between one and eight glycosyl residues, 

a core carbohydrate unit that is divided into an outer and an inner portion and bridges the O-

specific chain to lipid A, the immune central stimulatory component of LPS. The core 

oligosaccharide binds lipid A via a2-keto-3-deoxyoctulosonic acid (Kdo) that forms a ketosidic 
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bond which tends to get cleaved under acidic conditions (Alexander and Rietschel 2001; 

Erridge, Bennett-Guerrero et al. 2002; Maeshima and Fernandez 2013). LPS is an amphiphilic 

and heat-stable molecule. Host responses towards LPS exposure are O-chain specific and 

depend upon the length of O-chain, the sugar type, and the chemical linkages. Multiple 

serotypes of LPS exist. LPSs containing long O-chain are called “smooth (S)” (e.g. LPS 

O111:B4 from E.coli) and the ones carrying short O-chains are the “rough (R)” variants (e.g. 

LPS RE595 from S.minnesota) (Erridge, Bennett-Guerrero et al. 2002). LPS challenge elicits 

dose-dependently a sepsis-like and potentially fatal pathology.  

The most prominent LPS is from E.coli and contains a hexa-acylated lipid A. The Lipid A 

moiety carries fatty acid chains that anchor LPS in the membrane and a sugar backbone is linked 

to the inner core of oligosaccharides. Besides the agonistic forms of LPS, antagonistic variants 

carry no endotoxic activity and their lipid A is often penta-acylated such as in LPS from 

Rhodobacter sphaeroides, Rhodobacter capsulatus, Chlamydia trachomatis and Aquifex 

pyrophylus. 

 

 

 

 

 

 

 

Figure 1: Scheme of LPS structure. The polysaccharide domain of LPS includes the O-specific chain containing 

repeated oligosaccharide units and a core region subdivided into an outer and an inner core distinguishable by their 

position in the bacterial membrane. The phospholipid region includes lipid A which is anchored in the membrane 

through the six acyl chains. Glucosamine, GlcN; 2-keto-3-deoxyoctulosonic acid, Kdo; D-glycero-D-manno-

heptose, Hep; phosphate, P; ethanolamine, NH3
+from (Alexander and Rietschel 2001). 

b. Damage-associated molecular patterns (DAMPs) 

In contrast to PAMPs, DAMPs originate from endogenous sources and are released upon tissue 

damage caused by non-infectious insults such as trauma. DAMPs are a subclass of alarmins 

which include molecules like high mobility group box 1 (HMGB1), heat shock proteins (HSPs), 

uric acid crystals, ATP and S100 proteins (calcium binding proteins) (Bianchi 2007; Klune, 
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Dhupar et al. 2008). Surprisingly, DAMPs activate the same PRRs as compared to PAMPs. 

Therefore, PRRs fail to distinguish between self-derived danger-signaling molecules and non-

self. They rather sense disruption of the regular homeostasis.  

Upon binding of PAMPs or DAMPs, PRRs mediate phagocytosis of pathogens, induce 

chemokine secretion to attract adaptive immune cells to the site of infection, and activate 

signaling cascades that involve transcription factors nuclear factor kappa B (NF-κB), activator 

protein 1 (AP-1), and interferon-regulatory factors (IRFs) which result in transcription of genes 

encoding pro- and anti-inflammatory cytokines(Takeuchi and Akira 2010). 

1.1.3.1 Toll-like receptors (TLRs) 

Toll-like receptors (TLRs) are the best-studied family of PRRs that sense microbial infections 

and DAMPs. The Toll gene product “Toll” mediates embryogenesis and there in dorso-ventral 

polarization of the fruit fly Drosophila melanogaster. Toll is a type I membrane receptor 

binding the cytokine “spaetzle” in Drosophila (Hashimoto, Hudson et al. 1988; Janeway and 

Medzhitov 2002). Humans express ten “Toll-like” receptors (TLRs) published initially as 

orphan receptors (Mitcham, Parnet et al. 1996; Rock, Hardiman et al. 1998). TLR10 is absent 

from mice expressing non-functional TLR8. Yet mice express TLR-11, -12, and -13 

additionally. TLRs -1, -2, -4, -5, and -6 reside in the plasma membrane while TLRs -3 and 7-

13reside in the endosomal membrane (Bell, Mullen et al. 2003). Surface TLRs recognize 

microbial components like LPS, lipoproteins, proteins, and monomeric flagellin, whereas 

endosomal TLRs recognize microbial nucleic acids, flagellin, and profilin.  Immune cells like 

macrophages, DCs, B-cells and T-cells as well as non-immune cells like epithelial cells and 

fibroblasts express TLRs (Akira, Uematsu et al. 2006; Pandey, Kawai et al. 2014). TLR2 and 

TLR4 were the first to be identified as signal-transducing PRRs (Kirschning and Bauer 2001). 

1.1.3.2 Structure of TLRs 

TLRs are type-I transmembrane proteins whose large extracellular domains form horse-shoe 

shaped structures made up of leucine-rich repeats typically 22-29 amino acid residues in length. 

These extracellular domains are the N-terminal domains of TLRs that recognize their respective 

ligands within their concave surface and are followed by a transmembrane and a cytoplasmic 

C-terminal Toll/interleukin-1 receptor (TIR) domain (Bell, Mullen et al. 2003; Akira, Uematsu 

et al. 2006; Matsushima, Tanaka et al. 2007; Botos, Segal et al. 2011). From the TIR domain, 

downstream signaling towards the nucleus is initiated (O'Neill and Bowie 2007). 
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Figure 2: Scheme of a TLR3 dimer bound by a poly I:C molecule exemplifying general TLR structure from 

(Liu, Botos et al. 2008). 

Upon agonist binding, TLRs form homo- or hetero- dimers. The dimerization results in the 

recruitment of adaptor proteins to the cytoplasmic TIR domain which recruits signal 

transducing proteins (Jin and Lee 2008; Liu, Botos et al. 2008). Their signaling results in 

activation of genes encoding antimicrobial proteins, chemokines, and inflammatory cytokines 

(Brinkmann, Spooner et al. 2007). 

1.1.3.3 TLR family members 

 TLR2 (TLR1 and TLR6) 

TLR2 recognizes bacterial lipoproteins, peptidoglycan, and lipoteichoic acid (LTA) from 

Gram-positive bacteria upon formation of heterodimers with either TLR1 or TLR6. TLR2 is 

not merely a receptor for Gram-positive bacteria rather it also recognizes viral and fungal 

products such as zymosan prepared from yeast cell wall. The complexes TLR2/1 and TLR2/6 

recognize triacyl- and diacyl- lipopeptides respectively (Takeuchi and Akira 2010). N-

terminally tripalmitoylated cysteine-serine-tetralysine (Pam3CSK4) is a synthetic analog of 

bacterial lipoproteins that activates NF-κB signaling by its binding to surface as well as 

endosomally localized TLR2 (Brandt, Fickentscher et al. 2013). 

 

 TLR3 

TLR3 recognizes double-stranded (ds) RNA and drives anti-viral immune responses through 

induction of type-I interferon and pro-inflammatory cytokine synthesis. Polyinosinic-

polycytidylic acid (poly I:C) is a synthetic analog of dsRNA which activates TLR3. 
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Crystallization studies of TLR3-poly I:C complex revealed that TLR3 binds its agonist (poly 

I:C) at two positions – N-terminus and C-terminus (Choe, Kelker et al. 2005; Liu, Botos et al. 

2008). TLR3 is expressed in the endosome and mediates activation of the transcription factor 

interferon regulatory factor 3 (IRF3) upon Toll/IL-1 domain-containing adaptor inducing 

interferon β (TRIF) recruitment. TLR3 is expressed in conventional DCs and most epithelial 

cells (Akira, Uematsu et al. 2006; Bell, Askins et al. 2006). Lack of TLR3 expression in mice 

correlates with susceptibility to viral infections such as with murine cytomegalovirus (MCMV), 

vesicular stomatitis virus (VSV), lymphocytic choriomeningitis virus (LCMV), and reovirus 

(Edelmann, Richardson-Burns et al. 2004). 

 TLR4 

TLR4 associates with myeloid differentiation factor (MD) 2 which facilitates TLR4 in 

recognizing Gram-negative bacterial LPS. LPS in the bloodstream is initially bound to the 60 

kD serum glycoprotein named LPS-binding protein (LBP) which transfers LPS to the cell-

surface cluster of differentiation 14 (CD14), a LRR family member that is anchored in the cell 

membrane by a glycosylphosphatidylinositol (GPI) moiety (Haziot, Chen et al. 1988; Wright, 

Ramos et al. 1990; Akira, Uematsu et al. 2006). CD14 acts as a co-receptor for TLR4-MD-2 

and it is specifically expressed on macrophages and monocytes. The TLR4-MD-2 complex 

homodimerizes and activates pro-inflammatory cytokine signaling upon LPS binding to the 

hydrophobic pocket of the MD-2 complex (Shimazu, Akashi et al. 1999; Park, Song et al. 2009). 

 TLR5 

TLR5 binds bacterial flagellin monomers resulting from flagella degradation (Hayashi, Smith 

et al. 2001). It is expressed on intestinal epithelial cells, monocytes and DCs of the lamina 

propria in the small intestine (Akira, Uematsu et al. 2006; Takeuchi and Akira 2010). It has 

been shown to be important for adaptive immunity as its activation in the lamina propria 

dendritic cells (LPDCs) in the intestine resulted in differentiation of naive B-cells into 

immunoglobulin A-producing plasma cells as well as differentiation of antigen-specific 

interleukin 17–producing T helper cells and type 1 T helper cells (Uematsu, Fujimoto et al. 

2008). 

 TLR7/8 

TLR7 and TLR8 are highly homologous to each other and both bind single-stranded (ss) RNA 

of microbial or endogenous origin. Specifically, guanosine and uridine (GU)-rich ssRNA 

activate murine and human TLR7 and human TLR8 (Heil, Hemmi et al. 2004). They also 
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recognize synthetic RNA mimetic imidazoquinoline compounds like Imiquimod and 

Resiquimod (R848) and guanine nucleotide analogs like loxoribine. Both TLRs are localized 

in the endosomal membrane and their employment activates myeloid differentiation primary 

response 88 (MyD88) towards cytokine and chemokine production and involves the 

transcription factor IRF7 (Hemmi, Kaisho et al. 2002). 

 TLR9 

TLR9 recognizes DNA of any provenience. However, the endosomal localization of it renders 

it microbial DNA specific unless autoimmune complex formation mediates endosomal uptake 

of self-DNA. It most prominently binds microbial DNA that is rich in unmethylated CpG 

(cytosine followed by guanine nucleotide) motifs. It is highly expressed in pDCs, macrophages, 

and B-cells. Synthetic oligodeoxynucleotides (ODNs) that activate TLR9 include natural 

phosphodiester/ modified phosphorothioate backbone-containing ODN1668 and ODN2006, 

though phosphorothioate form is also known to bind and inhibit TLR7 and -9 activity in 

macrophages (Haas, Metzger et al. 2008). TLR9 drives inflammatory cytokine release such as 

type-I IFN production by signaling through MyD88 (Krieg 1996; Hemmi, Takeuchi et al. 2000). 

 TLR10 

TLR10 is the only TLR to which a ligand so far has not been assigned. However, blockade of 

it with an α-TLR10 antibody has implicated anti-inflammatory function of it. It has also been 

shown to negatively affect the differentiation of primary human monocytes into DCs (Hess, 

Felicelli et al. 2017). 

 TLR11/12 

TLR11 recognizes uropathogenic bacteria. Absence of TLR11 in mice rendered them 

susceptible to kidney infection with uropathogenic bacteria (Zhang, Zhang et al. 2004). TLR11 

also recognizes the profilin-like protein from Toxoplasma gondii. Profilin triggers IL-12 

production in murine DCs (Yarovinsky, Zhang et al. 2005). TLR12 also recognizes profilin 

either alone or in combination with TLR11 (Broz and Monack 2013). 

 TLR13 

TLR13 is an endosomal Gram-positive as well as Gram-negative bacterial 23S rRNA-sensing 

receptor. It recognizes the highly conserved peptidyl transferase loop segment 

“CGGAAAGACC” which is bound also by macrolide-lincosamide-streptogramin (MLS) 
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antibiotics (Oldenburg, Kruger et al. 2012) and the 23S rRNA from E.coli has been shown to 

induce TLR13-driven pro-IL-1β (Li and Chen 2012). 

 UNC93B1 

UNC93B1 mediates the innate immune response towards invading pathogens via TLRs. It is a 

12-fold membrane-spanning protein which catalyzes transfer of TLRs -7, -8, -9, -11, -12, and -

13 from the endoplasmic reticulum (ER) to the endosomes (Kim, Brinkmann et al. 2008). It is 

homologous to unc93 protein of Caenorhabditis elegans. A specific point mutation in this 

protein results in impaired cytokine production upon activation of respective TLRs. The 

respective “3d” mutation is a substitution of histidine by arginine (H412R) (Tabeta, Hoebe et 

al. 2006; Brinkmann, Spooner et al. 2007). 

1.1.3.4 TLR ligands 

TLR Prominent ligand Microbial isolate/mimetic 

TLR 1 bacterial triacyl lipoproteins Pam3CSK4 

TLR 2 
bacterial peptidoglycan 

all bacterial lipoproteins 

Pam1CSK4, Pam2CSK4, 

Pam3CSK4 

TLR 3 dsRNA Poly I:C 

TLR 4 
lipopolysaccharide (LPS) 

Gram-negative bacteria 
LPS 

TLR 5 flagellin  

TLR 6 bacterial diacyl lipoproteins Pam2CSK4 

TLR 7/8 ssRNA 
loxoribine, R848, Clo75, 

ORN RNA40 

TLR 9 unmethylatedCpG DNA ODN1668/2006 

TLR 10 unknown  

TLR 11 profilin, flagellin  

TLR 12 profilin  

TLR 13 
bacterial 23S rRNA segment 

CGGAAAGACC 
ORN Sa19 

Table 1: List of TLRs and prominent ligands 

1.1.3.5 TLR signaling pathways 

TLR signaling is mediated by TIR-domain-containing adaptor molecules that include myeloid 

differentiation primary response 88 (MyD88), TIR domain-containing adaptor protein 
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(TIRAP), Toll/IL-1 domain-containing adaptor inducing interferon β (TRIF), and TRIF-related 

adaptor molecule (TRAM). 

1.1.3.5.1 MyD88-dependent signaling pathway 

MyD88 is being recruited by interleukin-1 receptor (IL-1R) I and all TLRs, except for TLR3. 

Ligand binding to respective TLRs and consequent dimerization recruits MyD88 wherein 

TIRAP bridges TLR and MyD88. MyD88 further recruits the IL-1 receptor-associated kinases 

(IRAKs). Initial recruitment of IRAK4 is followed by sequential binding of IRAK1, IRAK2, 

and IRAK-M (Picard, Puel et al. 2003). Activation of IRAKs results in their binding to tumor 

necrosis factor (TNF) receptor associated factor 6 (TRAF6) which is an E3 ubiquitin ligase that 

synthesizes polyubiquitin linked to lysine 63 (K63) on the target proteins (Deng, Wang et al. 

2000). The K63-linked polyubiquitin binds to ubiquitin binding domains of TAK1-binding 

proteins (TAB2 and TAB3) that negatively regulate transforming growth factor β (TGF-β)-

activated kinase 1 (TAK1). Upon ubiquitination of TAB2 and TAB3, TAK1 becomes activated 

and binds to TRAF6 upstream, whereas the complex binds IκB kinases (IKK) downstream 

forming a complex involving NEMO. NEMO is also being ubiquitinated by K63-linked 

polyubiquitin. TAK1 complex phosphorylates inhibitor of NF-κB kinase subunit β (IKKβ) 

which subsequently phosphorylates inhibitor of NF-κB (IκB) leading to NF-κB translocation to 

the nucleus and activation of genes encoding pro-inflammatory cytokines like those of 

interleukin-6 (IL-6) and tumor-necrosis factor (TNF) (Yamamoto, Okamoto et al. 2006; 

Kawagoe, Sato et al. 2008; Bhoj and Chen 2009). 

TAK1 also activates mitogen-activated protein kinases (MAPKs), namely extracellular signal-

regulated kinases (ERK1/2), p38, and c-Jun amino-terminal kinase (JNK) (Johnson and Lapadat 

2002; Roux and Blenis 2004). 

1.1.3.5.2 MyD88-independent signaling pathway 

MyD88-independent signaling is mediated by TRIF that is recruited by TLR3 as well as 

endosomal TLR2 and TLR4-MD-2 (Fitzgerald, Rowe et al. 2003; Stack, Doyle et al. 2014). 

Therein, TRAM bridges TLR and TRIF. Similar to MyD88, TRIF recruits TRAF6 and TAK1 

through ubiquitination processes, towards NF-κB activation and pro-inflammatory cytokine 

production. Additionally, TRIF recruits the adaptor receptor-interacting protein 1 (RIP1) 

forming downstream complexes with TAK1 towards NF-κB activation (Ermolaeva, Michallet 

et al. 2008; Pobezinskaya, Kim et al. 2008). 

However, a major function of TLR3 is production of type-I interferons which is driven by 

transcription factors IRF3 and IRF7. In this pathway, TRIF recruits TRAF3 followed by its 
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engagement with TRAF-family-member-associated NF-κB activator (TANK)-binding kinase 

1 (TBK1) and IKKi/IKKɛ. These kinases phosphorylate IRF3 and IRF7 which then 

homodimerize and translocate to the nucleus where they bind to interferon-stimulated response 

element (ISRE) resulting in transcription of interferon-inducible genes (Hacker and Karin 

2006). 

 

Figure 3: Schematic representation of MyD88 and TRIF signaling pathways. MyD88 signaling pathways 

represented by TLR4 (left) activating NF-κB and AP-1 transcription factors resulting in pro-inflammatory cytokine 

production. TRIF signaling pathways represented by TLR3 (right) activating the transcription factors NF-κB and 

IRF3/7 leading to pro-inflammatory cytokine including type I IFNs production. 

1.1.4 C-type lectin receptors (CLRs) 

CLRs comprise a superfamily of proteins divided into 17 groups and they have been defined 

by their domains called C-type lectin-like domains (CTLDs). They are type II transmembrane 

receptors with a single extracellular CTLD and a short cytoplasmic tail. They were initially 

known to bind carbohydrates alone, but later it has been shown that they bind proteins and lipids 

as well. Dectin-1 and Dectin-2 are members of the CLR family that recognize fungal 

components like β-glucans and α-mannans respectively. In addition, they function through 

immunoreceptor tyrosine-based activation motif (ITAM) and ITAM-containing Fc receptor γ 

chain respectively mediating NF-κB activation and pro-inflammatory cytokine production. 

They are expressed in myeloid cells and are involved in various functions such as cell adhesion, 

complement activation, pathogen recognition, endocytosis, and phagocytosis (Saijo and 

Iwakura 2011; Sancho and Reis e Sousa 2012). 
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1.1.5 Retinoic acid-inducible gene-I-like receptors (RLRs) 

The RIG-I-like receptor family includes retinoic acid-inducible gene I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2). 

RLRs contain ATP-dependent DExD/H box RNA helicases that unwind the viral RNA that 

they recognize. RIG-I and MDA5 also contain a N-terminal caspase activation and recruitment 

domain (CARD), and a C-terminal repressor domain, whereas LGP2 lacks the N-terminal 

CARD domain. They are present in a variety of immune and non-immune cells, including 

myeloid cells, epithelial cells, fibroblasts, and cells of the central nervous system (Loo and Gale 

2011). RIG-I and MDA5 signaling occurs through recruitment of an adaptor protein interferon-

β promoter stimulator I/ mitochondrial antiviral signaling protein (IPS-1/MAVS) which binds 

the receptors through homotypic interactions of their CARD domains. IPS-1 forms a 

signalosome with other downstream molecules, which results in type I IFN production through 

involvement of transcription factors IRF3, IRF7 and NF-κB. LGP2 serves as negative regulator 

of the IFN response driven by RIG-I and MDA5 (Kawai, Takahashi et al. 2005; Seth, Sun et al. 

2005; Yoneyama and Fujita 2009; Zou, Chang et al. 2009; Loo and Gale 2011). 

1.1.6 AIM2-like receptors (ALRs) 

Absent in melanoma 2 (AIM2) is a cytoplasmic DNA sensor carrying an N-terminal pyrin (PY) 

domain and a C-terminal oligonucleotide-binding domain (HIN200 domain). It belongs to the 

interferon-inducible HIN-200 (PYHIN) family. Sensing of cytoplasmic DNA by the 

oligonucleotide-binding domain of AIM2 results in its oligomerization and its interaction with 

the adaptor molecule ASC through its pyrin domain leading to NF-κB and caspase-1 activation. 

Pyrin domain of AIM2 is important for caspase-1 activation and AIM2 is the only HIN200 

family member which activates caspase-1 (Fernandes-Alnemri, Yu et al. 2009; Hornung, 

Ablasser et al. 2009). 

1.1.7 NOD-like receptors (NLRs) 

NLR family members contain a conserved domain called nucleotide binding and 

oligomerization domain (NOD).They also contain a N-terminal CARD domain, a pyrin domain 

(PYD), and/or a baculovirus inhibitor repeat (BIR) domain, and a C-terminal LRR domain. 

NLRs are subdivided based on their N-terminal domains into the NOD, NLRP/NALP (NOD, 

LRR, and PYD containing receptor), and NAIP (Baculoviral IAP repeat-containing protein 1) 

groups that comprise CARD, PYD, and BIR domains respectively.NOD1 and NOD2 recognize 

peptidoglycans and drive the NF-κB pathway and consequent pro-inflammatory cytokine 

production (Kanneganti, Lamkanfi et al. 2007; Latz, Xiao et al. 2013). NLRPs form prototypical 



Page | 12 
 

inflammasomes and the best-known NLRP inflammasomes are those formed by NLRP1, 

NLRP3, and NLRC4. NLRP1 recognizes Anthax lethal toxin and NLRC4 recognizes flagellin 

as well as the bacterial type-III secretion system (T3SS) protein complex. Both of these 

inflammasomes do not employ the adaptor protein called apoptosis-associated speck-like 

protein containing a caspase recruitment domain (ASC) in order to activate pro-caspase-1 and 

consequent release of mature IL-1-type cytokines (Faustin, Lartigue et al. 2007). In contrast, 

the NLRP3 is an ASC inflammasome. All NLRs are important players in infectious and 

autoinflammatory disease pathologies. 

1.2 Inflammation 

Inflammation is an immune response aiming at resolution of microbial infection and collaterally 

mediating tissue injury (Barton 2008). The word “inflammation” has been derived from the 

latin word “inflammare” which means “to set on fire”. The four key signs of inflammation were 

first listed by Cornelius Celsus as rubor (redness), tumour (swelling), calor (heat), and dolor 

(pain). Additionally, function laesa (loss of function) was added by Rudolf Virchow (Ferrero-

Miliani, Nielsen et al. 2007). TLRs are major drivers of inflammation (Akira, Takeda et al. 

2001). 

1.3 Inflammasomes 

Inflammasomes are multi-protein complexes comprising a so-called sensor protein (NLR or 

ALR), often the adaptor protein ASC and cysteine proteases called caspases such as caspase-1 

and caspase-11 in mice or caspase 4/5 in humans. They are activated upon confrontation with 

various PAMPs and DAMPs and drive cleavage and secretion of pro-inflammatory IL-1β and 

IL-18 by caspase-1. Activation of an inflammasome requires two signals. A priming signal 

initiates the activation of NF-κB such as through TLRs to induce expression of specific 

inflammasome components and pro-forms of interleukin 1 beta (IL-1β) and interleukin 18 (IL-

18) and/or interleukin 1 alpha (IL-1α) and interleukin 33 (IL-33) and an actual trigger signal 

that drives the inflammasome component assembly andcaspase-1 activation (Rathinam and 

Fitzgerald 2016).  

Besides IL-1 release, inflammasome activation results in pyroptosis characterized by cell 

swelling and rupture of the cell membrane upon which cellular contents leak out. Pyroptosis is 

elicited by the gasdermin D (GSDMD) N-terminus (GSDMD-N) which is usually inhibited by 

a C-terminal domain (GSDMD-C) that is cleaved off upon activation. In both canonical and 

non-canonical inflammasomes, GSDMD is cleaved directly by caspase-1 and caspase-11 
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respectively to porate the plasma membrane and thereby trigger pyroptosis (Shi, Zhao et al. 

2015; Liu, Zhang et al. 2016). 

1.3.1 Canonical inflammasomes 

The canonical inflammasome complex is formed by assembly of a NLR/ALR, ASC and pro-

caspase-1 upon respective ligand encounter (Franchi, Warner et al. 2009). Agonists activating 

various canonical inflammasomes include flagellin, muramyl dipeptide (MDP), ATP, and 

nigericin. They drive caspase-1-driven cleavage and release of IL-1-type cytokines such as IL-

1β and IL-18. 

1.3.2 Non-canonical inflammasome 

Non-canonical inflammasome additionally recruits caspase-11/4/5 which binds Gram-negative 

bacterial LPS intracellularly (Kayagaki, Warming et al. 2011) resulting in caspase-1-dependent 

pro-IL-type cytokine cleavage and release of their active forms. Overactivation of caspase-

11/4/5 during endotoxemia leads to endotoxic shock. 

 

Figure 4: Scheme of transfected LPS-driven non-canonical inflammasome activation. Toll-like receptor, 

TLR; myeloid differentiation primary response 88, MyD88; nuclear factor-kappa B, NF-κB; transfection, trx.; full-

length gasdermin D, GSDMD-N; gasdermin D N-terminus, GSDMD-N; NOD-like receptor protein 3, NLRP3; 

apoptosis-associated speck-like protein containing a caspase recruitment domain, ASC; interleukin 1 beta, IL-1β; 

LPS, green circles; transfection reagent, red circles. 
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Implication of a non-canonical inflammasome pathway resulted from observation of TLR4-

independent LPS activity (Hagar, Powell et al. 2013; Kayagaki, Wong et al. 2013). However, 

the dependence of caspase-11/4/5 on caspase-1 for the cleavage of IL-1 cytokines and the nature 

of their proposed cooperation is not clear so far. Yet, caspase-11 is capable of cleaving GSDMD 

independent of caspase-1leading to pyroptotic cell death (Kayagaki, Stowe et al. 2015; Shi, 

Zhao et al. 2015). 

1.4 Inflammatory diseases 

Inflammatory response to an infection needs to be resolved once the pathogen is eliminated to 

minimize collateral damage and keep up regular homeostasis. Macrophages being the major 

source of inflammatory cytokines, contribute to acute and chronic inflammation such as if 

hyperactivation of their TLRs becomes uncontrollable. However, downregulation of TLR 

function is dangerous since it hinders clearance of microbial infection. Therefore, keeping the 

TLR function in balance is critical and its imbalance is associated with autoinflammatory and 

autoimmune diseases or increased susceptibility to infection (Kim, Brinkmann et al. 2008).  

1.5 Sepsis pathology 

Sepsis is a life-threatening condition caused by an uncontrolled host immune response, mainly 

upon acute bacterial infection. Rarely, viruses, fungi, or parasites are causatives of sepsis. Pro-

inflammatory cytokines TNF and IL-1β are considered as central drivers of sepsis (Fisher, 

Agosti et al. 1996; Polat, Ugan et al. 2017). The major pro-inflammatory cytokine sources are 

macrophages and specific TLRs on them such as TLR2, -4, and -8 are dominant mediators of 

pathology. The immune systemic hyperactivity driven largely by TLRs and inflammasomes in 

blood-borne acute infection (sepsis) adversely affects the host’s integrity. Sepsis progresses 

towards septic shock characterized by profound circulatory, cellular and metabolic 

dysregulation causing high mortality (Singer, Deutschman et al. 2016). Globally, around 30 

million people are annually affected by sepsis of which 6 million succumb to fatal septic shock 

(Fleischmann, Scherag et al. 2016). To date, a cause-oriented therapy is not in place. The 

available treatments including antibiotic treatment, liquid administration with vasoactivation 

towards metabolic and organic support such as by catecholamine, glutamine and insulin 

administration have decreased neither morbidity nor mortality (Polat, Ugan et al. 2017). Focus 

on TLRs and inflammasomes, which are the initial host activation drivers, might have the 

potential of therapy improvements towards prevention of septic shock in the clinic. 



Page | 15 
 

1.6 Aims of the project 

Life-threatening conditions like sepsis and other inflammatory diseases such as inflammatory 

bowel disease (IBD), tuberculosis, and meningitis are due to hyperactivation of the immune 

system in response to microbial, mainly bacterial infections. Although timely antibiotic therapy 

is often effective, endotoxin-like products are released from dead microorganisms. Contribution 

of host’s reaction towards such released bacterial products (Jarisch-Herxheimer reaction) to 

sepsis pathology might generally be underrated. Previously, blockade of specific cytokines such 

as TNF, IL-6, and IL-1β has not improved sepsis therapy. However, interference at the initial 

point of host-pathogen interaction from which the often fatal cascade that drives sepsis 

pathology originates, namely the PRR which binds a cognate PAMP, might be a more 

successful strategy. Therefore, a comprehensive understanding of the mechanism underlying 

pattern recognition towards pathogenesis is indispensable.  

Accordingly, here the focus is on TLR and inflammasome cooperation in host recognition of 

infection and elicitation of inflammatory immune activity aiming at resolving infection and 

collaterally healing damaged tissue. Its adversative effect has been emphasized by application 

of a modified LPS-driven fatal and septic-shock-like syndrome-eliciting experimental model 

employing mice. First, mice were primed by administration of a sublethal dose of a PRR ligand 

(dsRNA), six hours after which a high dose of LPS was applied. While mice lacking expression 

of TLR4 - previously considered as “the” LPS receptor - succumb to shock, caspase-11-/- 

counterparts resisted towards pathology. We observed resistance of Tlr2/4-/- mice to the dual 

PRR ligand challenge, which correlates with the implication of a LPS-driven non-canonical 

inflammasome involving caspase-11, which functions in a comprehensively TLR-independent 

manner. Answering of the question whether TLRs are involved in non-canonical inflammasome 

activation is not merely of academic value. A therapeutic inhibition strategy that misses 

involvement of a potentially central target molecule might not be successful. In order to 

contribute to elucidation of LPS-driven pathology, this study aimed at carving out the modus 

of TLR ligand-driven priming followed by LPS transfection or mere challenge in a more 

comprehensive manner by answering five questions: 

1. Do different transfection reagents translocate LPS into the cytoplasm or also into other 

compartments such as ER, Golgi, or endosomes? 

2. Does lipopeptide used for priming also contribute to non-canonical inflammasome 

activation? 

3. Is transfection necessary to trigger non-canonical inflammasome-driven pyroptosis and 

IL-1 release? 
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4. Do other TLR ligands or inflammatory stimulants also activate the non-canonical 

inflammasome? 

5. If non-canonical inflammasome is TLR dependent, how is TLR-driven inflammasome 

activation bridged? 
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2 Materials 

2.1 Instruments 

Agarose gel electrophoresis chamber 

(BioRad) 
Refrigerator/freezer (Liebherr) 

Agarose gel cast stand (Bio Rad)  Scale, Acculab (Sartorius group) 

Agarose gel electrophoresis chamber (Bio 

Rad)  
Shaker, Polymax 1020/1040  (Heidolph) 

Cell incubator, HERA cell (Thermo 

Scientific) 

Shaking incubator, KS 400i (IKA) Sterile 

work bench, HERA safe (Thermo Scientific) 

Centrifuge, Heraeus Fresco 1 (Thermo 

Scientific) 
Thermocycler (Eppendorf) 

Chemiluminescence imaging, Fusion Fx7 

(Vilber) 
Thermomixer (HCL Toledo) 

Easypure II (Werner Reinstwassersysteme) Tube roller, RM5 (CAT) 

Electrophoresis chamber (Hoefer) Ultrasonic bath Ultrasonic Clean (VWR) 

Exhaust pump (Knf lab) 
Ultrasonic probe, Sonoplus HD 2070 

(Bandetin) 

Magnetic stirrer, SB 162 (Stuart) UV-gel documentation system Intas 

Microplate-reader, Epoch (BioTek) (UV-Systeme) 

Microplate-washer, 12-well (BioTek) Vortex mixer, VTX-3000L (LLG) 

Microscope, Axiovert 40C (Zeiss)  Water bath (GFL) 

Microwave MW 800  (Continent) Water ultrapurification system 

Mini centrifuge (Biozym) 

 

Multifuge X3R Haereus (Thermo Scientific) 

 

Photometer (Eppendorf) 

 

Pipettes (Eppendorf, Gilsen) 

 

Pipettor (Hirschmann, Brandt) 

 

Power supply  (Bio Rad, Hoefer) 

 

 



Page | 18 
 

2.2 Cell lines 

HEK293       ATCC (CRL-1573) 

2.3 Media and culture derivatives 

Media and culture derivatives                                          Suppliers 

 

Ampicillin        Sigma Aldrich  

Antibiotic-Antimycotic 100X solution    Gibco 

Beta-mercaptoethanol      Sigma Aldrich  

DMEM (Dulbecco's Modified Eagle Medium)   Gibco 

Fetal calf serum (FCS)      Gibco 

Glycerol        Roth  

Glycine        Roth  

LB (Luria Bertani)       BD  

Opti-MEM® Reduced Serum Medium    Gibco 

PBS, Dulbecco, sterile      Gibco 

Penicillin-Streptomycin solution     Gibco 

RPMI-1640 (Roswell Park Memorial  

Institute medium)       Gibco 

StemPro® Accutase® Cell Dissociation Reagent   Gibco 

0.5% Trypsin-EDTA (10X)      Gibco 

2.4 Stimulants 

Stimulants                                                                           Suppliers              

                                               

(CY5)-ODN1668      IBA Lifesciences 

(CY5)-Sa19       IBA Lifesciences 

(CY5)-ssRNA40      IBA Lifesciences 
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Loxoribine       Invivogen 

LPS O111:B4       Sigma     

LPS RE595       Sigma 

LPS RE595AlexaFluor® 488     Invitrogen 

MPLA        Avanti Polar Lipids 

Nigericin       Sigma 

P3C (Pam3CSK4)      EMC microcollections 

Polybrene       Sigma 

Poly I:C       Sigma 

HMW poly I:C      Invivogen 

LMW poly I:C      Invivogen 

Recombinant murine IFNγ     PeproTech 

RS LPS       Invivogen 

Sa19        IBA Lifesciences 

2.5 Transfection reagents 

Transfection reagents                                                          Suppliers 

 

CTB        Sigma 

FuGene® HD       Promega 

LyoVec™       Invivogen 

Lipofectamine® 2000      Invitrogen 

PEI        Polyplus transfection 
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2.6 Buffers 

Lysis buffer (150mM) Stock 100ml 1 L 

50mMHepes pH 7.6 1 M 5 ml 50 ml 

150mM NaCl 5 M 3 ml 30 ml 

1mM DTT 1 M 100 µl 1 ml 

1mM EDTA pH 8 0.5 M 200 µl 2 ml 

0.5% NP40 100 % 500 µl 5 ml 

10% Glycerol 100 % 10 ml 100 ml 

1mM Na-orthovanadat (phosphatase 

inhibitor) 

0.1 M or 0.5M 1 ml or 200 µl 10 ml or 2 ml 

1mM EGTA 250 mM 400 µl 4 ml 

Roche Protease Inhibitor Cocktail complete  1 tablet 10 tablets 

H2O  ad. 100ml ad.1 L 

Table 2: Lysis buffer (150 mM) used on cells for ELISA and SDS-PAGE 

 

Wash Buffer (PBT) 10 L 

PBS 95.5 g 

Tween 20 5 ml 

H2O ad. 10 L 

Table 3: Wash buffer (PBS plus Tween20) used during ELISA and Western blot 

 

SDS Loading dye (5X) 50 ml 

200 mMTris-HCl pH 6.8 5 ml 

400 mM DTT 3.08 g 

10% (w/v) SDS 5 ml 

16% (v/v) Glycerol 8 ml 

2 g/l Bromophenol Blue 

 

0.1 g 

H2O ad. 50 ml 

Table 4: SDS loading dye used to dye the samples during SDS-PAGE 
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 Running Buffer (10X) Blotting Buffer (10X) 

Tris 29 g 58 g 

Glycine 144 g 29 g 

SDS 10 g - 

H2O ad.1 L ad.1 L 

Table 5: Running buffer used during SDS-PAGE and blotting buffer for Western blot 

 Blocking Buffer  Reagent Diluent Stop Solution (1 M) 

BSA 10 g 10 g - 

Sucrose 50 g - - 

NaN3 500mg - - 

PBS ad. 1 L ad. 1 L - 

H2SO4 - - 53.3 ml 

H2O - - ad. 1 L 

Table 6: Blocking buffer, reagent diluent, and stop solution used during ELISA 

 TAE Buffer (50X) 

Tris 242 g 

Acetic acid 57.1 ml 

0.5 M EDTA 100 ml 

H2O ad. 1 L          (pH 8.5) 

Table 7: TAE buffer used during Agarose gel electrophoresis 

2.7 Antibodies 

Antibodies for ELISA were from Quantikine ELISA Kits (Mouse IL-1 beta/ IL-1F2) from R&D 

Systems. 

 Full-length 
Cleaved 

form 
Company 

Secondary 

antibody 

(1:5000) 

Primary 

antibody 

α-actinin 100/103 kD - Cell Signaling Rabbit (1:1000) 

ASC 24 kD - Adipogen Rabbit (1:1000) 

Caspase-1 50 kD 20/10 kD Adipogen Mouse (1:750) 

Caspase-11 38/43 kD 26 kD Cell Signaling Rat (1:1000) 

NLRP3 85/110 kD - Adipogen Mouse (1:1000) 

Flag - - Sigma Rabbit (1:500) 

ERK 1/2 42 kD - Cell Signaling Rabbit (1:1000) 

Table 8: Antibodies used for Western blot 
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All the secondary antibodies used for Western blotting are from Cell Signaling Technology. 

2.8 Enzymes and their buffers 

Enzymes and their buffers                                              Suppliers 

 

10X Cut Smart buffer     NEB 

2X Rapid ligase buffer    Promega 

BfuCI       NEB 

DNA Taq polymerase     Promega 

Fast AP Thermosensitive Alkaline Phosphatase Thermo Scientific 

GoTaq® Green reaction buffer   Promega 

Nhe-I HF      NEB 

Phusion 5X HF buffer    NEB 

Phusion HF DNA polymerase   NEB 

Proteinase K      Qiagen 

Sbf-I HF      NEB 

T4 DNA ligase     Promega 

2.9 Kits 

Kits                                                                                    Suppliers 

 

Super Signal™ Western Blot Enhancer  Thermo Scientific 

Pierce™ BCA Protein Assay Kit   Thermo Scientific 

TMB Substrate Reagent Set    BD Biosciences 

Western Lightening® Plus-ECL   Perkin Elmer 

2.10 Chemicals 

Acetic acid      Roth 

Rotiphorese® NF-acrylamide   Roth 

APS       Serva 

Bromophenol Blue     Sigma 

BSA       Sigma 
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DAPI Fluoromount G     Southern Biotech 

D-galactosamine     Sigma 

DMSO       Roth 

DNA ladder      MEB 

dNTPs       Thermo Scientific 

DTT       Roth 

EDTA       Roth 

EGTA       Roth 

Ethanol      Honeywell 

Glycine      Roth 

H2SO4       Roth 

HCl       Roth    

Hepes       Roth 

Isopropanol      Millipore 

Methanol      J.T.Baker 

Milk powder      Roth 

NaCl       Roth 

NaN3       Roth 

Nitrocellulose membrane    GE Healthcare Life Sciences 

NP40       Sigma 

Paraformaldehyde     Sigma 

PBS       Biochrom 

Ponceau S solution     Sigma 

Protease inhibitor cocktail    Roche 

PageRuler pre-stained protein ladder   Thermo Scientific 

SDS       Roth 

SOC medium      Invitrogen 

Sodium orthovanadate    Sigma 
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Strata Clean™ Resin     Stratagene 

Sucrose      Sigma 

SYBR Safe      Thermo Scientific 

TEMED      Roth 

Tris       Roth 

Tween20      Roth 

Whatmann blotting paper    GE Healthcare Life Sciences 

2.11 Genotyping primers 

Oligonucleotide name Primer sequence (5ˈ→3ˈ) Company name 

Caspase-11-F CAGTATTATTATTGGTGATGCAAATG MWG 

Caspase-11-R CTGCAAAGCATTCACCTTCA MWG 

2.12 PCR primers for IL-1β subcloning 

Oligonucleotide 

name 

Primer sequence (5ˈ→3ˈ) Company 

name 

mIL-1bSbfI_For GACAAGCCTGCAGGAATGGCAACTGTTCCTGAAC MWG 

mIL-1bNheI_Rev GTTAACGCTAGCTTAGGAAGACACGGATTCC MWG 

2.13 Sequencing primers for IL-1β subcloning 

Oligonucleotide name Primer sequence (5ˈ→3ˈ) Company name 

FUGW_F3780 TTGTCCGCTAAATTCTGGCC MWG 

FUGW_R5270 ATATAGACAAACGCACACCG MWG 

 

2.14 Software and analysis Tools 

Software and analysis tools                                                                 Suppliers 

 

Gene5        Bio-Tek 

Prism        GraphPad 

Photoshop, Illustrator, Acrobat    Adobe 

Simplicity 4.2       Berthold 
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3 Methods 

3.1 Animal Experiments 

For in vivo experiments, wild-type (C57BL/6J) & knockout (Tlr4-/-, Tlr2/4-/-, MyD88-/-, Trif-/-) 

mice were sensitized either 

(i) with HMW poly I:C (6.6 µg/kg; i.p.) and 6 hours later, injected with LPS (50 mg/kg; 

i.p.) or  

(ii) with IFNγ (42 ng/kg; i.v.) and 45 minutes later, injected with α-D-galactosamine (0.7 

mg/kg) plus LPS (5 µg/kg; i.p.). 

For in vitro experiments, macrophages were prepared by isolating bone marrow from wild-type 

(C57BL/6J), 129S2/SvPasCrl (Casp11mt/mt, Sv129) and knockout (Tlr2-/-, Tlr4-/-, Tlr2/4-/-, 

Tlr379-/- , MyD88-/-, Trif-/-) mice. 

Animal experiments were approved by the State Office for Nature, Environment and 

Consumerism of North Rhine-Westphalia, Recklinghausen, Germany (G1230/11). 

3.2 Cell Biology 

3.2.1 Preparation and culture of primary cells: 

3.2.1.1 Mouse bone marrow-derived macrophages (mBMDMs) 

Required Media: 

BM differentiation medium    BMDM culture medium 

DMEM   500 ml   DMEM   500 ml 

hiFCS    50 ml   hiFCS    50 ml 

L-cell supernatant  75 ml   Penicillin-Streptomycin 5 ml 

Penicillin-Streptomycin 5 ml   Antibiotic-Antimycotic 5 ml 

Antibiotic-Antimycotic 5 ml   β-mercaptoethanol  317.5 µl 

β-mercaptoethanol  317.5 µl 

To isolate BMDMs, mice were sacrificed, legs were cut and bones were separated from the 

flesh. Bone marrow from femurs, tibiae and humeri was extracted by flushing the bones using 

a syringe containing BMDM culture medium. The bone marrow cells were centrifuged at 1100 
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rpm for 5 minutes. Supernatant was aspirated, the cells were resuspended in 10 ml BM 

differentiation medium and plated on to 145 mm uncoated Petri dishes containing 20 ml BM 

differentiation medium. Cells were incubated at 37°C and 5% CO2 for 6-7 days. On day 3 during 

differentiation, 10 ml fresh BM differentiation medium was added. Once the cells were 

differentiated into macrophages, they were washed with sterile PBS and detached using 

Accutase cell detachment solution (5 ml) by incubating the cells with it for 5 minutes. To 

neutralize the Accutase enzyme activity, BMDM culture medium (5 ml) was added. The 

detached macrophages were then centrifuged at 1100 rpm for 5 minutes, resuspended into fresh 

BMDM culture medium and required cell numbers were plated by counting the cells using 

Neubauer cell counting chamber. 

3.2.2 Macrophage stimulation 

BMDMs were plated on to 96-well plates at a density of 1x105 cells per well containing 200 µl 

BMDM culture medium. Once the BMDMs were attached to the plates, medium was changed 

to OptiMEM and cells were either not primed or primed with various TLR ligands like 

Pam3CSK4, loxoribine and Sa19 for 16 hours. After priming, BMDMs were either transfected 

with LPS or other TLR ligands for 5 hours or Nigericin (1 hour). Supernatants were collected. 

To the cells, ice-cold lysis buffer was added. Supernatants and lysates were stored at -20°C 

until further analyses. 

Transfections were performed according to company’s instructions. The transfection reagents 

and their amounts used for transfecting various TLR ligands in 96-well plates containing 200 

µl medium are: 

FuGene (FuG): 0.15 % (v/v)  

LyoVec (LV): 10 µl 

Lipofectamine 2000 (LF2000): 1 µl 

Cholera Toxin B (CTB): 10 µg/ml 

The TLR ligands in combination with any of the above mentioned transfection reagents was 

incubated at room temperature (RT) for 15-30 minutes and thereafter, cells were transfected.  
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3.2.3 Culture of cell lines: 

3.2.3.1 L-cells 

L-cell culture medium     

RPMI    500 ml    

hiFCS    50 ml 

Penicillin-Streptomycin 5 ml    

Antibiotic-Antimycotic 5 ml    

β-mercaptoethanol  317.5 µl 

L-cells are adherent mouse fibroblast cell line. L-cells are cultured in L-cell culture medium for 

1 week and their supernatants containing granulocyte macrophage-colony stimulating factor 

(GM-CSF) are collected, sterile filtered and stored at -20°C. The L-cell supernatant is called L-

cell conditioned medium which issued for the differentiation of bone marrow cells into 

macrophages. 

L-cells were split into further passages by washing once with sterile PBS and detaching the 

cells using trypsin-EDTA (5 ml).The enzyme activity of trypsin was neutralized using culture 

medium (5 ml). The detached cells were collected, centrifuged at 1100 rpm for 5 minutes and 

the cells were plated after resuspension of the cell pellet in fresh L-cell culture medium. 

3.2.3.2 HEK293 cells 

HEK cell culture medium     

DMEM   500 ml    

hiFCS    50 ml 

Penicillin-Streptomycin 5 ml    

Antibiotic-Antimycotic 5 ml    

Human embryonic kidney cells 293 (HEK293) are adherent cells cultured in monolayer and 

were used for overexpression of proteins. HEK cells were cultured in HEK cell culture medium 

and upon reaching 90 % confluence; they were split into further passages by washing once with 

sterile PBS and detaching the cells using trypsin-EDTA (5 ml). The enzyme activity of trypsin 
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was neutralized using culture medium (5 ml). The detached cells were collected, centrifuged at 

1100 rpm for 5 minutes and the cells were plated after resuspension of the cell pellet in fresh 

L-cell culture medium. 

3.2.4 Cryopreservation 

Cells are frozen in freeze medium containing hiFCS with DMSO (10 %) and stored for long-

term at -80 °C. 

3.2.5 Lentiviral transduction of BMDMs 

One day before transfection of the lentiviral plasmids, HEK cells were split at a density of 8x106 

cells per 100 mm culture dishes and bone marrow cells were isolated from mice. On the day of 

transfection, lentiviral vector FUGW-IL-1β together with the packaging vectors VSVG and 

Delta 8.91 as a mass ratio of 5:3:4 were mixed in OptiMEM and the total plasmids used for one 

100 mm dish was 36 μg. PEI transfection reagent (108 μl) was added to the plasmid mix and 

incubated at room temperature for 20 minutes. Then, the transfection mixture was added onto 

the HEK cells. Medium was changed after 4 hours of HEK cell transfection and the cells were 

incubated 48 hours for the production of lentiviral particles. The lentivirus-containing HEK cell 

supernatant was filtered through 0.45 μm filter to remove cell debris after which the 

differentiating BMDMs were infected with the viral SN. Along with the viral supernatant, the 

differentiating BMDMs receive fresh L-cell- containing medium and polybrene to increase the 

transduction efficiency. Next day, medium has been changed and the BMDMs have been 

incubated for another 24 hours at 37 °C after which the differentiated BMDMs have to be re-

plated for stimulation. 

3.3 Immunology 

3.3.1 Enzyme-linked immunosorbent assay (ELISA) 

ELISA (colorimetric method) was performed to measure cytokine concentration in lysates and 

supernatants of cell culture samples. ELISA plates were coated with capture antibody (diluted 

in PBS) and incubated overnight on a shaker at RT. On the following day, plates were washed 

with PBT (3x 300 µl/well) and blocked with blocking buffer (150 µl/well) for 1 hour on a shaker 

at RT. Plates were washed with PBT (3x). Standard recombinant antibody was applied in 

triplets with concentrations (5, 2.5, 1.3, 0.6, 0.15, 0.07 ng), reagent diluent (RD) was used as 

blank and samples were applied either undiluted or diluted in RD. Standard and samples were 

incubated for 1.5 hours on a shaker (60 rpm) at 37°C. Plates were washed again with PBT (3x), 

detection antibody (diluted in RD) was applied and shaken for 1.5 hours at 37°C. Washing of 
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the plates with PBT (3x) and application of streptavidin-HP (diluted in RD). After application 

of HP, plates were shaken in dark at 37°C for 20 minutes. Plates were washed and TMB 

substrate (mixed substrate A and substrate B in 1:1 ratio) was added for the standard and 

samples to be developed (samples turn blue color) in dark. The color development was stopped 

(blue color turns yellow) using H2SO4. The plates were measured in ELISA microplate reader 

at 450 nm. The total volume used throughout the protocol was 50 µl/well except for the stop 

solution (25 µl/well). 

3.3.2 Western Blot 

3.3.2.1 Lysate preparation 

The medium from the treated cells was aspirated and the plates were washed twice with PBS 

to remove all the dead cells and the traces of medium. To lyse the cells, 100 µl of ice-cold lysis 

buffer was added drop-wise on to each plate and the plates were scraped evenly all over with a 

scraper. Once the scraping was done, the lysates were collected into 1.5 ml eppendorf tubes. 

The tubes containing lysates were vortexed for 15-20 minutes and centrifuged at 13000rpm for 

10 minutes at 4°C. After centrifugation, the supernatants were collected into new tubes and 

stored at -20 °C. 

3.3.2.2 BCA (bicinchoninic acid) protein estimation 

To measure protein concentration in the lysates, the lysate samples were diluted in a ratio of 

1:5 (2 µl lysate + 8 µl H2O). BSA (2 mg/ml) was serially diluted (2, 1, 0.5, 0.25, 0.125 mg/ml) 

to prepare a standard curve for the protein estimation. In a 96-well plate, the standards were 

pipetted in triplicates and the samples were pipetted in duplicates (10 µl/well). BCA protein 

estimation solution was prepared by mixing Reagent A and Reagent B in a ratio of 50:1. This 

mixture was mixed thoroughly and 200 µl of it was dispensed into each well using multi-pipette. 

The plate was then incubated at 37 °C for 30 minutes. After 30 minutes, the absorbance was 

measured at 562 nm and protein concentrations were determined. Sample denaturing buffer 

(1X) was then added to the lysates and denatured by placing the tubes on a heating block at 95 

°C for 5 minutes. 

3.3.2.3 SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel 

electrophoresis) 

To separate the proteins according to their size, SDS-PAGE has been performed. Gels (12%) 

were prepared according to the protocol mentioned below: 
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Resolving Gel (12%) (For 3 gels)    Stacking Gel (For 3 gels) 

Acrylamide   6 ml     0.99 ml 

TrisHCl (pH 8.8)  3.75 ml  (pH 6.8) 0.45 ml 

10 % SDS   150 µl     300 µl 

H2O    4.95 ml    5.85 ml 

TEMED   7.5 µl     7.5 µl 

APS    75 µl     37.5 µl 

The resolving gel was pipetted in between the glass plates of the gel preparation apparatus; 

isopropanol was poured on top of the gel for an even formation of the resolving gel and left for 

30 minutes for the solidification. In this mean time, stacking gel was prepared; once the 

resolving gel was solidified, isopropanol was removed and stacking gel was pipetted slowly 

onto the resolving gel; 10-well combs or 15-well combs were placed on to the gel and allowed 

it for solidification. 

When the gels were ready, they were placed in the gel running apparatus and SDS running 

buffer was added to the apparatus. Gently the combs were removed and gels were loaded with 

equal concentration of the samples. Protein marker was loaded as well. The gels were run at 80 

V for 30 minutes and at a later point when the marker band starts to resolve, the volts were 

increased to 100 V. The gels were allowed to resolve appropriately for desired proteins of 

interest. 

3.3.2.4 Blotting 

The separated proteins were then transferred on to nitrocellulose membrane using western blot 

apparatus. For this, the nitrocellulose membrane was cut according to the dimensions of the gel 

and retained in transfer buffer. Similarly, Whatman blotting paper (which was cut according to 

the dimensions of the gel) was soaked in the transfer buffer. Meanwhile, the gel was carefully 

separated and removed from the glass plates and placed in the transfer buffer. Now the 

membranes and the blotting papers were arranged in layers on the blotting cassette in the 

following order on the black frame (negative electrode): foam >Whatman blotting paper (2x) > 

gel (with marker bands on the right-hand side) > nitrocellulose membrane >Whatman blotting 

paper (2x) > foam (closed with the red frame (positive electrode). 
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In every step, it was checked to make sure that there were no air bubbles in between the layers. 

The cassette was then placed into the transfer apparatus and connected to the electric power 

supply. The blot was transferred at 100 V for 60 minutes. 

After the transfer, the membrane was stained with Ponceau to detect the protein bands. 

Thereafter, the stain was washed off using H2O. If necessary, the membrane was then incubated 

in pre-enhancer solution for 10 minutes and washed with H2O (5x). The blotted membrane was 

blocked in blocking buffer (5% milk in PBT) for 1 hour at room temperature. Then, the 

membrane was treated with primary antibody (which was diluted either in the primary antibody 

enhancer solution, if pre-enhancer solution was used or blocking buffer) and incubated at 4 oC 

overnight. Next day, the membrane was washed thrice at intervals of 15 minutes with PBT, on 

a shaker, after which the membrane was treated with a secondary antibody suitable against the 

source of primary antibody (which is also diluted in the blocking buffer) at room temperature 

for 1 hour and the membrane was subjected to washing with PBT thrice at 15 minute intervals 

on a shaker.  

After washing, the membrane was transferred onto a thin opened polythene foil. Buffers A and 

B (of chemiluminiscent substrates: Clarity Western ECL Substrate; Femto; Luminol Reagent 

were used according to the antibody that was being examined) were mixed in 1:1 ratio and 

added on to the membrane in a drop wise manner until it covered the membrane completely. 

The blot was developed using chemiluminescence imaging system FUSION. 

3.3.3 Immunofluorescence 

BMDMs were cultured on 8-well culture slide. Once the cells were challenged with fluorescent 

labeled stimuli, they were incubated at 37 °C for the appropriate experimental time periods.  

After the stimulation time point, the cells were washed thrice with PBS. Then, the cells were 

fixed by adding 4% paraformaldehyde and incubated for 15 minutes at room temperature. Cells 

were washed thrice with PBS for 15 minutes with a time interval of 5 minutes. After fixation, 

the slide was separated from the chambers. The cells were then incubated with DAPI plus 

mounting medium for a minute and covered with a cover slip without any air bubbles. The 

cover slip was sealed with nail polish to prevent the leakage and drying of the slide. The slides 

were then observed under the fluorescent microscope.  
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3.4 Molecular Biology 

3.4.1 Sub-cloning of mouse IL-1β into lentiviral vector pFUGW-2*flag 

3.4.1.1 Polymerase chain reaction (PCR) 

IL-1β PCR amplification (per reaction) 

IL-1β (25 ng)    6.8 µl (1:10) 

dNTPs (0.4 mM)   1 µl 

H2O     8.7 µl 

Forward Primer (0.5 µM)  1.25 µl (1:10) 

Reverse Primer (0.5 µM)  1.25 µl (1:10) 

Phusion 5X HF buffer  5 µl 

Phusion HF DNA Polymerase 1 µl 

Total volume    25 µl 

PCR program 

Initial denaturation   98°C  30 sec 

Annealing    98°C  5 sec 

     62°C  20 sec  25 cycles 

     72°C  20 sec 

Final extension   72°C  2 min 

Hold     4°C  ∞ 

3.4.1.2 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed using 1% agarose prepared in TAE buffer. It is used 

to separate the DNA fragments according to their size. SYBR®Safe was added to the 1% 

agarose solution to stain the DNA. Once the gel gets solidified, 5x sample buffer was added to 

the DNA samples and loaded on to the gel. To determine the DNA fragment size, 1 kb DNA 
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ladder (5 µl) was added to one of the wells in the gel. For DNA separation, gel was run at 100 

V. DNA bands were visualized using UV-gel documentation system. 

3.4.1.3 Restriction digestion (RD) 

RD of insert mouse IL-1β (from pRK7-IL-1β) 

IL-1β (1 µg)   5.3 µl 

10X Cut Smart buffer  (1X) 5 µl 

H2O    37.7 µl 

NheI-HF   1 µl 

SbfI-HF   1 µl 

Total volume   50 µl 

The above mixture was incubated at 37 °C for 1 hour. The enzymes were inactivated by 

incubating the mixture at 80 °C for 20 minutes after which Fast AP (1 µl) was added and 

incubated at 37 °C for 10 minutes. Fast AP (alkaline phosphatase) is the enzyme that 

dephosphorylates the ends of the vector to avoid vector re-annealing. To stop the reaction of 

Fast AP, the mixture is again incubated at 80°C for 5 minutes. 

RD of vector pFUGW (from pFUGW-2*flag-mPAI1) 

pFUGW (1 µg)  6.4 µl (1:10) 

10X Cut Smart buffer  (1X) 5 µl 

H2O    36.6 µl 

NheI-HF   1 µl 

SbfI-HF   1 µl 

Total volume   50 µl 

The above mixture was incubated at 37 °C for 1 hour. The enzymes were inactivated by 

incubating the mixture at 80 °C for 20 minutes. 

3.4.1.4 Ligation 

The following molar ratios were used for ligating the insert (I) into the vector (V): 
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V:I ratio 

 

Vector 

 

Insert 

2X Rapid 

Ligase 

Buffer 

 

H2O 

T4 

DNA Ligase 

(Promega) 

1:5 1.3 µl 1.8 µl 5 µl 1.4 µl 0.5 µl 

1:4 1.3 µl 1.5 µl 5 µl 1.7 µl 0.5 µl 

1:3 1.3 µl 1.1 µl 5 µl 2.1 µl 0.5 µl 

1:2 1.3 µl 0.7 µl 5 µl 2.5 µl 0.5 µl 

1:1 1.3 µl 4 µl (1:10) 5 µl - 0.5 µl 

 

The above respective ratio components were gently mixed by pipetting up and down. They 

were incubated at RT for 3 hours. The enzyme was then heat inactivated at 70 °C for 10 minutes. 

The ligation mixture was chilled on ice to proceed further with the transformation procedure. 

3.4.1.5 Transformation of bacteria 

The ligated mixture (2 µl) was incubated with TOP10 Competent Cells (50 µl) on ice for 30 

minutes. The mixture was then subjected to heat shock at 42 °C for 30 seconds and immediately 

placed on ice for 5 minutes. Then, 250 µl SOC medium was added to the ligation mixture and 

incubated on a shaker (250 rpm) at 37 °C for 1 hour. These transformed cells were plated onto 

the LB agar plates containing ampicillin resistance and incubated overnight at 37 °C. 

3.4.2 Genotyping 

Tails of wild-type (C57BL/6J), Tlr2/4-/-and 129S2/SvPasCrl (Casp11mt/mt) mice (approximately 

0.25 cm) were cut with scissors and collected into Eppendorf tubes. Tail lysis buffer (500 µl) 

containing proteinase K (20 µg/ml) was added to each tube containing the tail sample and was 

shaken (1100 rpm) overnight at 55 °C. 

Tail lysis buffer     

100 mM Tris-HCl (pH 8.5)  6.055 g    

5 mM EDTA (pH 8)   0.7305 g 

0.2 % SDS    1 ml 

200 mM NaCl    5.844 g   

H2O    ad 500 ml 
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On the following day, tail samples were centrifuged at 4 °C and 13000 rpm for 10 minutes. 

Supernatants were collected into new tubes and 500 µl isopropanol (100 %) was added to each 

tube followed by centrifugation at 4 °C and 13000 rpm for 10 minutes. Supernatant was 

discarded and the pellet was air-dried. Pellet was resuspended in H2O (100 µl), vortexed and 

stored at 4 °C to proceed further with the PCR and restriction digestion steps. 

DNA PCR amplification (per reaction) 

Template DNA      1 µl  

dNTPs + GoTaq Green reaction buffer (master mix) 22 µl 

Caspase-11 Forward Primer     1 µl 

Caspase-11 Reverse Primer     1 µl 

DNA Taq Polymerase     0.1 µl 

Total volume       25 µl 

PCR program 

Initial denaturation   95°C  2 min 

Annealing    95°C  30 sec 

     55°C  30 sec  35 cycles 

     72°C  30 sec 

Final extension   72°C  5 min 

Hold     4°C  ∞ 

RD of the PCR product 

PCR product   5 µl 

10X Cut Smart buffer  (1X) 2 µl 

H2O    12 µl 

BfuCI    1 µl 

Total volume   20 µl 
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The above mixture was incubated at 37°C for 15 minutes. Agarose gel electrophoresis was 

performed to detect the DNA. 

3.5 Statistical analysis 

Results were analyzed from at least two biological replicates (n = 2), unless indicated otherwise. 

The graphs show mean ± standard deviation (SD) of triplicate data points of one out of at least 

two/thee independent experiments. The level of significance was calculated using the two-way 

analysis of variance (ANOVA), with p-values indicated as "*" (p<0.05), “**” (p<0.01), “***” 

(p<0.001), “****” (p<0.0001), or “ns” (p>0.05). 
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4 Results 

4.1 TLR involvement in LPS-driven non-canonical inflammasome activation 

Hosts evolved PRRs with specificity towards P/DAMPs, presence of which (for instance, in the 

blood stream) is indicative of disruption of regular homeostasis such as upon infection or 

trauma. First line immune cells expressing PRRs such as TLRs signal the presence of specific 

P/DAMP to most of the host cells by producing cytokines such as TNF and IL-1β, receptors for 

which are expressed ubiquitously throughout the host organism. However, cytokine release 

holds the potential to elicit collateral damage upon hyperactivation of the immune system. 

Production of specific IL-1 members, the most prominent of which is IL-1β, is not sufficient to 

render them immunologically active in that they merely accumulate in the cytoplasm of the 

respective P/DAMP-activated cell. Only upon receipt of a second signal in the cytoplasm that 

triggers formation of a cytoplasmic protein complex, the resident pro-IL-1β is processed 

towards its cellular release in order to gain biological activity. Lipopeptide priming and 

subsequent LPS transfection-driven inflammasome activation did not lead to implication of 

TLRs in inflammasome activation because Tlr4-/- cells were unimpaired while caspase-11-/- 

cells were refractory and also non-transfected LPS elicited fatal pathology in poly I:C-primed 

Tlr4-/- mice while caspase-11-/- mice were resistant (Hagar, Powell et al. 2013; Kayagaki, Wong 

et al. 2013). LPS, but not other TLR ligands (such as TLR2 agonistic lipopeptides) bound 

caspase-11 which resulted in establishment of the LPS-specific non-canonical inflammasome 

concept. 

Our perspective descends from an observation made upon application of a “priming→LPS 

shock” model in which a propensity of LPS to trigger fatal pathology also in Tlr4-/- mice is 

achieved. Like in the shock model that established the non-canonical inflammasome which 

involves 6 hours of poly I:C (of the HMW kind rather than LMW derivative as published in 

(Kayagaki, Wong et al. 2013)) -priming, we previously applied IFNγ systemically for 45 

minutes upon which LPS was applied together with D-galactosamine (D-GalN) to achieve 

human-like LPS sensitivity which is otherwise 100-1000-fold lower in mice (Werts, Tapping 

et al. 2001).  While leptospiral LPS was TLR2 specific, a highly pure “classical” endobacterial 

LPS turns out to activate both, TLR4 and TLR2 (Werts, Tapping et al. 2001; Spiller, Dreher et 

al. 2007). Accordingly, Tlr2/4-/- mice were resistant to LPS applied according to this kind of 

shock model protocol, implicating TLR2 as LPS sensor besides TLR4. Several questions 

aroused, answering of which might support further understanding of inflammasome function in 

general and LPS-specific non-canonical inflammasome function specifically. The initial 
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question which we set out to answer was for the phenotype of Tlr2/4-/- mice challenged 

according to the LPS-specific non-canonical inflammasome shock model.  

4.1.1 Survival of Tlr2/4-/- alike caspase-11-/- mice in experimental LPS-specific non-

canonical inflammasome shock model 

Asking whether principal differences between IFNγ priming/D-GalN application and poly I:C-

driven priming exist, we applied both models side by side. Accordingly, wt, Tlr4-/-, and Tlr2/4-

/- mice were sensitized by HMW poly I:C (TLR3 ligand) administration. Six hours later LPS 

was applied at a high dose. In contrast to treated wt and Tlr4-/- mice succumbing to shock 

pathology, Tlr2/4-/-counterparts were as resistant as (Figure 5A) caspase11-/- mice have been 

(Hagar, Powell et al. 2013; Kayagaki, Wong et al. 2013).  

Severe sepsis leads to multi-organ failure, liver being one of the affected organs. The liver is 

an important organ in clearing bacterial toxins and cytokines. However, the compromised liver, 

due to accumulation of inflammatory molecules might contribute to sepsis pathology (Yan and 

Li 2014). Patients suffering from liver diseases (e.g. Cirrhosis) even before the onset of sepsis, 

are prone to higher risk of morbidity and mortality (Foreman, Mannino et al. 2003; Wong, 

Bernardi et al. 2005). To mimic such a condition, another systemic model of sepsis pathology 

was utilized according to which mice (wt, Tlr4-/-, and Tlr2/4-/-) were not merely IFNγ-primed, 

but also confronted with D-GalN which induces hepatic injury (Gao, Yu et al. 2018) and thus 

circulatory accumulation of TNF (Lehmann, Freudenberg et al. 1987). Results (Figure 5B) of 

this treatment were similar to those in Figure 5A, showing a survival of Tlr2/4-/- mice even 

under injured liver like conditions. 
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Figure 5: TLR4- and TLR2-dependent fatal LPS shock upon different primings. Kaplan-Meier survival plots 

for mice sensitized with 6.6 µg/kg HMW poly I:C (i.p.) 6 h upon which 50 mg/kg LPS (i.p.) was applied (A), and 

for mice sensitized by 50 ng/kg IFNγ (i.v.) injection 45 mins upon which 0.8 mg/kg D-GalN and 5 µg/kg LPS 

(i.p.) were administered (B). 
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4.1.2 Induction of non-constitutively-expressed inflammasome component expression 

Canonical inflammasome components include NLRs such as NLRP3 as well as ASC, and pro-

caspase-1. The non-canonical inflammasome additionally recruits caspase-11. Resting 

macrophages express no NLRP3 or merely low levels of it and neither pro-IL-1β nor caspase-

11. TLR activation results in upregulation of expression of these components. IFNγ and TNFα 

also trigger caspase-11 and NLRP3 protein expression (Schauvliege, Vanrobaeys et al. 2002; 

Bauernfeind, Horvath et al. 2009; Shenoy, Wellington et al. 2012; Meunier, Dick et al. 2014; 

Pilla, Hagar et al. 2014).  

Starting an assessment of inflammasome signaling in vitro, BMDMs from wt, Tlr2-/-, Tlr4-/-, 

and Tlr2/4-/- mice were challenged with specific TLR ligands LPS, P3C as well as TLR2/4-

independent loxoribine, Sa19, and poly I:C for 6 hours to prime the cells. While caspase-11 and 

NLRP3 expressions were induced upon priming, ASC and pro-caspase-1 were constitutively 

present (Figure 6).  

 

Figure 6: Induction of inflammasome component caspase-11 and NLRP3 expression upon TLR challenge. 

Immunoblots of lysates from wt, Tlr2-/-, Tlr4-/-, and Tlr2/4-/- BMDMs primed with specific TLR ligands for 6 h. 

Blots indicate expression of caspase-11 and NLRP3, whereas ASC, pro-caspase-1, and α-actinin are shown as 

constitutively expressed controls. -, unstimulated; P3C, tripalmitoylated lipopeptide; pI:C, poly I:C;   loxo, 

loxoribine; casp, caspase. 
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4.1.3 Transfected LPS-driven IL-1β release from primed BMDMs depends on 

expression of at least either partners of the TLR2/4 pair 

CTB is a non-enzymatic component of cholera toxin from Gram-negative Vibrio cholera, which 

was initially shown to trigger caspase-11-dependent IL-1β release upon LPS priming 

(Kayagaki, Warming et al. 2011). CTB promotes LPS uptake by the cells upon binding to GM1 

ganglioside on the cell surface. This way intracellularly located LPS then triggers IL-1βrelease 

(Kayagaki, Wong et al. 2013). 

It is not clear whether systemically applied LPS undergoes transfection like enforced cellular 

uptake. However, to evaluate our in vivo evidence in vitro, wt and Tlr2/4-/- BMDMs were 

primed with P3C or loxoribine for 16 hours followed by LPS transfection either with FuGene 

(FuG) (Figure 7A) or with cholera toxin B (CTB) (Figure 7B) for 5 hours. IL-1β accumulation 

and release were measured by analysis of cell lysates and supernatants, respectively. 

Accumulation of IL-1β in cell lysates indicates comparability of IL-1β-inducing capacity of the 

first challenge. However, LPS applied as a second challenge contributes to accumulation in 

normal LPS challenge-responsive cells such as wt, which needs to be considered for subsequent 

result interpretation. BMDMs of wt and Tlr2/4-/- genotypes were “canonically” primed with 

Pam3CSK4 (P3C), which was comprehensively ineffective in respect to induction of 

intracellular IL-1β production by cells of the later genotype. In contrast, loxoribine (loxo) was 

non-selective in this regard. Often, however, second challenge LPS transfection applied to 

trigger IL-1β release collaterally increased also intracellular accumulation of the cytokine in 

the wt cells. This extra induction biased the starting position and rendered interpretation of 

cellular releases difficult. For instance, the significant difference in IL-1β release capacity of 

wt as compared to Tlr2/4-/- BMDMs upon RE595 LPS transfection is put into relation by an 

analogous difference in respect to intracellular accumulation. In contrast, the part of the 

experiment in which CTB was applied as transfection reagent, the result yielded is substantially 

more informative. Since loxo-primed cells of both genotypes accumulated similar amount of 

intracellular IL-1β regardless of whether they were LPS transfected or not. The amount of IL-

1β by LPS transfected Tlr2/4-/- BMDMs was indistinguishable from that of merely CTB 

challenge controls. In sharp contrast, wt BMDMs carrying almost the same amount of pro-IL-

1β as compared to Tlr2/4-/- counterparts – released a substantial amount of IL-1β exclusively if 

they were transfected with LPS, whether it was an O111:B4 or RE595 kind. This result 

attributes a substantial role to TLR2 in LPS transfection-driven inflammasome activation.  
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Using the two LPS species named above, side by side as surrogate of both smooth and rough 

LPS, we often applied them also without transfection reagent. Figure 7C represents respective 

result according to which is displayed an IL-1β release-triggering capacity even in the absence 

of a transfection reagent. Again, however, interpretation of the respective Tlr2/4-/- data is 

hampered by a weaker intracellular accumulation of IL-1β. Regardless, the capacity of RE595 

to induce IL-1β release from P3C- or loxo-primed wt BMDM remains unaffected by such 

consideration.  
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Figure 7: Transfected LPS-driven IL-1β release depended upon TLR2 and -4 expression. Wt and Tlr2/4-/- 

BMDMs were either left unprimed or primed with P3C or loxoribine (loxo) for 16 h, followed by LPS O111:B4 

or RE595 transfection with FuGene (FuG) (A), or cholera toxin B (CTB) (B) for 5 h. (C) Upon priming, respective 

BMDMs were challenged with LPS RE595 (5 h) only or nigericin (1 h). Cell lysates and supernatants were 
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analyzed for IL-1β accumulation and release respectively by ELISA. chall., challenge; RE, LPS RE595; P3C, 

tripalmitoylated lipopeptide; Nig., nigericin; SN, cell culture supernatant; n.d., not detectable. Graphs show mean 

± SD; n= 3; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; ns, p>0.05. 

Consequently, we applied single knockout side by side with Tlr2/4-/- BMDM in an experiment 

in which cells were also loxo-primed.  Again, intracellular IL-1β accumulation was similar 

throughout BMDMs of all four genotypes (Figure 8, upper panel). CTB-transfected LPS-

driven IL-1β release, in contrast, was insignificantly lower in respect to Tlr2-/- as compared to 

wt BMDMs. This effect was stronger in respect to Tlr4-/- genotype, yet still insignificant. Only 

Tlr2/4-/- BMDMs did not release more IL-1β upon LPS transfection as compared to challenge 

with CTB only. This result keeps up with a concept according to which caspase-1 and -11 as 

components of the non-canonical NLRP3 inflammasome do receive an activating signal via 

TLR2 and -4 rather than directly by cytosolic LPS binding.  

Nigericin, a canonical inflammasome activator has been used as a positive control throughout 

our experiments. It is a microbial pore-forming toxin that acts as a potassium ionophore 

inducing K+ efflux. The resulting low intracellular K+ concentration activates NLRP3 and 

triggers IL-1β release (Mariathasan, Newton et al. 2004). Nigericin triggered IL-1β release upon 

priming in both the genotypes (Figure 5C), with even a higher release observed in Tlr2/4-/-

BMDMs. 
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Figure 8: Transfected LPS-driven IL-1β release is majorly dependent on TLR4, yet also involves TLR2. Wt, 

Tlr2-/-, Tlr4-/-, and Tlr2/4-/- BMDMs were left unprimed or were primed with loxo for 16 h followed by LPS 

O111:B4 transfection with CTB for 5 h or nigericin (1 h). chall., challenge; Nig., nigericin; CTB, cholera toxin B; 

loxo, loxoribine; SN, cell culture supernatant; n.d., not detectable. Graphs show mean ± SD; n= 3; **, p<0.01; 

****, p<0.0001; ns, p>0.05. 
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TLR2/4 dependence in transfected LPS recognition has been clearly observed where CTB was 

used as a transfection reagent. The significant decrease in IL-1β release from wt towards Tlr4-

/- shows major dependency of intracellular LPS on endosomal TLR4 for its recognition. 

4.1.4 Short-chain LPS RE595 translocates into the cell by itself and drives IL-1β release 

through endosomal TLR2 and -4 

According to Figure 7C, LPS RE595 alone triggers the non-canonical inflammasome. We 

consider that LPS RE595 as a short-chain rough LPS traverses the cell membrane passively and 

reaches the endosome without the need for transfection in vitro which would also accord with 

a passive uptake of LPS RE595 by monocytes and endothelial cells without TLR4 involvement 

(Dunzendorfer, Lee et al. 2004). To detect the translocation of LPS RE595 into the cells, 

fluorescence microscopy was performed using wt BMDMs challenged with Alexa Fluor® 488-

labeled RE595 from S.minnesota for 5 hours.  
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Figure 9: LPS RE595 translocates into cytoplasmic foci possibly representing endosomes of mouse 

macrophages in the absence of transfection reagent. (A) Fluorescence microscope images of wt BMDMs 

challenged (left; 5 h) or transfected (right; 5 h) with LPS RE595 using FuGene; (B) Wt, Tlr2-/-, Tlr4-/-, and Tlr2/4-

/- BMDMs were left unprimed or primed with loxo or Sa19 for 16 h followed by challenge with LPS RE595 (5 h) 
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or nigericin (1 h). IL-1β content of lysates and supernatants (SN) was measured. LPS RE595-Alexafluor®488, 

green color; DAPI, blue color; chall., challenge; Nig., nigericin; RE, LPS RE595; loxo, loxoribine; n.d., not 

detectable. Graphs show mean ± SD; n= 3; **, p<0.01; ****, p<0.0001; ns, p>0.05. 

Fluorescence imaging (Figure 9A) showed an accumulation of LPS RE595 in both 

untransfected and transfected BMDMs appearing as sharp puncta similar to those displayed in 

the supplement of a major report (Kayagaki, Wong et al. 2013). From our perspective, 

deduction of an endosomal accumulation of transfected LPS is not farfetched. 

Similar to LPS O111:B4, we aimed to examine individual contribution of TLRs -2 and -4 in the 

recognition of intracellular LPS RE595. In addition to wt and Tlr2/4-/- shown in Figure 7C, 

Tlr2-/- and Tlr4-/- BMDMs have been primed with loxoribine or Sa19 for 16 hours, which 

resulted in induction of pro-IL-1β. To trigger IL-1β release, the BMDMs were challenged with 

LPS RE595. The results are significantly similar to those in which transfected LPS O111:B4 

was applied in that LPS RE595 is also shown to be majorly recognized by TLR4 to trigger IL-

1β release (Figure 9B). 

4.1.5 TLR4 antagonistic RS LPS is incapable of triggering IL-1β release 

According to the literature (Erridge, Bennett-Guerrero et al. 2002; Hemmi, Kaisho et al. 2002) 

all LPSs including long- and short-chain LPSs are being recognized through their endotoxic 

lipid A portion that is highly conserved. TLR4 antagonistic Rhodobacter sphaeroides (RS) LPS 

negatively regulates the inflammasome and inhibits IL-1β release. Accordingly, priming wt 

BMDMs with P3C followed by challenge with untransfected or transfected RS LPS failed to 

induce substantial IL-1β release (Figure 10). Additionally, synthetic monophosphoryl lipid A 

(MPLA) was used to trigger inflammasome activation. MPLA represents the minimal LPS 

moiety which activates TLR4 (Casella and Mitchell 2008) similar to lipid A, but lacks a 

phosphate group attached to one of its two glucosamine residues, which accounts for its reduced 

endotoxicity. P3C-primed wt BMDMs transfected with MPLA triggeredIL-1β release 

(Figure10) which is in accordance with the literature (Kayagaki, Wong et al. 2013). However, 

a contradictory study reported previously demonstrated the inability of MPLA to trigger IL-1β 

release in murine macrophages (Okemoto, Kawasaki et al. 2006). Another study confirmed the 

former finding and also reported poor activation of MyD88 signaling and normal TRIF 

signaling observed by low IL-6, but robust interferon-gamma induced protein 10 (IP-10), 

interferon beta (IFNβ), and monocyte chemoattractant protein 1 (MCP-1) release by MPLA 

stimulated BMDMs (Mata-Haro, Cekic et al. 2007). Thus, we assume contribution of priming 

stimulus in transfected MPLA-driven IL-1β release, which might be presumably possible 

through co-transfection of P3C by the LPS-transfection reagent complex. 
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Figure 10: TLR4 antagonistic Rhodobacter sphaeroides (RS) LPS is incapable of triggering IL-1β release. 

Wt BMDMs were primed without or with P3C (16 h) and thereafter, transfected either with LPS O111:B4, RS 

LPS, or synthetic monophosphoryl lipid A (MPLA) (5 h) and or nigericin (1 h). IL-1β was measured in lysates 

and supernatants (SN) n.d., not detectable. Graphs show mean ± SD; n= 1; *, p<0.05; ***, p<0.001; ns, p>0.05. 

4.1.6 Approach to analyze the suitability of mangabey as an experimental system to 

model TLR4-incompetent human inflammasome 

A comparative analysis of immune cells of a functional TLR4-deficient and a TLR4 competent 

human in order to evaluate assignment of a potential role to the molecule in non-canonical 

inflammasome activation also in human would be informative.  In this regard, a publication on 

an incompetence of the primate sooty mangabey Cercocebus atys to succumb to acquired 

immune deficiency syndrome (AIDS) upon human immunodeficiency virus (HIV) infection 

and mainly its inability to sense LPS which the authors trace back to a 3’-terminal mutation of 

Tlr4 caught my attention (Palesch, Bosinger et al. 2018). Unfortunately, C. atys housing by 

German zoos has been discontinued in the 80ies of the previous century. However, some zoos 

house now the white-naped mangabey C. lunulatus, which is a close relative of C. atys. Upon 

contacting the Duisburg zoo, two times blood samples of uninfected C. lunulatus individuals to 

undergo minor surgeries were provided to me by the local veterinaries. We first identified 

containment of the respectively described C. atys Tlr4 mutation in C. lunulatus by PCR analysis 

of blood-borne genomic DNA (not shown) upon which we comparatively cultured fresh C. 

lunulatus and own heparinized full-blood to challenge both with a set of specific TLR ligands 

with or w/o TLR2 blockade by applying mAb T2.5 to experimentally at least cell surfacially 

and potentially also endosomally (Spiller, Elson et al. 2008) “eliminate” TLR2 function on an 
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assumingly exclusiveTLR4-defective background. 5 h and 25 h later we sampled culture 

supernatants to analyze their content of specific cytokines. P3C-driven cytokine induction was 

effectively blocked with T2.5 (Figure 11A). According with the report on C. atys, LPS 

responsiveness of C. lunulatus blood was substantially lower as compared to the human 

counterpart (Figure 11B). However, this characteristic failed to be specific in that TLR7/8 and 

TLR2 responsiveness were strongly reduced at a similar level in mangabey as compared to own 

blood. The capacity of white-naped mangabey blood to generally produce larger amounts of 

other cytokines as compared to its human counterpart (not shown) indicated an appropriateness 

of the culture conditions and consequently high viability of the full blood-contained cells of 

both species. The non-specificity of the impaired TLR ligand responsiveness of mangabey as 

compared to human - which had been pinpointed exclusively for LPS previously (Palesch, 

Bosinger et al. 2018) – negated, however, suitability of mangabey as an experimental system 

to model TLR4-incompetent human inflammasome I take a bearing of. 
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Figure 11: IL-6 and TNF release from the blood of Cercocebus lunulatus and Homo sapiens challenged with 

TLR ligands. Whole blood from mangabey and a healthy person were challenged with specific TLR ligands for 

5 h w/o or with 1 h prior application of mAb T2.5 and 25 h respectively.IL-6 (A) and TNF (B) in the supernatant 

were measured. -, unchallenged; O111:B4, LPS; RE595, LPS; MPLA, monophosphoryl lipid A; RNA40, TLR7 

ligand; P3C, tripalmitoylated lipopeptide; n.d., not detectable. 

4.2 TLR ligand (non-LPS)-driven inflammasome activation 

Speculations about IL-1β release in Tlr2/4-/- BMDMs upon LPS transfection (as in Figure 7A) 

lead us to examine and confirm the trigger for such release to be transfection-driven 

translocation of priming stimulus. We concluded that besides LPS, other TLR ligands might be 

capable of triggering the inflammasome activation and thereby IL-1β release. 
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4.2.1 Effective translocation of RNA40, Sa19, and ODN1668 into the endosomes by 

transfected LPSs 

In order to visualize a potential translocation of typical priming stimuli into the endosome by 

LPS transfection, fluorescence microscopy was performed. Wt BMDMs were challenged with 

fluorescence-labeled TLR2/4-independent compounds Cy5-RNA40 (TLR7/8 ligand), Cy5-

Sa19 (TLR13 ligand), and Cy5-ODN1668 (TLR9 ligand) alone or together with transfection 

reagent or LPS alone, or transfected LPS. BMDMs were then incubated for 2 hours after which 

the cells were washed with PBS, fixed with 4% paraformaldehyde, which maintains the cell 

morphology by forming intercellular cross-links for subsequent detection, and mounted with 

DAPI-containing medium for visualization. As shown in Figure 12, all the three TLR ligands, 

namely RNA40, Sa19, and ODN1668, were efficiently transfected if LPS was added. 

Specifically, LPS O111:B4 maximally improved RNA40 and Sa19 transfection, whereas LPS 

RE595 did so in respect to ODN1668. 

 

Figure 12: LPS promotes transfection-driven nucleic acid segment translocation into BMDMs. Fluorescence 

microscope images of wt BMDMs that were challenged with RNA40, Sa19, and ODN1668 alone, in the presence 

of transfection reagent FuGene, with LPS O111:B4 and with transfected LPS O111:B4 or LPS RE595. w/o, 

without; trx., transfection; blue color, DAPI; red color, Cy5-RNA40/Cy5-Sa19/Cy5-ODN1668. 

4.2.2 Besides LPS, transfected P3C, loxo, Sa19, and poly I:C trigger IL-1β release 

Following our observations from fluorescence microscopic image analysis that showed 

effective translocation of TLR2/4-independent ligands into the cells, wt BMDMs were primed 
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with P3C or loxoribine (loxo) for 16 hours. As a secondary challenge, specific TLR ligands 

(P3C, loxo, Sa19, and polyI:C) were used instead of LPS.  

All secondary challenges were applied to the BMDMs either without or with different 

transfection reagents. Three different transfection reagents have been used to demonstrate 

potential differences between the transfection efficiencies of each transfection reagent towards 

specific ligands. These differences might explain the complications that we faced during our 

initial experiments with LPS which were overcome only by CTB application. All TLR ligands 

that were transfected with either of the transfection reagents triggered IL-1β release, whereas 

the untransfected did not. 
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Figure 13: Three different transfection reagent-mediated LPS and lipopeptide-driven BMDM activation 

towards IL-1β release. Wt BMDMs were primed w/o or with P3C or loxo (16 h) and thereafter, transfected either 

of the ligands LPS O111:B4, LPS RE595, or P3C with FuGene (FuG), LyoVec (LV), or Lipofectamine2000 

(LF2000) and Nig. (1 h) as a positive control. chall., challenge ; Nig., nigericin; P3C, tripalmitoylated lipopeptide. 

IL-1β was measured in cell lysates and supernatants. Graphs show mean ± SD; n= 3. 
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Figure 14: Specific transfection reagents mediate different endosomal TLR-ligand-driven IL-1β release. Wt 

BMDMs were primed w/o or with P3C or loxo (16 h) and thereafter, transfected with either of the ligands 

loxoribine (loxo), Sa19, or poly I:C with FuGene (FuG), LyoVec (LV), or Lipofectamine 2000 (LF2000) for 5 

handNig. (1 h) as a positive control. chall., challenge; Nig., nigericin; P3C, tripalmitoylated lipopeptide. IL-1β was 

measured in cell lysates and supernatants. Graphs show mean ± SD; n= 3. 

4.2.3 Caspase-11 is dispensable for TLR2/4-independent transfected ligand-driven IL-

1β release 

In order to examine the role of caspase-11 in driving TLR2/4-independent ligand-driven IL-1β 

release, BMDMs from Sv129 mice which contain non-functional caspase-11 due to a 5-bp 

mutation in its splice acceptor region of exon 7 (Kayagaki, Warming et al. 2011) were used. 

The mutation in the caspase-11 gene was confirmed through genotyping Sv129 mouse. Tail 

DNA from wt, Tlr2/4-/-, and Sv129 mice were isolated and were subjected to PCR analysis. The 

PCR products were digested with restriction enzyme BfuCI. Undigested and digested DNA 

fragments were separated on agarose gel. Undigested DNA bands for caspase-11 in all the three 

genotypes appear at 456 bp, whereas upon digestion, caspase-11 from only the wt and Tlr2/4-/- 

mice were cleaved as shown through the two bands (331 and 125 bp). Caspase-11 from Sv129 

mouse was left uncleaved upon digestion. 
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Figure 15: PCR genotyping of Sv129 mice demonstrating the known mutation in caspase-11 gene. Wt, Tlr2/4-

/-, and Sv129 mice were genotyped using their tail DNA. PCR primers specific for caspase-11 were applied. Bands 

representing full-length caspase-11 (left). Digestion of caspase-11 into two fragments (331 bp and 125 bp) in lanes 

1 and 2 by the restriction enzyme BfuCI (right), but an intact 456 bp DNA fragment in lane 3 indicating the 5 bp 

mutation of caspase-11 in the exon 7 splice acceptor region of Sv129 mice. 

In addition to BMDMs from Sv129 mice, BMDMs from Asc-/- mice were used to look for the 

involvement of ASC adaptor molecule in triggering IL-1β release upon TLR2/4-independent 

ligand transfection. Wt, Asc-/-, and Sv129 BMDMs were primed overnight with P3C and then 

transfected either with loxo, Sa19, or poly I:C using LF2000 for 5 hours (Figure 16) and with 

either of the transfected LPSs as negative controls for Asc-/- and Sv129. IL-1β accumulation in 

the cell lysates is equal in all three genotypes. TLR2/4-independent ligand-triggered IL-1β 

release seems to significantly depend on ASC, but not on caspase-11 as observed through the 

substantial release driven in Sv129 BMDMs similar to that of wt. 
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Figure 16: Caspase-11 is dispensable for TLR2/4-independent ligand (loxo, Sa19, and poly I:C)-driven IL-

1β release. Wt, Asc-/-, and Sv129 BMDMs were left unprimed or primed with P3C (16 h) and transfected either 
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with loxoribine (loxo), Sa19, poly I:C (pI:C) or LPS (5 h) using Lipofectamine 2000 (LF2000) while, nigericin 

was used as a control. (Sigma), poly I:C purchased from Sigma; HMW, high molecular weight; LMW, low 

molecular weight; -, unchallenged; chall.,challenge; n.d., not detectable. Graphs show mean ± SD; n= 2; **, 

p<0.01; ***, p<0.001; ****, p<0.0001. 

4.2.4 Poly I:C-driven IL-1β release is TLR3-independent 

TLR3 recognizes viral dsRNA, a synthetic analog of which is poly I:C. Additionally, 

cytoplasmic receptors, namely RIG-I and MDA5 also recognize viral and synthetic RNA. RNA 

recognition by RIG-I and MDA5 differ depending on the length of RNA ligands wherein the 

former recognizes low molecular weight (LMW) dsRNA (≤ 1 kb) and the latter a high 

molecular weight (HMW) dsRNA (> 2 kb) (Kato, Takeuchi et al. 2008; Pandey, Kawai et al. 

2014). Previous studies reported TLR3-independent recognition of intracellular poly I:C by 

RIG-I and MDA5 via recruitment of their common adaptor protein MAVS/IPS-1, signaling of 

which activates NLRP3 inflammasome via K+ efflux (Rajan, Warren et al. 2010; Franchi, 

Eigenbrod et al. 2014). However, according to our experimental conditions and supposing an 

ability of transfection reagent to localize a given compound into the endosomes rather than the 

cytoplasm, we further evaluated the role of TLR3 in binding transfected poly I:C using Tlr379-

/- BMDMs. Wt, Asc-/-, and Tlr379-/-BMDMs were primed overnight with Sa19 and then 

transfected with either poly I:C from Sigma, LMW poly I:C, or HMW poly I:C using FuGene 

for 5 hours (Figure 17). Our results confirmed no involvement of TLR3 in transfected poly I:C-

driven IL-1β release. 

IL
-1


 [
n
g

/m
l]

0

5

10

15 lysate

n
.d

. n
.d

. n
.d

.n
.d

.

wt

Asc-/-

Tlr379-/-

IL
-1


 [
n
g
/m

l]

-
FuG

LP
S
 tr

x.

(S
ig
m

a)
 tr

x.

LM
W

 tr
x.

H
M

W
 tr

x.
N
ig
. -

FuG

LP
S
 tr

x.

(S
ig
m

a)
 tr

x.

LM
W

 tr
x.

H
M

W
 tr

x.
N
ig
.

0.0
0.2
0.4
0.6
0.8
1.0
1.0
1.5
2.0
2.5
3.0

 Sa19

****

SN

1. chall.

2. chall.

pI:C pI:C

*****

n
.d

.n
.d

.n
.d

.n
.d

.n
.d

.n
.d

. n
.d

. n
.d

. n
.d

.

 

Figure 17: Poly I:C-driven IL-1β release is ASC-dependent, yet TLR3 independent. Wt, Asc-/-, and Tlr379-/- 

BMDMs were left unprimed or primed with Sa19 (16 h) and subsequently transfected with pI:C or LPS (5 h) or 
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challenged with nigericin (1 h). Lysates and supernatants were analyzed for IL-1β content. Sigma, poly I:C 

purchased from (Sigma), poly I:C purchased from Sigma; HMW, high molecular weight; LMW, low molecular 

weight; -, unstimulated; pI:C, poly I:C; LPS, O111:B4; chall., challenge; unchallenged, -; n.d., not detectable. 

Graphs show mean ± SD; n= 2; **, p<0.01; ***, p<0.001; ****, p<0.0001. 

4.3 Signaling mechanism between TLR2/4 and the inflammasomes 

In addition to recruitment of adaptor molecule MyD88, TLR2 and TLR4 have been shown to 

recruit TRIF for their signaling (Kagan, Su et al. 2008; Stack, Doyle et al. 2014). In this regard, 

TRIF and MyD88 being the adaptor molecules downstream of TLRs, we targeted MyD88-/- and 

Trif-/- knockout mice to look for the outcome when treated similar to the conditions in Figure 

5A& 5B. 

4.3.1 Survival of MyD88-/- but not Trif-/-mice in primed mice-LPS shock models 

Wt (same results as represented in Figure 5A&5B), MyD88-/-, and Trif-/-mice were sensitized 

with HMW poly I:C and thereafter injected with a high dose of LPS. Trif-/- mice succumbed to 

death similar to their wt counterparts within 24 hours, whereas MyD88-/- mice survived the 

challenge. Similar results were observed with both the knockout genotypes upon sensitizing 

with IFNγ plus D-GalN and subsequent injection of a lower dose of LPS. Results from both of 

the in vivo models suggest an involvement of MyD88 downstream of endosomal TLR2 and -4, 

and upstream of caspase-11. 
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Figure 18: TLR2/4-mediated LPS shock depends upon MyD88 but not TRIF. Kaplan-Meier survival plots for 

mice sensitized with 6.6 µg/kg HMW poly I:C (i.p.) and 6 h later challenged with 50 mg/kg LPS (i.p.) (A), or 

sensitized with 50 ng/kg IFNγ (i.v.) and 45 mins upon which 0.8 mg/kg D-GalN and 5 µg/kg LPS (i.p.) were 

applied (B). 
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4.3.2 Non-canonical inflammasome activation is TRIF-independent 

To evaluate our in vivo evidence about MyD88-dependence and TRIF-independence in LPS 

shock pathology in vitro, initially Trif-/- BMDMs were primed with LPS or loxo and 16 hours 

after which LPS was transfected. Priming with LPS served as a control for the TRIF knockout 

as there was no IL-1β production in them, as if LPS is majorly signaled through TRIF pathway 

for IL-1β production. The results indicated no significant difference in IL-1β release upon LPS 

transfection between both the genotypes. The knockout BMDMs were even more actively 

primed with loxo compared to their wt counterparts. 
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Figure 19: TLR2/4-driven caspase-11 activation/non-canonical inflammasome activation is TRIF 

independent. Wt and Trif-/- BMDMs were left unprimed or primed with LPS or loxoribine (loxo) for 16 h and 

transfected with LPS (5 h) or challenged with nigericin (1 h). IL-1β was measured in lysates and supernatants. 

chall., challenge; LPS, O111:B4; Nig., nigericin; n.d., not detectable. Graphs show mean ± SD; n= 2; *, p<0.01; 

****, p<0.0001; ns, p>0.05. 

For the MyD88-/- BMDMs, the only TLR priming stimulus that can be applied is poly I:C which 

triggers the TRIF pathway. However, due to difficulties in optimizing poly I:C as a priming 

stimulus and also to avoid priming stimulus-driven IL-1β release, we considered to use TLR-

independent priming for these knockouts which is described in the next section.  

4.4 Alternative strategy to overcome TLR priming stimulus-driven IL-1β release 

Besides TLR priming, we aimed to prime BMDMs from various genotypes by overexpressing 

pro-IL-1β in them through lentiviral transduction and additional stimulation with IFNγ to 

induce the inflammasome components (Schauvliege, Vanrobaeys et al. 2002; Stowe, Lee et al. 

2015; Man and Kanneganti 2016). Firstly, in order to have pro-IL-1β inserted into a lentiviral 
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vector, sub-cloning was performed using pFUGW-2*flag-mPAI1 where mPAI1 replaced with 

IL-1β. 

4.4.1 Sub-cloning of mouse IL-1β coding sequence into a lentiviral vector FUGW 

We received three lentiviral plasmids (pFUGW-2*flag-mPAI1, pFUGW-2*flag-mPAI2, and 

pFUGW-2*flag-ZS-Green) from Prof. Dr. Guangxun Meng. For sub-cloning, plasmid lentiviral 

vector named FUGW carrying mouse PAI1 along with twice the flag sequence which is called 

pFUGW-2*flag-mPAI1 was used. The plasmid was digested using the restriction enzymes 

NheI and SbfI which cut off its insert PAI1 and the vector was collected and purified as 

mentioned in the methods section. The empty vector with sticky ends was then available for 

ligation with a new insert. Traditional PCR cloning strategy was followed (Figure 20A). 

Accordingly, to attain the desired insert IL-1β, PCR was carried out using the plasmid pRK7-

IL-1β. For this PCR reaction, the primers were designed to contain certain sequence of the 

vector FUGW which also included the sequences of the restriction enzymes NheI and SbfI. The 

purified PCR product was then digested and insert IL-1β was ligated into FUGW vector 

containing two flag sequences. Competent E.coli bacteria were transformed with the ligated 

mixture and after overnight incubation at 37 °C, bacterial clones were collected. The DNA 

isolated from the mini preps of 24 clones were digested with NheI and SbfI which resulted in 

all the clones to be positive. As a control, digested FUGW-mPAI1 was applied and the 

respective bands of the DNA fragments can be seen in Figure 20B. 
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Figure 20: Cloning of IL-1β into lentiviral vector FUGW. (A) pFUGW-2*flag-mPAI1 vector map (left) and 

illustration of traditional PCR cloning strategy utilized to clone IL-β (right). (B) The clones 1-24 of FUGW-IL-1β 

and the control plasmid FUGW-PAI1 were digested with NheI-HF and SbfI-HF. All the clones were positive 

showing IL-1β insertion into the vector FUGW. 1 kb DNA ladder has been used to mark the sizes of the DNA 

fragments. 

After succeeding with sub-cloning IL-1β into the lentiviral vector, the plasmid was 

overexpressed in HEK293 cells for which the cells have been transfected with FUGW-2*flag-

IL-1β and FUGW-2*flag-PAI2 either using calcium phosphate or PEI transfection reagent. 

Lysate from these HEK cells were subjected to SDS-PAGE and Western blotting. 

Overexpressed IL-1β and PAI2 were detected using an antibody against flag protein (Figure 

21). Extracellular signal-regulated kinase (ERK) has been used as a loading control. This result 

confirmed the insertion of IL-1β into FUGW. 

 

Figure 21: Overexpression of IL-1β and PAI2 in HEK293 cells. Western blots of HEK293 cells that were 

transfected with lentiviral plasmids containing mouse IL-1β and mouse PAI2 using calcium phosphate or PEI 
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transfection reagent. Overexpressed IL-1β and PAI2 were detected using flag antibody. ERK has been used as a 

loading control. 

To overexpress IL-1β in mouse BMDMs, lentiviral transduction experiments have been 

performed according to the protocol mentioned in the methods section. The FUGW-2*flag-IL-

1β together with the lentiviral packaging plasmids VSVG and delta 8.91were transfected into 

HEK293 cells to produce the lentiviral particles carrying IL-1β. These lentiviral particles were 

then transduced into the differentiating macrophages (after the third day of bone marrow 

isolation). In a similar manner, lentiviral particles containing ZS-Green (green fluorescent 

protein from Zoanthus sp.) were produced and transduced into the differentiating macrophages 

in order to control the transduction efficiency. After 48 hours of infection with lentiviral 

particles, the BMDMs were analyzed for green fluorescence by FACS. Further, optimization 

has to be done to improve the transduction efficiency. By successfully doing so, these IL-1β-

overexpressing wt as well as TLR/TLR adaptor protein knockout macrophages can be primed 

with IFNγ to induce caspase-11 and NLRP3, and then transfected with LPS to analyze cleaved 

IL-1β release. Such an in vitro experiment is important to circumvent the priming challenge (1. 

hit)-driven IL-1β release and helpful in support of our in vivo results confirming the 

involvement of MyD88 in transfected LPS-driven IL-1β release. 
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5 Discussion 

5.1 Recognition of intracellular LPS by endosomal TLR4 and -2 

Inflammation is a double-edged sword that benefits the host through its anti-invader activity 

and contrarily its uncontrolled activity potentially fatal to the host. One respective example is 

sepsis that is well studied due to its high mortality rate. Yet, a comprehensive understanding of 

the underlying mechanisms is tightly limited. Sepsis is a clinical syndrome that develops upon 

invasive microbial infection and often effects chronically ill as well as immunocompromised 

patients. Antibiotic therapy and liquid administration are often effective, yet hold unwanted 

impacts such as Jarisch-Herxheimer pathology and dilutive interference with the host’s 

immunity respectively apart from the global increase of antibiotic resistances. There is a need 

for novel cause-oriented treatments such as blockade of the pathogen-host interface at which 

the often fatal signal cascade towards septic shock originates, namely PAMP-PRR contact 

points that dominate pathology release in a given type of infection. Since PAMP-PRR 

interactions are often numerous, the most important ones need to be identified in order to focus 

on targeting them for therapy purposes. TLR2 and -4 for instance, dominantly drive Gram-

negative bacterial infection in mice while TLR2 and murine TLR13 and human TLR 8 might 

be main pathology drivers in Gram-positive bacterial infection (Spiller, Elson et al. 2008; 

Kruger, Oldenburg et al. 2015).  

However, murine sepsis therapy could not yet be translated to the human clinic, indicating a 

lack of insight into and understanding of the latter. An example of a heavily researched, yet still 

largely challenging sepsis-related topic is “the” inflammasome including “the” LPS-specific 

non-canonical subtype. It is the instance which renders pre-cast IL-1 cytokines active. Therein, 

the NLRP3 inflammasome is the most studied one, yet the modus of its activation by numerous 

agents remains largely unclear since the NLRP3-LRR is not “the” ligand-binding domain and 

a rather indirect sensing of its agonists is likely. According to the non-canonical inflammasome 

concept, Pam3CSK4 (P3C) induces NLRP3, caspase 11, and IL-1β expression upon which 

transfected LPS binds to caspase-11. Whether the LPS-caspase-11 binding triggers 

retrospective inflammasome complex formation or P3C priming plus the transfection reagent 

are responsible for it, remains an open question. Whether enforced LPS translocation is 

operative in sepsis also remains merely deducible from the phenotype of the specific LPS shock 

model applied to support the non-canonical inflammasome concept. While even Tlr4-/- mice 

succumbed to LPS shock upon six hours of priming with the RIG-I-like receptor (RLR) and 

TLR3 ligand poly I:C, caspase-11-/- counterparts were refractory which justified an 

extrapolation from in vitro evidence according to which LPS transfection (trx.) activated the 
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NLRP3 inflammasome TLR4-independently. However, LPS applied to mice in a waterous 

solution rather than complexed with a transfection reagent.  

Following the “in vivo beats in vitro” concept, we were reminded of another LPS shock model 

applied by us previously to analyze TLR2 specificity for leptospiral LPS and to highly pure 

enterobacterial LPS, at least the latter of which was and is being considered widely as sole 

TLR4 agonist. While Tlr4-/- mice succumbed to such enterobacterial LPS shocks like Tlr2-/- 

mice, Tlr2/4-/- mice were resistant. The first two questions intended to answer were whether 

LPS transfection would activate the NLRP3 inflammasome in vitro in Tlr2/4-/- cells and whether 

Tlr2/4-/- mice would succumb to “poly I:C → LPS” shock to evaluate the current LPS 

inflammasome concept. To answer the second question was straightforward. The answering of 

the first one was long-lasting because a “P3C → LPS trx.” phenotype of Tlr2/4-/-macrophages 

is trivial, given that this “classic pair” within all “priming → trx.” ligand pairs tested must be 

ineffective since P3C does not prime cells of this genotype. Moreover, the “classic pair” 

characteristic seems to originate from a contribution of the priming stimulus (in this case P3C) 

also to LPS transfection-driven inflammasome activation. While some transfection protocols 

enabled exclusion of priming stimulant interference with LPS transfection-driven NLRP3 

inflammasome activation, the others for instance the best LPS transfectant, namely FuGene, 

collaterally and in combination with LPS also transfected priming stimulants. This was not 

trivial given that IL-1β release from “loxo → LPS trx.”-treatedTlr2/4-/-macrophages seemingly 

supported a “LPS- caspase-11 complex triggering the NLRP3 inflammasome” concept. 

Observation, however, of a Tlr2/4-/-phenotype when using other transfection reagents, despite 

a capacity of LPS transfection to collaterally also enhance the priming (which is not 

instrumental in Tlr2/4-/-mice and thus often corrupted the cell lysate IL-1β control in wt-Tlr2/4-

/- pair) revises the “non-canonic” concept in respect to its TLR independence aspect to a 

substantial degree from our perspective. In respect to sepsis pathology and its therapeutic 

inhibition, a capacity of specific TLR blockade to impact at least non-canonical inflammasome 

activation is being inferred by the data brought up hereby.  

5.1.1 Enforced uptake of LPS and its recognition by TLR2 and TLR4 

Survival of Tlr2/4-/-mice of the above mentioned “poly I:C priming → LPS challenge” set-up 

formed the basis of this work. In this work, it was demonstrated that primed BMDMs from mice 

lacking the expression of TLR2 and -4 failed to perform transfected LPS-driven IL-1β release 

unless the priming stimulus was “non-intentionally” co-transfected with LPS (Figure 7A&B). 

This impairment is attributable to the lack of TLR2 and -4 expression in the endosome to where 

transfected LPS and even sheer RE595 localize given that the LPS-enriched spots observed 
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upon LPS O111:B4 transfection (Kayagaki, Wong et al. 2013) and sheer challenge with RE595 

in fluorescence-labeled forms (Figure 9A). TLR2 and -4 are both known to be expressed on 

the cell surface, yet the majority of it either translocates upon challenge or is even constitutively 

intracellular (Hornef, Frisan et al. 2002; Kagan, Su et al. 2008).  

According to the literature, intracellular LPS binds caspase-11 to form the NLRP3 

inflammasome. In this study, transfection translocated LPS into dotted cytoplasmic spheres 

which might be identical with the endosome where it is recognized by TLR4 and TLR2 (Figure 

8). For transfecting LPS, the transfection reagent used is decisive for the outcome. 

Establishment of transfection reagents to be used has been critical throughout our experiments, 

as transfection reagents such as FuGene, LyoVec, and Lipofectamine 2000 in complex with 

LPS presumably co-transfected the priming stimulus into cells to trigger IL-1β release from 

primed Tlr2/4-/- BMDMs  often to substantial degrees (Figure 7A). These results supported the 

current approach in respect to transfected LPS functioning. We also applied Cholera Toxin B 

(CTB) for LPS transfection. In a similar manner, CTB increased LPS uptake by the cells and 

triggered IL-1β release (Kayagaki, Wong et al. 2013). Primed Tlr2/4-/- BMDMs transfected 

with LPS using CTB did not release substantial amounts of IL-1β (Figure 7B). The mild release 

triggered by CTB alone from cells primed with loxoribine (TLR7 ligand), whether of the wt or 

the Tlr2/4-/- phenotype are attributable to loxoribine. Even, CTB on its own triggered TLR4-

dependent IL-1β production (Figure 8). Induction of pro-inflammatory cytokine production 

(Schnitzler, Burke et al. 2007) by TLR4 activation has been reported previously (Phongsisay, 

Iizasa et al. 2015). These results indicate a dependency of transfected LPS-driven IL-1β release 

on TLR2 and -4 expression.  

5.1.2 Distinct uptake and propensity of LPS variants in triggering IL-1β release 

Non-canonical inflammasome activation by LPS is cytoplasm-borne according to the current 

concept. Yet, details of LPS translocation into the cell remained largely unknown. Long-chain 

(smooth) hexa-acylated LPS such as LPS O111:B4 from E.coli cannot translocate through the 

plasma membrane of several immune and non-immune cells (Shi, Zhao et al. 2014). Hence, 

transfection of LPS is necessary to elicit non-canonical inflammasome in vitro. Besides 

confirmation of this necessity, by examination of short saccharide chain (rough) LPS variant 

namely LPS RE595 that lacks O-antigen, we observed the capability of it to trigger IL-1β 

release from primed cells in the absence of transfection reagent. The untransfected LPS RE595 

triggered IL-1β release upon priming by wt but not by Tlr2/4-/-BMDMs, which supports a notion 

according to which release is TLR2/4-dependent (Figure 7C). Translocation of untransfected 

and transfected LPS RE595 into wt BMDMs was visualized through fluorescence microscopy 
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where the LPS is seen to be accumulated at distinct cytoplasmic puncta (Figure 9A) possibly 

endosomes. In addition to wt and Tlr2/4-/- (Figure 7C), Tlr2-/- and Tlr4-/- BMDMs were primed 

with TLR2/4-independent ligands and challenged with LPS RE595. The result indicates a major 

dependency on TLR4 for the LPS transfection-driven NLRP3 inflammasome activity against 

the background of a substantial contribution of TLR to it. 

Caspase-11 recognizes LPS through its lipid A component and the length of the acyl chains of 

LPS are determinants of recognition. E.g. Hexa-acylated lipid A such as from E.coli activates 

caspase-11 (Rathinam, Vanaja et al. 2012), whereas tetra-acylated lipid A from Francisella sp. 

and H. Pylori does not activate it (Hagar, Powell et al. 2013; Kayagaki, Wong et al. 2013). I 

analyzed the antagonistic RS LPS from Rhodobacter sphaeroides and synthetic 

monophosphoryl lipid A (MPLA) for its capacity to trigger IL-1β release from P3C-primed wt 

BMDMs. MPLA is the minimal LPS moiety which activates TLR4 (Casella and Mitchell 2008). 

Both, an inability of RS LPS and the NLRP3 inflammasome-activating property of transfected 

MPLA were confirmed (Figure 10). Surprisingly, untransfected MPLA did not elicit IL-1β 

release, which is in contrast to LPS RE595 that passively translocates into the cell. MPLA also 

might have a potential to traverse the cell membrane by itself, however, a lack of single 

phosphate group suggests its ineffectiveness in triggering IL-1β release (Figure 10) which 

contradicts our own result of transfected MPLA-driven IL-1β release. However, two previous 

studies (Okemoto, Kawasaki et al. 2006; Mata-Haro, Cekic et al. 2007) reported that MPLA 

stimulation in BMDMs resulted in strong transcriptional induction of IL-1β, but failed to trigger 

its release emphasizes again the presumable co-transfection of the priming stimulus into cells 

which trigger IL-1β release. MPLA-stimulated BMDMs also released low IL-6, but robust IP-

10, IFNβ, and MCP-1 amounts suggesting poor activation of MyD88 signaling and normal 

TRIF signaling (Mata-Haro, Cekic et al. 2007). 

5.2 Inflammasome-driven IL-1β release upon transfection of specific TLR ligands 

beyond LPS 

Taking in account the observations made in the first part of this work, the second part focused 

on determining the capability of TLR ligands besides LPS, including endosomal TLR ligands 

to trigger IL-1β release. Additionally, the dependency of specific TLR ligand transfections on 

canonical or non-canonical inflammasome to trigger IL-1β release was analyzed. 
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5.2.1 LPS co-administration enhanced transfection reagent-driven endosomal TLR 

ligand RNA40, ODN1668, and Sa19 translocation into a punctual sub-cellular zone 

Translocation of specific endosomal fluorescence-labeled TLR ligands such as RNA40 (TLR7 

agonist), ODN1668 (TLR9 agonist) and Sa19 (TLR13 agonist) was visualized through 

fluorescence microscopic analysis which documented a capacity of LPS to enhance transfection 

of these endosomal ligands (Figure 12). Specifically, while transfection efficiency of RNA40 

and Sa19 was higher in the presence of LPS O111:B4, the RE595 counterpart improved 

ODN1668 transfection. This explains why loxoribine (TLR7 agonist)-primed Tlr2/4-/- BMDMs 

released IL-1β upon LPS transfection (Figure 7A) given the observations allow deduction of a 

general propensity of priming stimuli to activate NLRP3 upon transfection reagent plus LPS 

application. Accordingly, upon priming of wt BMDMs with P3C or loxoribine, the propensity 

of transfected endosomal TLR ligands to trigger IL-1β was analyzed by transfecting TLR 

ligands using thee different transfection reagents namely FuGene, LyoVec, and Lipofectamine 

2000. The TLR ligands used, namely P3C, loxoribine, Sa19, and poly I:C were paired with 

distinct transfection reagents to optimally trigger IL-1β release (Figure 13&14). Notably, LPS 

was well transfectable towards NLRP3 inflammasome activation. Moreover, P3C primed- as 

well as loxoribine primed-transfected P3C elicited IL-1β release (Figure 13) which attributes 

a respective LPS-like inflammasome activator function to it. 

5.2.2 Specific TLR2/4-independent ligands activate canonical inflammasome of which 

synthetic dsRNA analog poly I:C triggers IL-1β release independent of TLR3 

The next question addressed was if the specific TLR ligand-driven IL-1β release is dependent 

on caspase-11. Utilizing BMDMs from mice lacking functional caspase-11 expression (Sv129) 

and also BMDMs from mice lacking the inflammasome adaptor molecule ASC, we observed 

that caspase-11 defective cells effectively released IL-1β upon priming followed by non-LPS 

TLR ligand transfection, whereas Asc-/- abrogated the release, indicating this release to be 

canonical inflammasome-dependent (Figure 16).  

In these experiments, three variants of poly I:C which differ in respect to the molecular weights 

of their monomers have been employed to trigger IL-1β release. High molecular weight (HMW) 

poly I:C (1.5-8 kb) and poly I:C from Sigma are highly specific TLR3 activators, with HMW 

poly I:C being also recognized melanoma differentiation-associated gene 5 (MDA5), whereas 

low molecular weight (LMW) poly I:C (0.2-1 kb) is mostly recognized by retinoic acid-

inducible gene I (RIG-I) (Kato, Takeuchi et al. 2008). RIG-I and MDA5 are viral RNA sensors 

ubiquitously expressed in the cytoplasm. Studies reported TLR3 to be dispensible for 

intracellular poly I:C-driven NLRP3 inflammasome activation which is rather triggered by 
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cytoplasmic sensors RIG-I and MDA5 (Rajan, Warren et al. 2010; Franchi, Eigenbrod et al. 

2014). However, the capacity of transfection reagents to translocate nucleic acids into the 

endosome propelled us to confirm the potential of TLR3 in our proposed TLR-driven 

inflammasome activation which was analyzed using primed and poly I:C-transfected Tlr379-/- 

BMDMs. Transfected poly I:C triggered significant release even in the absence of TLR3 to a 

degree which was similar to that of wt control release (Figure 17). 

Similar to secondary NLRP3 inflammasome activation by intracellular poly I:C, the specific 

TLR2/4-independent agonists which we show to be caspase-11-independent might suggest 

activation of NLRP3, or AIM2 specifically for TLR9 agonist ODN1668. AIM2 is a cytoplasmic 

DNA sensor that forms an inflammasome by recruiting ASC and caspase-1 upon its activation 

triggering IL-1β release (Burckstummer, Baumann et al. 2009). Though AIM2 recognizes 

cytoplasmic DNA directly, assuming an alternative cascade that might activate AIM2 on a 

secondary level similar to secondary NLRP3 activation, might not be excluded.   

5.3 Role of adaptor proteins MyD88 and TRIF in non-canonical inflammasome 

signaling 

TLR signaling is initiated upon respective ligand-TLR interaction resulting in recruitment of 

common adaptor molecules MyD88 and TRIF, and induces pro-inflammatory immune 

responses. As our work implicates contribution of TLR2 and -4 in intracellular LPS recognition, 

we considered an involvement of TIR domain-containing adaptor molecules MyD88 and TRIF 

as potential bridges between TLR and caspase-11 or other NLRP3 inflammasome components. 

TLR2 and -4 are capable of recruiting both MyD88 as well as TRIF. Ligand-binding to cell 

surface TLR2 and -4 initiates signaling by recruitment of MyD88 via the sorting adaptor 

molecule TIRAP. Following the initial signal induction from the cell surface, both the TLRs 

localize to the endosome via the sorting adaptor molecule TRAM. Endosomal TLR2 and -4 

recruit TRIF for their signaling towards NF-κB activation. While IRF3 activation by endosomal 

TLR4 requires TRIF to induce type I interferons, TLR2 requires MyD88. Such recruitment of 

MyD88 by endosomally translocated surface TLR2 suggests a possible recruitment of MyD88 

by both TLR2 and -4 distributed in the endosomal membrane (Kagan, Su et al. 2008; Stack, 

Doyle et al. 2014). 

5.3.1 MyD88 mediates non-canonical inflammasome activation in vivo 

Resistance of Myd88-/- mice not only towards IFNγ → D-GalN/LPS application, but also 

towards high dose of LPS with prior poly I:C priming illustrates its importance in 

inflammasome activation.  Trif-/- mice were susceptible in both experimental LPS-specific non-
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canonical inflammasome shock models (Figure 18 A&B). LPS transfection of primed Trif-/- 

BMDMs led to normal release of IL-1β elucidating its non-involvement in non-canonical 

inflammasome activation. TRIF is recruited extensively by TLR3 and endosomally by TLR2 

and -4. With the involvement of TRIF neither in LPS-driven non-canonical caspase-11 nor in 

poly I:C-driven canonical NLRP3 activation strongly suggests the overall TLR-driven 

inflammasome activation to be mediated by MyD88 upstream of the inflammasome itself.  

In order to rule out the transfection-borne translocation of the priming stimulus in both MyD88-

/- and Trif-/- BMDMs that might trigger IL-1β release, a more specific priming route has been 

pursued by me. Constitutive IL-1β production by lentiviral transduction might overcome the 

experimental limitations faced in respect to TLR priming-mediated IL-1β release. Moreover, a 

TLR-independent ligand is necessary to induce caspase-11 and NLRP3. The caspase-11 gene 

contains NF-κB and STAT1 binding sites in its promoter region (Schauvliege, Vanrobaeys et 

al. 2002). Thus, pro-inflammatory cytokines that activate these transcription factors induce 

caspase-11 (Kayagaki, Warming et al. 2011). IFNγ and TNF are cytokines inducing caspase-

11expression (Aachoui, Kajiwara et al. 2015). Experiments such as constitutive IL-1β 

production combined with cytokine priming followed by LPS transfection might enhance the 

details of future analysis. 

On a greater note, analyzing the non-canonical inflammasome pathway in human cells will be 

a consequent next step. Human caspase-4 and -5 are analogs and functionally similar to caspase-

11. However, which of the two is now responsible for driving inflammasome activity remains 

to be investigated. A recent study reported caspase-4/5-independent non-canonical 

inflammasome activation by LPS in human monocytes only. It depended on signaling involving 

TLR4-TRIF-RIPK1-FADD-CASP8 as well as canonical caspase-1. Receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1) recruits the adaptor protein Fas-associated protein 

with death domain (FADD) that triggers activation of NLRP3 inflammasome via caspase-8 for 

triggering IL-1β release. However, the mechanism of NLRP3 activation by caspase-8 has not 

been investigated. The authors speculate cleavage of an unknown protein by caspase-8, which 

might drive NLRP3 activation. This unique pathway not involving caspase-4/5 does not trigger 

pyroptosis as well (Gaidt, Ebert et al. 2016) the latter of which I failed to observe by analyzing 

lactate dehydrogenase (LDH) release even from murine macrophages. Expansion of our 

experiments from murine towards human cells where a priming is not necessary due to 

constitutive expression of inflammasome components in human cells might widen our current 

perspective on TLR-driven inflammasome activation. 
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6 Summary 

Toll–like receptors (TLRs) and inflammasomes confer microbial infection and trauma 

immunity by virtually instantly sensing pathogen as well as host-derived danger-associated 

molecular patterns (P/DAMPs) such as bacterial LPS and ATP, respectively. Inflammasomes 

mediate maturation and release of specific and e.g. TLR induced IL-1 cytokine family members 

through cleavage by integral caspase-1. While standard inflammasomes encompass caspase-1 

and NACHT, LRR and PYD domains-containing NOD-like receptors (NLRs) often besides 

apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), the 

non-canonical inflammasome carries NLRP3 specifically and murine caspase-11 or human 

caspase-4 and/or -5 additionally. Both, caspase-11/4/5 dependence and TLR4 independence of 

transfected LPS driven IL-1β release in vitro and of non-transfected LPS driven pathology in 

vivo (Kayagaki, Warming et al. 2011; Hagar, Powell et al. 2013; Kayagaki, Wong et al. 2013), 

as well as LPS binding to cellular caspase-11/4/5 (Shi, Zhao et al. 2014) raised the “non-

canonical” inflammasome concept. We here sensitized mice lacking expression of a central 

TLR and IL-1 receptor signal mediator molecule not employed merely by TLR3, namely 

Myd88-/- mice, as well as Tlr2/4-/- mice by high-molecular weight polyI:C administration six 

hours upon which high dose LPS was applied largely according with an established protocol. 

In contrast to challenged Tlr4-/- mice, Myd88-/- and Tlr2/4-/- like Caspase11-/- counterparts failed 

to succumb to a fatal shock syndrome. Moreover, we observed a capacity of smooth LPS to not 

merely translocate upon transfection such as with Fugene and Cholera Toxin B, but to also 

enhance transfection borne translocation of other TLR ligands such as RNA40 (TLR7/8 

agonist), ODN1668 (TLR9 agonist), and Sa19 (TLR13 agonist) endosomally. Accordingly, if 

applied as priming stimuli (1. hit) numerous TLR ligands contributed to transfected LPS (2. hit) 

driven IL-1β release induction and upon distinct transfection reagent usage were suitable 2. hit 

agents. Notably, rough LPS induced primed-cell non-canonical inflammasome activity 

independently of transfection reagent application. Our results indicate a lack of a capacity of 

primed Tlr2/4-/- macrophages to harbor LPS translocation driven non-canonical inflammasome 

activation, as if besides TLR4 also TLR2 recognizes endosomal LPS, and that signaling from 

activated endosomal TLRs towards caspase-11/4/5 through MyD88 rather than LPS-caspase-

11 binding is the prerequisite of in this formerly unappreciated respect non-canonical 

inflammasome activation. 
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Figure 22: Scheme of transfected LPS-TLR-driven non-canonical inflammasome activation. Toll-like 

receptor, TLR; myeloid differentiation primary response 88, MyD88; nuclear factor-kappa B, NF-κB; transfection, 

trx.; full-length gasdermin D, GSDMD-N; gasdermin D N-terminus, GSDMD-N; NOD-like receptor protein 3, 

NLRP3; apoptosis-associated speck-like protein containing a caspase recruitment domain, ASC; interleukin 1 beta, 

IL-1β; LPS, green circles; transfection reagent, red circles. 
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7 Zusammenfassung 

Toll-like-Rezeptoren (TLRs) und Inflammasomen vermitteln Immunität gegen mikrobielle 

Infektionen und Traumata, indem sie Pathogene sowie von ihnen und vom Wirt produzierte 

molekulare Muster (P/DAMPs), wie z.B. bakterielles LPS und ATP, respektive, praktisch 

instant erkennen. Inflammasomen vermitteln die Reifung und Freisetzung spezifischer und z.B. 

über TLR induzierter Mitglieder der IL-1-Zytokinfamilie durch Spaltung durch die integrale 

Caspase-1. Während Standardinflammasomen Caspase-1 und NACHTLRRPYD Domänen 

enthaltende NOD-ähnliche Rezeptoren (NLR), oft neben dem Apoptose assoziierten Fleck-

ähnlichen Protein mit Caspase Rekrutierungsdomäne (ASC), umfassen, tragen nicht-

kanonische Inflammasomen spezifisch den NLR NLRP3 und murine Caspase-11 oder humane 

Caspase-4 und/oder -5 zusätzlich. Sowohl die Caspase-11/4/5-Abhängigkeit, als auch die 

TLR4-Unabhängigkeit der Freisetzung von transfiziertem LPS-getriebener IL-1β Freisetzung 

in vitro und der von nicht-transfiziertem LPS-getriebenen Pathologie in vivo (Kayagaki, 

Warming et al. 2011; Hagar, Powell et al. 2013; Kayagaki, Wong et al. 2013), sowie die 

Bindung von LPS an zelluläre Caspase-11/4/5 (Shi, Zhao et al. 2014), brachte das "nicht-

kanonische" Inflammasom-Konzept auf. Wir haben Mäuse sensibilisiert, denen die Expression 

eines zentralen TLR- und IL-1-Rezeptorsignal-Mediatormoleküls fehlt, nämlich 

Myd88-/- Mäuse, sowie Tlr2/4-/- Mäuse, durch Verabreichung von langkettigem polyI:C sechs 

Stunden vor Gabe von Hochdosis-LPS weitgehend gemäß einem etablierten Protokoll. Im 

Gegensatz zu Tlr4-/- Mäusen fielen Myd88-/- und Tlr2/4-/- ebenso wie Caspase11-/- Mäuse nicht 

einem fatalen Schocksyndrom anheim. Darüber hinaus translozierte „weiches“ LPS nicht nur 

bei Transfektion mit z.B. Fugen- und Choleratoxin B, sondern verstärkte auch die durch 

Transfektion hervorgerufene endosomale Translokation anderer TLR-Liganden RNA40 

(TLR7/8-Agonist), ODN1668 (TLR9) und Sa19 (TLR13). Dementsprechend trugen, wenn sie 

als Priming-Stimulus (1. Hit) angewendet wurden, zahlreiche TLR-Liganden zur Induktion der 

durch transfiziertes LPS (2. Hit) getriebenen IL-1β-Freisetzung bei und waren abhängig von 

den verwendeten Transfektionsreagenzien wirksame 2. Hit Reagenzien. 

Bemerkenswerterweise induzierte „raues“ LPS eine nicht-kanonische Inflammasom-Aktivität 

der vorstimulierten  Zellen unabhängig von einer Verwendung eines Transfektionsreagenzes. 

Unsere Ergebnisse deuten darauf hin, dass vorstimulierte Tlr2/4-/- Makrophagen nicht die 

Fähigkeit besitzen die durch LPS-Translokation bedingte nicht-kanonische 

Entzündungsaktivierung zu vermitteln, als ob neben TLR4 auch TLR2 endosomales LPS 

erkennt. Zudem ist eine Signalübertragung von aktivierten endosomalen TLRs in Richtung 

Caspase-11/4/5 per MyD88, eher als die Bindung von LPS an Caspase-11, die Voraussetzung 

für eine nicht-kanonische Aktivierung von Inflammasomen. 
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