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Abstract 

The role of lysosomal trafficking regulator Lyst in Toll-like 

receptor-mediated signaling and inflammation 

Weijia Cheng 

The recognition of microbial components by Toll-like receptors (TLRs) on 

innate immune cells provides key protective mechanisms against infectious 

pathogens. Although two principle TLR-induced signaling pathways – the 

MyD88- and the TRIF-dependent pathway – have been identified, the spatial 

and temporal integration of these signaling pathways into the cellular 

membrane trafficking machinery is poorly understood. Chediak-Higashi 

syndrome (CHS), a severe immunodeficiency disorder, is caused by mutations 

in the lysosomal trafficking regulator (Lyst) gene. The murine equivalent of 

CHS, beige (Bg-J) mice, exhibit similar phenotypes.  

By utilizing a genetic system of Lyst-mutant Bg-J mice, my doctoral study 

analyzed the role of Lyst in signaling function of TLRs and in protective 

immunity against infection. Bg-J mice exhibited impaired inflammatory 

reactions in response to TLR3- and TLR4-ligands. Consequently, Bg-J mice 

showed impaired bacterial clearance and were largely resistant to 

LPS-induced septic shock. In vitro, Lyst-mutant macrophages and dendritic 

cells exhibited a selective defect in TLR3- and TLR4-mediated production of 

pro-inflammatory cytokines. Subsequent biochemical analysis revealed that 

Lyst controls TLR3- and TLR4-induced activation of critical components of 

the endosomal TRIF signaling pathway. Thus, the study identifies an 

unexpected role of lysosomal trafficking regulator Lyst in the control of 

specific endosomal TLR signaling pathways and reveals the physiological 

relevance of this function for innate immune responses in vivo. 
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Zusammenfassung 

Die Rolle des lysosomalen Membrantransportregulators Lyst bei 

Toll-like Rezeptor-vermittelter Signalübertragung und Entzündung 

Weijia Cheng 

Das Erkennen mikrobieller Komponenten durch Toll-like Rezeptoren (TLRs) 

auf Zellen des angeborenen Immunsystems ist entscheidend für die Bildung 

einer protektiven Immunantwort gegen infektiöse Erreger. Obwohl mit dem 

MyD88- und dem TRIF-abhängigen Signalübertragungsweg zwei prinzipielle 

TLR-induzierte Signalübertragungswege identifiziert wurden, so ist die 

räumliche und zeitliche Einbindung dieser Signalwege in das zelluläre 

Membrantransportsystem immer noch weitgehend unbekannt. Das 

Chediak-Higashi-Syndrom (CHS) ist eine schwere  Immundefizienz, welche 

durch Mutationen des Lyst Gens, ein lysosomaler 

Membrantransportregulator, verursacht wird. Das murine Äquivalent zu CHS 

sind beige (Bg-J) Mäuse, die einen vergleichbaren Phänotyp zeigen. 

In meiner Doktorarbeit wurde mit Hilfe Lyst-mutanter Bg-J Mäuse, die Rolle 

von Lyst bei der TLR-vermittelten Signalübertragung und der Immunantwort 

gegen Infektionen untersucht. Bg-J Mäuse zeigten verminderte 

Entzündungsreaktionen nach Stimulation mit TLR3- und TLR4-Liganden. 

Folgerichtig, war bei Bg-J Mäusen eine verminderte Immunabwehr gegen 

Bakterien zu beobachten und die Mäuse waren gegen LPS-induzierten 

septischen Schock weitgehend resistent. In vitro, konnte bei Lyst-mutanten 

Makrophagen und Dendritischen Zellen ein selektiver Defekt in der TLR3- 

und TLR4-induzierten Produktion proinflammatorischer Zytokine 

nachgewiesen werden. Anschließende biochemischen Analysen ergaben, dass 

Lyst die TLR3- und TLR4-abhängige Aktivierung des endosomalen TRIF 
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Signalübertragungsweges kontrolliert. Zusammenfassend zeigen die 

Ergebnisse der vorgelegten Arbeit, dass der lysosomale 

Membrantransportregulator Lyst spezifische endosomale TLR-induzierte 

Signalübertragungswege maßgeblich beeinflußt. Darüber hinaus wird auch die 

physiologische Relevanz dieser regulatorischen Funktion von Lyst für die 

angeborene Immunantwort in vivo aufgezeigt. 
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1. Introduction 

1.1 Membrane trafficking 

Eukaryotic cells are characterized by the presence of various compartments 

with different internal environments, such as endosomes, lysosomes and 

Golgi. The cells or compartments are separated from the outer environment 

by surrounding membranes which are formed by phospholipids and 

membrane proteins.The membrane is formed by two layers of phospholipids 

(i.e. lipid bilayer), including the hydrophobic fatty acid chains on the inner 

side of the membrane and the polar hydrophilic residues on the outer side.  

The communications between distinct compartments provide fundamental 

activities in cellular biosynthesis, secretion and endocytosis through 

intracellular membrane trafficking. Membrane trafficking also plays a critical 

role in cells in response to signals from the environment that lead to cell 

growth, proliferation and migration. The trafficking process is achieved by the 

exchange of biological materials like proteins, lipids and other 

macromolecules from the donor compartment to its designated compartment 

(Palade, 1975; Bonifacino and Glick, 2004). 

1.1.1 Protein transport pathways in membrane trafficking 

Transport action can be generally divided into two main approaches, i.e. the 

biosynthetic pathway and the endocytic pathway (Figure 1.1). Most proteins 

are delivered to the cell surface via the Golgi apparatus after their synthesis in 

the rough endoplasmic reticulum (ER) in the biosynthetic pathway. On the 

other hand, the endocytic pathway is initiated from the internalization of 

surface proteins to the early endosomes and targeting to lysosomes or 

recycling endosomes for returning to the plasma membrane. In addition, cells 
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1.1.2 Protein coated vesicles 

Membrane-bound delivery machines including transport carriers and vesicles 

act as trafficking cargos that link specialized intracellular compartments with 

the plasma membrane in a highly organized and dynamic network by moving 

between different compartments. Trafficking along this network facilitates the 

communication with the outer environment via the construction of 

extracellular matrix through secretion, uptake and processing of extracellular 

signals through endocytosis and intracellular trafficking. Therefore, 

membrane trafficking is essential for the cells to maintain the cellular 

homeostasis and the signal perception and transduction that is regulated by 

the engagement of subcellular compartmentalization of receptors. 

Cells contain different types of coated vesicles, which are involved in specific 

transport routes between individual organelles, including COPI, COPII and 

clathrin vesicles (Figure 1.1). It has been identified that coated transport 

vesicles can be generated in three different ways. The character of vesicles is 

generally determined by the compartment in which they are formed 

(Kirchhausen, 2000). The formation of COPI-vesicles is involved in the 

retrograde transport pathway in which the proteins are trafficking from the 

Golgi apparatus to the ER (Duden, 2003). In contrast, secretory proteins are 

delivered from the ER to the Golgi apparatus through the antrograde 

transport pathway by the formation of COPII-vesicles (McMahon, 2004). 

Another group is clathrin coated vesicles of which biogenesis and function is 

best characterized. Clathrin coated vesicles mediate the transfer of proteins 

from the trans-Golgi network as well as the endocytosis from the plasma 

membrane to the endosomes (McNiven and Thompson, 2006). Thus, COPI, 

COPII and clathrin are defined as coat proteins that facilitate the formation of 

vesicles (Figure 1.1) (McMahon, 2004).  
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Furthermore, membrane trafficking plays a central role in both cellular 

physiology and pathology as trafficking events may also facilitate the invasion 

of pathogenic microorganisms into cells. Knowledge on membrane trafficking 

is key for the understanding of the molecular and cellular basis of cell 

behaviors in a variety of physiological responses to the outer environment. 

1.2 Receptor internalization and endosomal signaling 

Upon ligand activation, many surface receptors are internalized from the 

plasma membrane to intracellular compartments. The internalization of 

receptors, bacteria, virus and other molecules can be classified into 

clathrin-dependent and clathrin-independent pathways. Classical 

clathrin-depend entendocytosis is the best characterized mechanism for the 

internalization of most of surface receptors. The formation of clathrin-coated 

vesicles (CCVs) is involved in the internalization of receptors from the plasma 

membrane (Takei and Haucke, 2001; Traub, 2005). The receptor-ligand 

complex first moves to a defined site on the plasma membrane where clathrin 

is recruited. Adaptor protein 2 (AP-2) and other adaptor proteins are 

recruited to the defined site. AP-2 can interact with both the trafficking cargo 

and the lipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and act as 

the central binding sites to recruit clathrin and other factors such as soluble 

N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) and 

dynamin. The formation of CCVs is then promoted by the direct recruitment 

of clathrin from the cytosol to the trafficking cargo on the plasma membrane. 

The CCVs are subsequently budded and pinched off from the membrane. Once 

endocytosis occurs, the coat proteins disassemble and dissociate from the 

vesicle surface, leading to the targeting and fusion of the receptors with early 

endosomes in which the receptors are sorted. The receptors are subsequently 

either delivered to the plasma membrane via the recycling endosome or 
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degraded in the late endosome/lysosome. In the degradation pathway, the 

receptors are ubiquitinated and interact with the protein hepatocyte growth 

factor regulated tyrosinekinase substrate (HRS), which facilitates trafficking 

of the receptors to the endosomal sorting complex required for transport-I 

(ESCRT-I). The cargo is subsequently moved to intraluminal vesicles of 

multivesicularbodies (MVBs) from where the receptors terminate their signals 

and the cargo is then delivered to the lysosome for the degradation. 

Endosomal trafficking is controlled by distinct molecules, such as the Rab 

protein family (Ras-like small G-proteins). The Rab protein family is 

characteristic for endsomal compartments due to the specific binding of the 

proteins to endosomal compartments. For instance, the Rab5 protein is 

localized at early endosomes and the Rab11 is the positive marker for the 

recycling endosome. These molecules are regulated by geranylgeranyl groups 

and their modifications facilitate the dynamic endosomal spatial distribution 

(Behnia, 2005). 

Recent studies indicat that the internalization of activated receptors to specific 

endocytic compartments can facilitate signaling in addition to serving as a 

signal attenuation and degradation pathway. Thus, endosomal trafficking has 

additional roles in controlling the activation of alternative signaling pathways 

beyond the basic down-regulation of signaling and degradation of receptors. 

The specific regulators of endocytic membrane trafficking, which are localized 

in the related intracellular compartments or domains, regulate both receptor 

trafficking and intracellular signaling pathways by influencing vesicle docking 

and fusion as well as the recruitment of adaptor proteins that induce 

downstream signal transduction at endosomal compartments, resulting in 

distinct biological responses. 
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Various types of receptors such as epidermal growth factor receptor (EGFR) 

or G protein coupled receptors (GPCRs) have been reported to activate 

endosomal signaling via different mechanisms. The localization of receptors to 

endosomal compartments can either induce sustained signaling in addition to 

the signaling from the plasma membrane or conduct distinct signaling by the 

recruitment of specific downstream molecules. The endocytosis of EGFR is 

required for subsequent signaling as the disruption of endocytosis suppresses 

the activation of downstream signaling. In contrast, GPCRs can induce 

distinct signaling after internalization. After GPCRs enter the endosomal 

compartment, mitogen-activated protein kinases (MAPKs) are recruited and 

activated, leading to cell proliferation or apoptosis. 

Defects in membrane trafficking have been implicated in human diseases and 

are frequently associated with impaired immune function (De Camilli et al., 

1993; DeLeo, 1998; Hogg, 1999; Stepp, 1999; Mathew, 2000; BurnsSet et al., 

2002; Shiflett et al., 2002; Feldmann , 2003). For example, defective 

lysosomal membrane trafficking has been suggested to be involved in the 

pathogenesis of Chediak Higashi syndrome (CHS) (Shiflett et al., 2002). The 

immunological deficiencies in Wiskott‐Aldrich syndrome have been linked to 

defective actin cytoskeletal remodeling in T cells (Burns et al., 2002). The 

neurological autoimmune disease Paraneoplastic stiff‐person syndromeis is 

caused by the defects in the formation of Clathrin‐coated vesicles (De Camilli 

et al., 1993). 

Exploring the molecular basis of membrane trafficking will contribute to a 

better understanding of the cell biological basis of human diseases and 

potentially open up novel prospects for therapeutic strategies. 
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1.3 Toll-like receptors 

Innate immunity is the first line of host defense against infection by invading 

microorganisms and covers various areas of immune responses including the 

recognition of pathogen-associated molecular patterns (PAMP) that is 

mediated by a number of pattern-recognition receptors (PRR). As PRRs, 

Toll-like receptors (TLRs) play a critical role in innate immune responses by 

recognizing specific components of microbial pathogens. The activation of 

cells of the innate immune system via TLRs further leads to the initiation of an 

adaptive immune response in vertebrates (Medzhitov et al., 1997). 

So far, a total of 13 TLRs have been found in mammals and 11 TLRs have been 

described in human. The TLRs are able to recognize various components from 

viruses, bacteria or fungi (Akira et al., 2006). TLRs are presented on the cell 

surface or in intracellular compartments. Surface TLRs include TLR1, 2, 4, 5, 

6 and 11 that recognize bacterial structures such as lipids and lipoproteins. In 

contrast, TLR3, 7, 8 and 9 are expressed in intracellular compartments, such 

as the ER, endosomes and lysosomes in which bacterial or viral nucleic acids 

are detected. An overview of TLRs is given in Table 1.1. 

The family of TLR proteins is characterized by an intracellular 

Toll/interleukin-1 (IL-1) receptor (TIR) domain and an extracellular domain 

of leucine rich repeats (Martin, 2002). The initial step in signal transduction is 

the interaction of the TIR domain with intracellular adapter molecules that 

also contain TIR domains. Five such adapters have been identified including 

Myeloid differentiation primary response gene 88 (Myd88) (Medzhitov et al., 

1998), TIR domain-containing adapter protein (TIRAP), MyD88 adapter 

like(MAL), TIR domain-containing adapter inducing interferon-β (TRIF) 

(Yamamoto et al., 2002) and TIR-domain containing adapter molecule-1 

(TRAM) (Oshiumi et al., 2002).  
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Table1.1 TLRs, ligands and localization 

Receptor Ligand Localization 

TLR1 Triacyl lipopeptides Cell surface 

TLR2 Lipoprotein/lipopeptides Peptidoglycan, 

Zymosan 

Cell surface 

TLR3 Double-stranded RNA Endosome 

TLR4 Lipopolysaccharide Cell surface 

TLR5 Flagellin Cell surface 

TLR6 Diacyl lipopeptides Cell surface 

TLR7 Imidazoquinoline 

Single-stranded RNA 

Endosome 

TLR8 Imidazoquinoline 

Single-stranded RNA 

Endosome 

TLR9 CpG-containing DNA Endosome 

TLR11 Components of uropathogenic bacteria Cell surface 

Listed are ten TLRs (i.e., TLR 1-9 and 11) and their corresponding ligands and 

subcellular localization. 
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(Myd88-independent) signaling pathway. TIRAP is the sorting adaptor 

protein that recruits MyD88 to TLR2 and TLR4 (Yamamoto et al., 2002). 

TRAM is a specific sorting adaptor for TLR4 for the interaction with TRIF and 

induces the downstream signaling (Fitzgerald et al., 2003). In addition, TLR4 

is the only TLR that binds to all four known activating adapters and induces 

both Myd88 and TRIF signaling pathways. TLR-dependent signal 

transduction has been summarized in numerous publications (Takeda et al., 

2005; Kawai et al., 2007; Watts et al., 2007).  

The activation of TLRs leads to three main consequences: the production and 

secretion of proinflammatory cytokines, the presentation of costimulatory 

molecules on the cell surface, and the secretion of type I IFN. 

 

1.4 TLR4 signaling pathways 

LPS is an endotoxin and is found in the outer cell membrane of Gram-negative 

bacteria. TLR4 was identified as the receptor for LPS in 1998 (Poltorak, 1998). 

CD14 is a membrane-bound glycoprotein that concentrates LPS and facilitates 

the binding of the extracellular domain of TLR4 to MD-2 on the plasma 

membrane (Schumann et al., 1990; Ulevitch et al., 1990; Beutler, 2000; 

Godowski, 2005). TIRAP is then recruited to the TLR4-LPS-MD2 complex 

and subsequently initiates the activation of downstream signaling by the 

binding of the adaptor protein MyD88. 

TLR3 recognizes viral dsRNAs derived from various viruses such as reovirus 

or ssRNA viruses at endosomes, from where the acidification of vesicles is 

required for downstream signaling. Importantly, the TLR3 signaling is 

essential in cross-priming of T cells and induction of virus-specific T cell 
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responses. Thus, the critical role of TLR3 in actual viral infections has been 

elucidated.  

1.4.1 TLR4 mediated MyD88-dependent pathway 

Upon LPS stimulation, TLR4 recruits the adaptor protein MyD88 and induces 

downstream signaling that is essential for the induction of proinflammatory 

cytokines (Figure 1.2). 

The first step in the MyD88-dependent signaling pathway of TLR4 is the 

recruitment of interleukin-receptor-associated kinase 4 (IRAK4). The binding 

of IRAK4 to MyD88 is achieved by homologous interaction between the death 

domains of these two molecules. IRAK1 is then phosphorylated by binding to 

the death domains of IRAK4. The phosphorylation of IRAK1 and IRAK4 

causes a dissociation from Myd88, permitting the interaction with 

tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6). TRAF6, 

acting as an E3 ubiquitin ligase, interacts with the E2 ligase complex of 

ubiquitin-conjugating enzyme 13 (UBC13) and ubiquitin-conjugating enzyme 

variant 1A (Uev1A) and provides a K63-linked poly-ubiquitin chain. This 

poly-ubiquitination facilitates the binding of TRAF6 to the transforming 

growth factor (TGF)-active kinase 1 (TAK1) complex that consists of TAK1 and 

the TAK1-binding proteins TAB1, TAB2 and TAB3 (Wang et al., 2001; Kawai 

et al., 2007). This binding is essential for the activation of TAK1 (Kishimoto et 

al., 2000). TAK1 can subsequently activate both mitogen-activated protein 

kinase kinase kinase (MAPKKK) and the IB kinase (IKK) complex, leading to 

the activation of MAPKs and NF-B signal transduction (Wang et al., 2001). 

The phosphorylation of the MAPKs, p38, c-Jun N-terminal kinases (JNKs) 

and extracellular-signal-regulated kinases(ERKs) in turn phosphorylates 

transcription factors such as adaptor protein-1 (AP-1) and nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-B), leading to the 

http://en.wikipedia.org/wiki/Transforming_growth_factor
http://en.wikipedia.org/wiki/Transforming_growth_factor
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transcription of mRNA for proinflammatory cytokines, such as TNF(Brook 

et al., 2000). On the other hand, activation of the IKK complex, which is 

comprised of IKKα, IKKβ and a regulatory subunit, IKK, is dependent of 

phosphorylation by TAK1 and ubiquitination by TRAF6 (Karinet al., 2000; 

Yamamoto et al., 2006; Adhikari et al., 2007). The IKK complex then 

phosphorylates the inhibitorof NF-B (IB), leading to the degradation of IB 

and the nuclear translocation of NF-B, which further allows NF-B 

dependent transcription. The MyD88 dependent pathway thus results in 

transcription of AP-1 and NF-B dependent genes. These include classical 

proinflammatory cytokines such as TNF, IL- 1 and IL -6. 

1.4.2 TLR4 mediated TRIF-dependent pathway 

TLR3 and TLR4 initiate a MyD88-independent pathway through the binding 

of the adapter protein TRIF (Figure 1.2). TRIF-dependent signaling is 

responsible for all signaling besides of the MyD88 signaling pathway as there 

is no longer any response to LPS in MyD88/TRIF double deficientmice, while 

cellular responses can still be observed in Myd88 deficient mice (Hoebe et al., 

2003; Yamamoto et al., 2003). Similar phenotype was also observed in TRIF 

knockout mice. The expression of IFN and IFN-inducible genes mediated by 

TLR3 was also impaired (Yamamoto et al., 2003). 

TRIF forms a signaling complex by utilizing the adaptor protein receptor 

interacting protein 1 (RIP1), TNF receptor 1 associated via death domain 

(TRADD) and Pellino-1 that mediate the ubiquitination and activation of RIP1 

(Pobezinskaya et al., 2008; Ermolaevaet al., 2008; Chang et al., 2009). The 

complex then recruits TRAF6 and activates TAK1. TAK1 subsequently 

accomplishes the delayed activation of NF-B and MAPKs (Cusson-Hermance 

et al., 2005). 
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In addition to the activation of MAPKs and NF-B, the activation of IFN 

regulatory factor 3 (IRF3) is also induced in the TRIF signaling pathway.  

TRAF3 is recruited by TRIF and activates the multi-protein complex 

comprising the non-canonical IKKs, tank-binding kinase 1 (TBK1) and IKKi. 

This complex directly phosphorylates IRF3 and induces the dimerization of 

IRF3. The IRF-3 dimers then translocate to the nucleus where they recruit the 

co-activators p300 and cAMP-responsive-element-binding protein 

(CREB)-binding protein (CBP), leading to the activation of transcription of 

type I IFN genes. The induction of type I IFNs, IFNand IFNβ has critical 

roles in the immune response against viral infection. 

1.4.3 Endosomal trafficking and TLR4 signaling 

Recent studies have indicated that the two principle TLR4 signaling pathways, 

Myd88 and TRIF signaling, are induced at different times and in different 

subcellular compartments upon the activation of TLR4 (Figure 1.2). The 

induction of these two distinct signaling pathways is linked to the localization 

of TLR4. TIRAP-MyD88-dependent signaling is activated at the plasma 

membrane where most TLR4 localizes, while TRIF-dependent late NF-B and 

IRF3 activationis induced at intracellular compartments via the adaptor 

protein TRAM (Kagan, 2006). 

 

A dramatic loss of TLR4 on plasma membrane upon LPS stimulation indicates 

endocytosis of the TLR4-LPS complex following the activation of TLR4 

(Hacker, 2006; Kagan, 2008). Moreover, the disruption of TLR4 

internalization leads to the inhibition of TRIF-mediated IRF3 phosphorylation 

of IRF3, whereas MyD88 signaling is not affected. These findings have 

revealed that the TRIF signaling pathway is not initiated on the plasma 
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membrane and that the internalization of TLR4 is an essential requirement 

for TRIF signaling. 

 

Microscopy images suggest that after internalization LPS is extensively 

colocalized with TLR4 (Husebye, 2006). The LPS-TLR4 complex is 

endocytosed by a receptor-mediated vesicular mechanism (Husebye, 2006). 

However, TLR4 cannot mediate its own internalization and the TLR4 

internalization process is regulated by several adaptor molecules including 

CD14, clathrin and dynamin. Clathrin is an essential component for the early 

endocytosis of the LPS receptor complex as knock-down of the gene inhibits 

LPS uptake (Husebye, 2006). Also, deficiency of dynamin results in the 

inhibition of LPS uptake andthe treatment with dynasosre, an inhibitor of 

dynamin, prevents LPS-induced internalization of TLR4 (Kagan, 2008). 

CD14 is first characterized as an important component in concentrating LPS 

to TLR4. Recent studies revealed that CD14 also controls the internalization of 

TLR4 in a dynamin dependent manner (Husebye, 2006). Furthermore, 

together with CD14, the process is regulated by tyrosine kinase Syk and its 

downstream effector phospholipase C gamma 2 (PLCγ2) and also appears to 

be mediated by immunoreceptor tyrosine-based activation motif 

(ITAM)-containing transmembrane proteins, such as Fc receptors (Zanoni et 

al., 2011). 

After internalization from the plasma membrane, LPS-TLR4 complexes can be 

first detected in early endosomal structures defined by the early endosomal 

markers EEA1 and Rab5. Furthermore, TLR4-LPS complex containing 

endomes are enlarged due to apparent endosome-endosome fusion. 
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Similarly, recent studies have revealed that TLR4 only triggered 

TRAM/TRIF-dependent signaling at endosomes where both TRAM and TRIF 

are enriched after LPS stimulation (Kawai et al., 2001; Hoshino et al., 2002; 

Toshchakov et al., 2002; Zanoni et al., 2011). These adaptors are present at 

both the plasma membrane and Rab5 positive early endosomes and 

accumulate in the Rab5 positive early endosomes upon LPS stimulation. A 

specific TRAM mutant leads to impaired TRIF signaling and defective type I 

IFN production due to the mislocalization of TRAM (Kagan, 2006).  

The LPS-TLR4 complex is then transported to the formatted intraluminal 

vesicles (MVBs) in late endosomes and is further targeted to lysosomes for 

degradation.HRS is located in the limiting membrane of the early/sorting 

endosome and regulating the whole trafficking process (Husebye, 2006). 

TLR4 ubiquitination is constitutive and enhanced by LPS stimulation. HRS 

recognizes ubiquitinated TLR4 and promotes the transport of the LPS-TLR4 

protein cargo to the lysosomal degradation pathway (Husebye, 2006). 

However, such TLR4 ubiquitination is not required for the initial endocytosis 

of the LPS receptor complex. The targeting of TLR4 to lysosomes is also 

determined by tyrosine phosphorylation of TLR4 on the plasma membrane in 

response to LPS stimulation (Husebye, 2006). 

It has also been suggested that endosomal acidification is required for the 

degradation of TLR4. The inhibition of acidification by using the inhibitor 

chloroquine leads to a block of maturation of early endosomes to lysosomes 

and prevents the degradation of TLR4. 

As a consequence of the trafficking process of LPS-TLR4 complexes, TLR4 

activates MyD88 dependent pathway earlier than the TRIF-dependent 
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pathway. Moreover, the activation of the TRIF-dependent pathway in TLR4 

signaling is sufficient for the induction of type I IFNs. 

 

1.5 Chediak Higashi syndrome 

Lyst is a regulator of lysosomal trafficking and mutations of Lyst cause 

Chediak Higashi syndrome (CHS) in humans and the homologues phenotype 

in Beige mice (Kaplan et al., 2008). A prominent feature of this disease is the 

accumulation of enlarged lysosome-related granules in a variety of cells. CHS 

patients suffer from recurrent bacterial and viral infections. However, the 

regulatory mechanism underlying Lyst-mediated anti-bacterial immunity is 

still only insufficiently understood.  

1.5.1 Lyst protein structure 

The Lyst gene is composed of 3,801 amino acids with a molecular mass of 

430kDa (Perou, 1997) and is considered as a cytoplasmic protein, since no 

transmembrane domain or signal sequence is found in the Lyst protein by 

sequence prediction (Tchernev et al., 2002). The protein structure of Lyst 

strongly suggests a role in intracellular vesicle trafficking (Figure 1.3). The 

N-terminal domain of the protein contains an α-helical region that consist of 

20-21 Armadillo (ARM) /Huntington-elongation-A subunit-TOR (HEAT) 

repeats. ARM motifs may mediate membrane interactions (Pfeifer et al., 1994) 

and the HEAT motifs may be involved in vesicle transport (Nagle, 1996), while 

the Perilipin domain in Lyst is supposed to associate with lipids (Londos, 

1999). The C-terminal BEACH domain (named by Beige and Chediak Higashi) 

is highly conserved within several eukaryotic proteins (Nagle, 1996). It 

contains approximately 300 amino acidsand interacts with the pleckstrin 

homology domain (PH domain) that is commonly found in proteins mediating 
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intracellular signals (Jogl, 2002). The BEACH domain is found in many 

tryptophan-aspartic acid repeat (WD-repeat) proteins, which mediates 

protein-protein interactions and regulates vesicle transport (Kreder, 1999), 

such as Lyst, factor associated with neutral sphingomyelinase activation 

(FAN), large volume sphere A (LVSA) and large volume sphere B (LVSB) 

(Kwak, 1999; Harris, 2002; Tcherkasowa, 2002). Lyst contains seven 

WD-repeat motifs that contribute to the association of multi-protein 

complexes (Li, 2001).  

 

 

 
Figure 1.3 Scheme of Lyst protein structure. Colored boxes represent 

functional domains in Lyst. The ARM/HEAT Repeats (orange) are involved in 

membrane interaction and vesicle transport. The yellow box represents a Perilipin 

domain (p) that interacts with lipids. The BEACH (BEige and CHédiak-Higashi) 

domain (purple) is found in several proteins in eukaryotes. The WD40 repeats 

(magenta) play a critical role in protein-protein interactions. 

 

1.5.2 Lyst acts as a scaffold protein for membrane events 

Potential interactions of Lyst protein with HRS, 14-3-3 proteins and casein 

kinase II β-subunit (Ck2β) have been identified by the yeast two-hybrid 

system (Tchernev et al., 2002). These proteins play a potential role in 

vesicular transport and signal transduction. In particular, HRS targets 

ubiquitinated protein cargo to the lysosomal degradation pathway (Gruenberg 

et al., 2004). In addition, HRS interacts with ubiquitinated Toll-like receptor 

4 (TLR4) and mediates the trafficking of activated TLR4 to lysosomes for 

degradation by endosomal sorting and acidification (Husebye, 2006). HRS 

COOHARM/HEAT Repeats p WD40Beach domainNH3
+ 
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has also been observed to associate with phagosomes and facilitate the fusion 

with lysosomes (Vieira et al., 2004). A potential interaction of Lyst with HRS 

suggests an involvement of Lyst in the TLR4 signaling pathway. Latest clinical 

studies also revealed that some CHS patients suffered from hemophagocytic 

lymphohistiocytosis (HLH) which was triggered by salmonella infection, 

indicating that Lyst may also be involved in infection with Gram-negative 

bacteria which induces the TLR4 signaling pathway (Jessen, 2011). 

The function of Lyst has not yet been fully elucidated. One assumption is that 

Lyst may act as an adapter protein providing a linkage for proteins mediating 

intracellular membrane fusions (Tchernev et al., 2002).  

 

Mutant Lyst leads to defects in lysosome formation since giant lysosomes are 

observed in both CHS patients and Beige mice. Studies revealed that the 

fibroblasts from Beige mice exhibited greatly enlarged lysosomes. This effect 

could be reversed by the expression of wild-type Lyst in these Lyst-mutant 

fibroblasts, suggesting that Lyst is involved in regulating the size of the 

lysosomes (Perou et al., 1997). In addition, the number of lysosomes in Lyst 

deficient cells are reduced (Stinchcombe, 2000; Kaplan, 2008) and the 

lysosomes accumulate in a perinuclear compartment (Barbosa, 1996; 

Tchernev et al., 2002). It has been showen that the size of lysosomes is 

regulated by a balance between vesicle fusion and fission. A recent study 

indicated that Lyst regulates the size of lysosomes by affecting vesicle fission 

(Durchfort et al., 2012). A decreased rate of lysosome fission was observed in 

Lyst deficienct cells while overexpression of Lyst protein led to an enhanced 

rate of lysosome fission. 

 

LvsB is the Dictyostelium homolog of mammalian Lyst and is also important 

for lysosomal function. LvsB represents a negative regulator of fusion by 
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limiting the fusion of early endosomal compartments with postlysosomal 

compartments (Harris, 2002). The expression of LvsB is observed in late 

lysosomes and postlysosomes and the loss of LvsB results in enlarged 

postlysosomes and abnormal acidification. The abnormal postlysosomes in 

LysB deficient cells are induced by an inappropriate fusion of early endosomes 

with postlysosomes (Harris, 2002). These findings indicate that Lyst is 

involved in the fusion of phagosomes with lysosomes. Lyst may also play a 

critical role in host innate immunity since the fusion of phagosomes with 

lysosomes is a main process that regulates the degradation of ingested 

pathogens.  

 

1.5.3 Chediak Higashi syndrome (CHS) and Lyst gene mutations in 

CHS patients and mice 

CHS is a multi-systemic disease characterized by severe immunological 

defects, partial albinism, bleeding tendency and neurological disorders (Spritz, 

1998; Introne, 1999; Ward, 2000). The clinical characteristics of this disease 

were first described in 1943 by the Cuban pediatrician Beguez-Cesar 

(Beguez-Cesar, 1943). Moises Chediak and Otokata Higashi subsequently 

described similar phenotypes of patients, i.e. giant granules in leukocytes and 

their precursors in the blood and bone marrow (Chediak, 1952; Higashi, 1954). 

Sato then named the disease as Chediak Higashi syndrome (Sato, 1955). An 

important characteristic of this disease are greatly enlarged organelles 

including lysosomes, melanosomes, cytolytic granules and platelet dense 

bodies (Huizing, 2001). These abnormally enlarged granules can be observed 

in various cell types, including leukocytes, melanocytes, fibroblasts, 

endothelial cells and neurons (Premalata et al., 2006). Due to the 

http://www.ncbi.nlm.nih.gov/pubmed?term=Premalata%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16849771
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immunological defects, severe bacterial as well as viral and fungal infections 

are frequently observed in CHS patients and they have a remarkably high 

probability for recurrent infections (Introne, 1999; Khocht, 2010). 

The pathological phenotype of CHS patients is caused by mutations in the 

lysosomal trafficking regulator (Lyst) gene on human chromosome 1q42-43 

(Perou, 1997). Besides humans, CHS also affects other species including mice 

(Lutzner, 1967), rats (Nishimura, 1989), cattles (Padgett, 1967), cats (Kramer, 

1977), minks and killer whales (Kramer, 1977). Therefore, it is assumed that 

the gene is evolutionarily conserved (Wang et al., 2000). 

Since 1996, various relevant mutations of the Lyst gene in CHS patients have 

been reported. In some patients, the deletion or insertion of nucleotides in the 

Lyst gene was observed, which lead to a shift of the reading frame and the 

termination of protein synthesis. Some other patients showed a 3-base pair 

nucleotides deletion in the Lyst gene that resulted in a single amino acid 

substitution. Overall, there is no apparent correlation between the specific 

types of mutations and the corresponding phenotype and it appears that CHS 

develops as long as mutations somehow affect the expression or function of 

Lyst. 

The best established animal model with similar phenotypic characteristics as 

CHS patients is the Beige mouse, that is caused by mutations in the mouse 

homologue of the Lyst gene. Three different strains of Beige mice with Lyst 

gene mutations on C57BL/6 background have been reported: C57BL/6Jbg-2Btlr 

mice, C57BL/6bg-grey mice and C57BL/6JBeige/Beige mice. 

C57BL/6Jbg-2Btlr mice (Rutschmann et al., 2007) and C57BL/6bg-grey mice have 

been developed by chemical induction. The C57BL/6Jbg-2Btlr mice carry a 

donor splice site mutation in intron 27 with a T to A transversion that is 
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predicted to result in the skipping of the 27th exon of Lyst and a shift in the 

reading frame. The phenotype of C57BL/6bg-grey mice is caused by the deletion 

of exon 25, while the reading frame is maintained. However, the mutant Lyst 

protein that contains the WD40 and the BEACH domain is probably unstably 

expressed in these mice (Runkel et al., 2006). C57BL/6JBeige/Beige mice 

(Trantow et al., 2009) result from a spontaneous mutation in the Lyst gene. 

These mice carry an in frame deletion of 3 nucleotides leading to the deletion 

of isoleucin at position 3,741 in the WD40 domain. The mutant Lyst protein 

can probably be expressed (Trantow et al., 2009). 

Although it has been almost 20 years since the identification of Lyst as the 

mutant gene responsible for disease in CHS patients, the exact role of this 

protein for immunodeficiency is still largely unclear. As Lyst-mutant Beige 

mice serve as an excellent animal model for CHS disorders, Lyst-mutant Beige 

mice can be utilized to study the immunological function of Lyst. Results from 

such studies may reveal why CHS patients suffer from immunodeficiency. 
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2. Aim of study 

TLRs play a critical role in the recognition of microbial components in innate 

immune cells and their function is regulated by the subcellular 

compartmentalization of TLRs. Lyst is a regulator of lysosomal trafficking and 

mutations in Lyst cause CHS in humans, an immunodeficiency syndrome in 

which patients suffer from recurrent bacterial infections (Kaplan et al., 2008). 

The objective of the study was to analyze the physiological function of Lyst in 

TLR-mediated signal transduction pathways. To this end, the study utilized 

macrophages and dendritic cells from Lyst deficient mice to examine the 

effect of Lyst deficiency on the activation of TLRs induced by different TLR 

ligands and Gram-negative bacteria. Inflammatory cytokine responses as well 

as the activation of downstream signaling pathways were analyzed. An 

additional goal of the study was to evaluate the effects of Lyst deficiency on 

pathologic conditionsin vivo, by examining the susceptibility to in vivo 

infection with Salmonella and endotoxin-induced septic shock in mice.  

 

 

 

 

 

 

 



Aim of study 

24 

 

 



Materials and methods 

25 

 

3. Materials and methods 

3.1 Materials 

3.1.1 Devices 

Device Company  

Anthos fluido (Microplate washer) Anthos, Labtec Instruments, Austria 

Balance (max. 5400 g) Kern, Germany 

Bench Thermo scientific, Germany 

Centrifuge 5415R Eppendorf, Germany 

Centrifuge 5810R Eppendorf, Germany 

FACS Calibur flow cytometer BD Biosciences, Germany 

Gel Doc XR(Gel Documentation) Bio-Rad, Germany 

Glasware Duran Group, Germany 

Incubator Heracell 150 Thermo scientific, Waltham, MA, USA 

Infinite M200 (ELISA Reader) Tecan, Switzerland 

Kodak X-OMAT M35 Kodak, Germany 

Light Cycler Roche, Germany 

Light Cycler capillaries Roche, Germany 

Light Cycler centrifuge adapters Roche, USA 

Mcirowave 1026L Sharp, Germany 

Microplate shaker Laborbedarf Hassa, Germany 

Microscope Leica TCS SP5  Leica, Germany  

Microscope Motic  Beyersdörfer GmbH, Germany 

Microscope Nikon Diaphot 300  Nikon, Japan 

Microscope Zeiss ID03  Zeiss, Germany 

pH Meter Schott, Germany 

Photometer (automatic) Eppendorf, Germany 

Pipettes Eppendorf, Germany 

Power supply Consort, Belgium 

Refrigerator Liebherr profiline, Germany 

Refrigerator -80°C  Forma scientific, Germany 

Shaker for bacterial cultures Inova 4230 Brunswick scientific, USA 

Thermocycler Bio-Rad, Germany 
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Thermomixer Eppendorf, Germany 

Tissue Lyser II  Qiagen, Germany 

Vortex Reax Top Heidolph, Germany 

Waterbath Memmert, Germany 

Water-purification system Milli-Q Millipore, Germany 

XCell II™ Blot Module Invitrogen, U.K. 

Xcell SureLock™ Mini-Cell Invitrogen, U.K. 

 

3.1.2 Materials 

Labmaterial Company 

Amersham HyperfilmTM ECL GE Healthcare, Germany 

Cell culture flask Sarstedt,Germany 

Cell culture plate with 6-, 12-, 24-, 48-, 

96-well 

Corning, Nertherland 

Centricon Plus-20 Millipore, Germany 

ELISA Plate Greiner Bio One, Germany 

FACS tube (5 ml, 75 x 12 mm) Sarstedt, Germany 

Filter (0.2μM, 0.45μM) Nalgene Labware, Denmark 

Gel Blotting Paper Whatman, Germany 

Microcentrifuge tubes (1.5 ml, 2 ml) Sarstedt, Germany 

Needles (23 G, 27 G) BD Biosciences,Germany 

Neubauer counting chamber Paul Marienfeld, Germany 

Petri dish (100 x 15 mm, sterile) Sarstedt,Germany 

Plastic pipette tips (5 ml, 10 ml, 25 ml) Sarstedt, Germany 

Plastic pipettes (15 ml, 50 ml) Sarstedt, Germany 

PVDF Transfermembran Thermo scientific, Waltham, MA, USA 

Syringe (1 ml, 5 ml, 10 ml) BD Biosciences, Germany 
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3.1.3 Solutions and media for bacterial and cell culture 

Cell culture medium 

Dendritic cells (BMDC) culture medium: RPMI-Medium, 10% fetal calf serum, 

0.05 mM β-mercaptoethanol, 2 mM L-glutamine, 1x penicillin / streptomycin 

Macrophages(BMMF) culture medium: DMEM medium, 10% fetal calf serum, 

1 mM sodium pyruvate, 4 mM L-glutamine, 1% HEPES 

 

Solutions and buffers 

For all buffers and solutions, water was purified by a Milli-Q system (Millipore, 

Schwalbach). The pH values were adjusted with NaOH or HCl, if this was 

required. The solutions were sterilized by autoclaving at 121 °C for 20 min or 

sterile filtration with sterile filter with the cutoff 0.22 microns. The buffers 

and solutions were prepared according to the manufacturer's instructions. 

5% ammonium persulfate: 50 mg ammonium persulfate in 1ml H2O 

Blot buffer: 39 mM Glycin, 48 mM Tris-HCl, 1.28 mM SDS, 20% Methanol 

Citrate buffer: 100 mM Na-Citrat, adjusted to pH 4.5 

DNA loading buffer (6X): 250 mg bromophenol blue, glycerol 50 ml in 100 ml 

H2O, store at 4 °C. 

Erythrocyte lysis buffer: 4.15 g Ammoniumchlorid, 0.84 g sodium carbonate, 1 

mM EDTA in 500 ml H2O, adjusted to pH 7.3 

Glycin buffer: 200 mM Glycin, adjusted to pH 10.7 

LB-Medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl in 1000 ml H2O, 

sterilization 
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NP-40 lysis buffer: 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% NP-40, 1 mM 

NaOV, 10 mM NaF, 1x protease inhibitors 

SDS 10%: 10 g SDS in 100 ml H2O 

SDS-PAGE running buffer: 25 mM Tris, 192.3 mM Glycin; 0.1% SDS ad 1000 ml 

H2O; adjusted to pH 8.3 (HCl) 

SDS-PAGE sample buffer (4X): 250 mM Tris (pH 6.5), 40% glycerol, 8% SDS, 

0.008% bromophenolblue, 2 ml β-mercaptoethanol, in 10 ml of H2O 

TAE (50X): 242 g Tris, 57.1 ml acetic acid, 100 ml 0.5 M EDTA (pH 8.0) in 1000 ml 

H2O 

TBST: 145 mM NaCl, 10 mM Tris-HCl (pH 7.4), 0.1% Tween 20 

Tris-HCl 0.375 M, pH 6.8: 11.4 g Tris in 250 ml H2O, adjusted to pH 6.8 

Tris-HCl 1 M, pH 8.8: 30.3 g Tris in 250 ml H2O, adjusted to pH 8.8 

Trypan-Blue: 0.05 g Trypan blue staining solution, 0.9% NaCl, in 10 ml 1xPBS 

Tyrode buffer: 10 mM HEPES, 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1 mM, 

MgCl2, 5.6 mM Glucose, 0.1% BSA, adjusted to pH7.4 

Whole cell lysis buffer: 150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 1% NP40, 1 mM 

Na3VO4, 10 mM NaF and the complete Mini EDTA-free Protease Inhibitor Cocktail 

(Roche) 

 

3.1.4 Chemicals and reagents 

Chemical and Reagent Company 

Accutase eBioscience, San Diego, USA 

Acetic acid Roth, Germany 

Acrylamide/bis-acrylamide, 40% 

solution 

Bio-Rad, Germany 

Agarose Invitrogen, Germnay 
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Amino acids PAA Laboratories, Austria 

Ammonium chlorid Roth, Germany 

Ammonium persulfate Bio-Rad, Germany 

Aqua B. Braun H2O B.Braun, Germany 

Bacto Agar BD Pharmingen, Germany 

Bovine serum albumin (BSA) PAALaboratories, Germany 

Bromophenol blue Sigma-Aldrich, Germany 

Calcium chlorid Merck, Germany 

Concanavalin A GE Healthcare, Germany 

Dimethylsulfoxid (DMSO) Serva, Germany 

Disodium hydrogenphosphate 

(Na2HPO4) 

Merck, Germany 

DMEM PAA Laboratories, Germany 

dNTPs (10 mM) Invitrogen, Germany 

Ethanol (C2H5OH) Roth, Germany 

Ethidium bromide Bio-Rad, Germany 

Ethylene diamine tetraacetic acid 

(EDTA) 

Roth, Germany 

Fetal calf serum (FCS) Biochrom, Germany 

Gene Ruler 100 bp Plus DNA Ladder Fermentas, Germany 

Glycerol Sigma-Aldrich, Germany 

Glycin Sigma-Aldrich, Germany 

GM-CSF Promokine, USA 

HEPES PAA, Laboratories, Germany 

HRP-conjugated avidin D eBioscience, San Diego, USA 

Hydrochloric acid (HCl) AppliChem, Germany 

Isopropanol (C3H8O) Roth, Germany 

L-glutaminewithpenicillin/streptomycin PAA Laboratories, Germany 

Light cycler universal probe library Roche, Germany 

Lipopolysaccharide(LPS) Gift from Prof. Otto Holst 

Magnesium chloride (MgCl2) Roth, Germany 

M-CSF Promokine, USA 

Methanol Roth, Germany 

NP-40 AppliChem, Germany 

ODN2395 InvivoGen, USA 

Oxalic acid dihydrate (C2H6O6) Sigma-Aldrich, Germany 

Page blue protein staining solution Fermentas, Germany 
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Page ruler plus prestained protein ladder Fermentas, Germany 

Pam3CSK4 InvivoGen, USA 

Paraformaldehyde Sigma-Aldrich, Germany 

PBS  PAA Laboratories, Germany 

Phosphatase-Inhibitor Sigma-Aldrich, Germany 

Phusion High Fidelity DNA-Polymerase Finnzymes, Finnland 

Poly(I:C) Sigma-Aldrich, USA 

Potassium chloride (KCl) Roth, Germany 

Potassium phosphate (KH2PO4) Merck, Germany 

Protamine sulfate Sigma-Aldrich, Germany 

R848 InvivoGen, USA 

RPMI-1640 Gibco, Invitrogen, Germany 

SDS Sigma-Aldrich, Germany 

Sigmafast protease inhibitor Sigma-Aldrich, Germany 

Sodium azide (NaN3) Sigma-Aldrich, Germany 

Sodium carbonate (Na2CO3) Roth, Germany 

Sodium chloride (NaCl) Roth, Germany 

Sodium citrate Merck, Germany 

Sodium fluoride Sigma-Aldrich, Germany 

Sodium hydroxide (NaOH) AppliChem, Germany 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich, Germany 

Sodium pyruvate (C3H3NaO3)  PAA Laboratories, Germany 

Superblock T20 blocking buffer Thermo scientific, Waltham, MA, USA 

Tris Serva, Germany 

Triton X-100 Sigma-Aldrich, Germany 

Trypan blue Gibco, Invitrogen, Germany 

Trypsin/EDTA in PBS PAA Laboratories, Germany 

Tryptone Sigma-Aldrich, Germany 

Tween 20 Sigma-Aldrich, Germany 

Western blot detection reagent  Thermo scientific, Waltham, MA, USA 

Yeast extract Roth, Germany 

β-mercaptoethanol Sigma-Aldrich, Germany 
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3.1.5 Antibody 

Specification Species/isotypes Company 

Anti-actin Mouse monoclonal IgG1 SC 

Anti-CD11b-FITC(M1/70) Rat monoclonal IgG2b BL 

Anti-CD11c-FITC (N418) Hamster monoclonal IgG BL 

Anti-CD16/CD32 (2.4G2)  Rat monoclonal IgG2a BL  

Anti-CD107a-Alexa Fluor 647(1D4B) Rat monoclonal IgG2a eB 

Anti-Erk2 Rabbit monoclonal IgG CS 

Anti-GAPDH (FL-355) Rabbit monoclonal IgG SC 

Anti-IRF3 (D6I4C) Rabbit monoclonal IgG CS 

Anti-Lamin A/C Rabbit monoclonal IgG CS 

Anti-p38 MAPK (D13E1) Rabbit monoclonal IgG CS 

Anti-phospho-Erk1/2 (Thr202/204) Rabbit monoclonal IgG CS 

Anti-phospho-IRF3 (Ser396)(4D4G) Rabbit monoclonal IgG CS 

Anti-phospho-JNK (Thr183/185) Rabbit monoclonal IgG CS 

Anti-phospho-p38MAPK 

(Thr180/182)(3D7) 

Rabbit monoclonal IgG CS 

Anti-phospho-TBK1 (Ser172) Rabbit monoclonal IgG CS 

Anti-TLR4 (clone SA15-21) Rat monoclonal IgG2a BL 

Anti-TLR4/MD-2 Complex 

APC(MTS510) 

Rat monoclonal IgG2a BL 

Anti-TNF-Alexa Fluor 

647(MP6-XT22) 

Hamster monoclonal IgG eB 

Isotype-Control- FITC(eB149/10H5) Rat IgG2b BD  

Isotype-Control-Alexa Fluor 647(eBR2a) Rat monoclonal IgG2a eB 

Ab from Biolegend, USA (BL), Cell Signaling Technology, USA (CS) and Santa Cruz, USA 

(SC) were utilized for WB ; ab from Biolegend, USA (BL), eBioscience, USA (eB) and BD 

Biosciences, Germany (BD) were utilized for FACS  
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3.1.6 Molecular and cell biology kits 

Kit Company 

B Cell isolation Kit Miltenyi Biotec, Germany 

Light Cycler TaqMan Master Kit Roche, Germany 

Mouse IFNELISA kit  eBioscience, San Diego, USA 

Mouse IL12 ELISA kit Abcam, UK 

Mouse TNFELISA kit  eBioscience, San Diego, USA 

NE-PER Nuclear Protein Extraction Kit Thermo Scientific, USA 

Pan T cell isolation Kit Miltenyi Biotec, Germany 

PureLinkTM Micro-to-Midi total RNA Purification 

System 

Invitrogen, USA 

QIAprep Spin Miniprep Kit Qiagen, Germany 

QIAquick gel extraction Kit Qiagen, Germany 

QIAquick PCR purification Kit Qiagen, Germany 

SuperscriptTM III CellsDirectTM cDNA Synthesis 

System 

Invitrogen, USA 

 

3.1.7 Animal and bacterial strains 

Animal strains Company 

C57BL/6 The Jackson Laboratory, Main, USA 

C57BL/6J-Lystbg-J The Jackson Laboratory, Main, USA 

Bacterial strains Company 

S. Typhimurium SL1344 Gift from Prof. Guntram Grassl 

 

3.1.8 Software 

Software Company 

BioEdit Ibis Therapeutics, Carlsbad, USA 
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Cell Quest BD Biosciences, Germany 

FlowJo Tree Star, Inc., Ashland, OR, USA 

LAS AF Lite Leica, Germany 

Light Cycler Software version 3 Roche, Germany 

Magellan Tecan, Switzerland 

Microsoft Office 2007 Microsoft Corporation, Redmond, WA, USA 

 

3.2 Methods 

3.2.1 Generation of tissues and primary cells 

3.2.1.1 Dendritic cells from bone marrow cultures (BMDC, bone 

marrow derived dendritic cells) 

Bone marrow cells were isolated by being rinsed with PBS from the femur and 

tibia. The harvested cells were centrifuged at 1400 rpm for 10 minutes at 4 °C. 

The cell pellet was resuspended in 1 ml of erythrocyte lysis buffer for 15 

minutes at room temperature. 10 ml of culture medium was added to stop the 

lysis and the cells were centrifuged again at 1400 rpm for 10 minutes at 4 °C. 

The cells were seeded at a density of 5 x106 cells/10 ml in a petri-dish in 

presence of growth factor GM-CSF (20 ng/ml). After 3 days, the cells were 

cultured in 10 ml new fresh medium. Six days after the preparation, the 

culture medium was removed and the cells were cultured in new fresh 

medium for another three days. The cells were harvested and analyzed by 

surface marker of CD11c with FACS analysis. 

3.2.1.2 Macrophages derived from bone marrow cultures (BMMF, 

bone marrow derived macrophages) 

Bone marrow cells were isolated from the femur and tibia. The harvested cells 

were centrifuged at 1400 rpm for 10 minutes at 4 °C. The cell pellet was 
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resuspended in 1 ml of erythrocyte lysis buffer for 15 minutes at room 

temperature. 10 ml of culture medium was added to stop the lysis and the cells 

were centrifuged again at 1400 rpm for 10 minutes at 4 °C. The harvested cells 

seeded in culture medium in presence of the growth factor M-CSF (50 ng/ml). 

On the following day the suspension cells were harvested and re-seeded in 

new petri-dish to remove contaminated fibroblasts. Four days after the 

preparation, the culture medium was removed and the cells were cultured in 

new fresh medium for another three days. The cells were then tested for 

surface marker of CD11b with FACS analysis. 

3.2.1.3 B cells and T cells isolation from splenocytes 

Isolated mouse spleen was first minced to small pieces. The pieces were then 

grinded through a steril cell strainer. Single-cell suspensions from spleens 

were then incubated for 15 minutes at room temperature in erythrocyte lysis 

buffer with a total volume of 5 ml. To stop the lysis, 20 ml 5% FCS/PBS was 

used and the cells were centrifuged at 1400 rpm for 10minutes at 4 °C. The 

pellet was washed in 10 ml of 5% FCS/PBS. 1x107 splenocytes were 

magnetically labeled with the "Pan T cell isolation kit" or the "B cell isolation 

kit" (Miltenyi Biotec, Germany) according to manufacturer's instructions. B 

and T cells were then purified by magnetic separation through MS columns 

using the MACS separator (Miltenyi Biotec, Germany). 

3.2.1.4 Tissue isolation 

C57BL/6 mice were sacrificed and different organs (i.e., brain, liver, lung, 

kidney spleen and heart) were isolated. The organs were then weighed and 

minced into small parts with appropriate amount and the samples were added 

to the 2 ml eppendorf tubes with PBS and a vortex beads. The tissues were 
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homogenized in Tissue Lyser II (Qiagen, Germany). The homogenate were 

transferred to the 1.5 ml eppendorf tubes in aliquots and stored at -80 °C. 

3.2.2 Cell counting 

The cell number and viability were determined by the cell suspension diluted 

with the anionic dyetrypan blue in which live cells were hardly absorbed. The 

cells to be counted were diluted 1:10 in the trypan blue solution and added to 

ahemocytometer (Neubauer counting chamber). The cells were in turn 

counted in a large square (16 small squares) using Microscope (Microscope 

Zeiss ID03, Germany). 

3.2.3 Molecular methods 

3.2.3.1 RNA Isolation 

PureLinkTM Micro-to-Midi Total RNA Purification System (Invitrogen) was 

used in isolation of RNA from the cells according to the manufacturer 

instruction. Briefly, 5 x107 cells were centrifuged at 1400 rpm for 5 minutes in 

4 °C. The cell pellet or homogenized tissue sample was resuspended in 600 µl 

lysis buffer on the vortex until completely dissolved. The lysate was 

subsequently forced through a 18-21-gauge needle which was attached to an 

RNase-free syringe for ten times. This homogenized sample was mixed with 

70% ethanol with the ratio 1:1 and centrifuged through a spin-cartridge at 

12,000 rpm for 15 seconds at room temperature. The flow-through was 

discarded, and the spin-cartridge was washed for several times with wash 

buffer I and II. The RNA was eluted with 30 µl RNase-free water. The RNA 

quality and quantity was determined by the Bio Photometer (Eppendorf, 

Germany). 
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3.2.3.2 Complementary DNA (cDNA) synthesis 

cDNA was prepared from the purified RNA according to the manufacturer of 

the "SuperscriptTM Cells DirectTM III cDNA Synthesis System" (Invitrogen). 

The reaction mix contains 50 ng random primers, 1µl annealing buffer, 5 μg 

RNA and RNase/DNase-free water with the total volume of 8 μl in a 

PCR-reaction tube. The reaction was applied at 65 °C for 5 minutes and then 

immediately placed on ice for 3 minutes. 10 µl of 2X first-strand reaction mix 

and 2 µl of a SuperscriptTMIII/RNaseOUTTM enzyme mix were then added to 

the tube. The reaction was applied at 25 °C for 10 minutes, followed by 50 

minutes at 50 °C, and terminated at 85 °C for 5 minutes, and then 

immediately chills on ice. The cDNA was stored at -20 °C. 

3.2.3.3 Nucleic acid concentration determination 

The concentration of nucleic acid was determined using the Bio Photometer 

(Eppendorf, Germany). Samples were diluted into 1:100 and place in a silica 

cuvette (Hellma, Germany). The absorbance was measured at a wave length of 

260 nm and 280 nm. The concentration of DNA or RNA was determined on 

the absorption peak of the aromatic rings of the nucleic acid at 260 nm. The 

ratio of the absorbance at 260 nm and 280 nm indicated the purity of the 

DNA and RNA in solution, while the value of the pure DNA or RNA solution 

was between 1.8 and 2. 

For the determination of the nucleic acid concentration, the following 

equation was used: 

[RNA in ng/µl] = 260nm x dilution factor x 40 

[DNA in ng/µl] = 260nm x dilution factor x 50 
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3.2.3.4 Polymerase chain reaction (PCR) 

PCR was performed according to the reaction mixture and procedure (Table 

3.1 and 3.2) using the high fidelity polymerase, Phusion® High Fidelity DNA 

polymerase (Finnzymes, Finland). PCR products were separated by 

electrophoresis on an agarose gel.  

 

Table 3.1 The components required for PCR 

Reagent Volume(μl) 

cDNA 1.00 

10x PCR Puffer  2.50 

MgCl2 [50 mM]  1.00 

dNTP Mix [jeweils 25 mM]  0.25 

Forward primer [20 pmol]  0.25 

Backward primer [20 pmol]  0.25 

Taq polymerase [5 U/μl]  0.25 

Water 19.50 

Total volume 25.00 

 

Table 3.2 The cycles required for PCR 

Temperature Time 

94°C 5 minutes 

94°C 1 minutes 

58°C 1 minutes 

72°C 5 minutes 

72°C 10 minutes 

4°C Forever 

45 cycles 
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3.2.3.5 Quantitative real-time PCR 

For setting the quantitative real-time PCR (RT-PCR), the corresponding 

optimal primers for the gene were determined using the "ProbeFinder" 

webpage (Roche applied science). Murine Lyst, Tnf and Ifnb1 gene expression 

was measured relative to hypoxanthine phosphoribosyl transferase (HPRT) 

using the TaqMan-based system (Roche Applied Biosystems). Amplification 

was performed using the protocol listed in following table (Table 3.4 and 3.5) 

in a fluorescence temperature cycler (Light Cycler 2.0; Roche). The following 

primers (Table 3.3) and TaqMan probes (Universal Probe Library ID numbers, 

Roche) were used. 

 

Table 3.3 The primers for real-time PCR 

Primers     5´-3´-Sequence Probe 

Lyst sense GAAGACCGTTACGTTGACACAT 101 

Lyst antisense ATCCTCTCGAGCTCCCTTG 101 

Tnfsense CTGTAGCCCACGTCGTAGC 78 

Tnfantisense TTGAGATCCATGCCGTTG 78 

Ifnb1 sense CACAGCCCTCTCCATCAACTA 78 

Ifnb1 antisense CATTTCCGAATGTTCGTCCT 78 

HPRT sense TCCTCCTCAGACCGCTTTT 95 

HPRT antisense CCTGGTTCATCATCGCTAATC 95 
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Table 3.4 The components required for real-time PCR 

Reagent Volume(μl) 

cDNA 1.00 

Labled probe 1.00 

RT-PCR Master Mix 8.00 

Forward primer [20 pmol]  0.50 

Backward primer [20 pmol]  0.50 

Total volume 10.00 

         

Table 3.5 The cycles required for real-time PCR 

Temperature Time 

95°C 10 minutes 

95°C 10 seconds 

55°C 30 seconds 

72°C 5 seconds 

40°C 30 seconds 

4°C Forever 

 

3.2.3.6 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for separation and preparation of DNA 

fragments. For the preparation of 1% agarose gel, 1g agarose was boiled in 100 

ml of 1x Tris-acetate-EDTA buffer (TAE buffer), cooled to 55 °C and mixed 

with ethidium bromide (0.5 µg / ml of gel volume). The gel was then poured in 

a carrier plate with a comb (to form the pocket). After the cooling of the gel, 

the combs were removed and the gel was placed in the TAE buffer. 6x loading 

buffer were added to the samples and pipette into the pockets of the gel. DNA 

marker was also applied as the size indicator of the DNA fragments. The 

separation was carried out on 100 V with the duration of 30-60 minutes. 

45 cycles 
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Ethidium bromide intercalats during the run into the DNA fragments. 

Therfore the gel was analyzed under UV light and photographed (Gel Doc XR 

apparatus and software, Bio-Rad, Gemany).  

3.2.3.7 Purification of DNA fragments 

The purification of DNA fragments in agarose gels was performed using the 

QIAquick gel extraction kit (Qiagen) according to the manufacturer. The 

purification was carried out following the electrophoresis of DNA fragments. 

DNA of right size in the gel was first cut out under UV light with a blade and 

transferred into an eppendorf tube. The gel was weighed and 300 µl QG buffer 

was added per 100 mg gel. The tube was then incubated on 50 °C until the gel 

was totally dissolved. The sample was then mixed with same volume of 

isopropanol and centrifuged through a spin-cartridge at 12,000 rpm for 1 

minute at room temperature. The flow-through was discarded, and the 

spin-cartridge was washed with wash buffer for 2 times. The DNA fragments 

were eluted with 30 µl dH2O and then either used immediately or stored at 

-20 °C. 

3.2.3.8 DNA sequencing 

DNA sequencing was carried out by LGC Genomics (Berlin). For sequencing, 

800 ng of DNA were presented with 1μl of a sequencing primer (10 pmol/l) 

and filled with sterile water to a final volume of 8 μl. The evaluation was 

performed with the help of BioEdit software (Ibis Therapeutics, USA). 

3.2.4 Biochemical methods 

3.2.4.1 Preparation of whole cell lysates 

5x105 BMDCs or BMMFs were stimulated in a 24-well plate by 10 µg/ml 

Poly(I:C) or 100 ng/ml LPS with the indicated times. The cells were directly 
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lysated in the well with 100 µL lysis buffer for 20 minutes on ice. The cell 

lysates were centrifuged at 16,000 rpm for 10 minutes at 4 °C. The 

supernatants of total lysates were mixed with 4x SDS-sample buffer and 

boiled for 5 minutes at 95 °C.  

3.2.4.2 Preparation of nuclear protein extraction 

For the nuclear fractionation assay, nuclear protein extraction was performed 

by using the NE-PER NuclearProtein Extraction Kit (Thermo Scientific) 

according to the manufacturer’s protocol. BMMFs were deattaced by cooled 

on ice for 1 hour and incubatd by accutase for half hour. Cells were harvested 

and washed with PBS. The cell pellet was then resuspended with ice-cold 

CER-I buffer by vigorously vortexing for 15 seconds. Cells were incubated on 

ice for additional 10 minutes. The CER-II buffer was added to the tube. The 

tube was twice vigorously vortexing for 5 seconds and incubated on ice for 10 

minutes. The cells were subsequently centrifuged at the maximum speed for 5 

minutes. The pellet was suspension with ice-cold NER buffer and vortexing for 

15 seconds every 10 minutes for 4 times. The samples were then centrifuged 

with the highest speed for 10 minutes and the supernant (nuclear extract) was 

stored in -80 °C. 

3.2.4.3 SDS-polyacrylamide gel electrophoresis 

The protein samples were separated using SDS-polyacrylamide gel 

electrophoresis. The samples were loaded in 8-12% separation 

SDS-polyacrylamide gels (Table 3.6 and 3.7) and protein separation was 

performed in Xcell SureLock™ Mini-Cell and Xcell SureLock™ Mini-Cell 

(Invitrogen) containing SDS running buffer. The gels run at a voltage of 80-120 

V for 2 hours. The separated proteins were then transferred onto PVDF 

membrane. 
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Table 3.6 SDS separating gel 

Acylamide percentage 8% 10% 12% 

H2O 4 ml 3.5 ml 3 ml 

Acrylamide/Bis-acrylamide 

(40%) 

2 ml 2.5 ml 3 ml 

Tris-HCl 1 M, pH 8.8 3.75 ml 3.75 ml 3.75 ml 

SDS 10%  0.1 ml 0.1 ml 0.1 ml 

5% ammonium persulfate 0.1 ml 0.1 ml 0.1 ml 

TEMED 10 μl 10 μl 10 μl 

 

Table 3.7 SDS stacking gel 

H2O 2.8 ml 

Acrylamide/Bis-acrylamide 

(40%) 

0.5 ml 

Tris-HCl 0.375 M, pH 6.8 1.67 ml 

SDS 10%  5 μl 

5% ammonium persulfate 50 μl 

TEMED 5 μl 

 

3.2.4.4 Western-Blot 

SDS-PAGE gels were initially equilibrated in the transfer buffer (Blotpuffer) 

for 5 minutes. The PVDF membrane (Thermo scientific, USA) was immersed 

in 100% methanol and then also equilibrated and activated in transfer buffer. 

The separated proteins in the SDS gel electrophoresis were transferred to 

PVDF membrane in Xcell SureLock™ Mini-Cell and the XCell II™Blot 

Module (Invitrogen) containing blotting buffer by electroblotting at 950 mA 

for two hours and the membrane was washed with 1x TBST for 10 minutes. 

Following that, The PVDF membrane was blocked with 20 ml blocking buffer 
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superblock T20 (Thermo Scientific, USA) for 60 minutes at room temperature 

with gently shaking. The membrane was then incubated in the primary 

antibody against phospho-Erk1/2 (Thr202/204), phospho-JNK (Thr183/185), 

phospho-p38 MAPK (Thr180/182), phospho-IRF3 (Ser396), Erk2, p38 MAPK, 

IRF3,Anti-phospho-TBK1 (Ser172), Lamin A/C from Cell Signaling and Santa 

Cruz (Chapter 3.1.5.) were diluted in Superblock (Dilution:1:2000 -1:4000) 

overnight with shaking at 4 °C. The next day, the membrane was washed at 

room temperature 3 times for 5 minutesin 1X TBST and then incubated with 

an HRP-conjugated secondary antibody (dilution: 1:30,000) for 1 hour at 

room temperature. Afterwards, the membrane was washed again 4 times for 

15 minutes with 1 x TBST at room temperature. The blot was incubated in the 

detection reagent (Thermo scientific, USA) for 2 minutes and then exposed to 

the Amersham Hyperfilm ECL (GE Healthcare, Germany). The molecular 

weight of the separated proteins was determined using a protein marker. 

3.2.5 Flow cytometry 

Single cell suspensions of BMMFs or BMDCs were blocked with 0.2 µg/ml 

FcBlock (anti-CD16/CD32; Biolegend) for 30 minutes on ice and subsequently 

stained with fluorescent-labeled mAbs for CD11b, CD11c, TLR4/MD2 (clone 

MTS510) and TLR4 (clone SA15-21) (all Biolegend, Chapter 3.1.5) in 100 µl 

PBS for 30 minutes on ice. Intracellular staining of TLR3 was performed in 

fixed and permeabilized cells according to Chapter 3.2.7. Unstained cells or 

control cells that stained with corresponding isotype antibody served as a 

control in each experiment. 

Following the staining step, the cells were washed with 5% BSA/PBS and Flow 

cytometric measurements were performed on FACS Calibur flow cytometer 

(BD Biosciences, Germany). Data were analyzed with FlowJo software 

(versions 10.0.7; Tree Star, Inc., USA) 
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3.2.6 TLR4 internalization 

BMMFs Cells were stimulated in 24-well plate by 100 ng/ml LPS at 37 ºC with 

the indicated times (Chapter 3.2.4.1). TLR4 internalization was terminated by 

adding ice-cold medium containing 0.1% azide and stored on ice. BMMFs 

were deattaced by cooled on ice for 1 hour and incubatd by accutase for half 

hour. Cells were then harvested and washed with PBS. Single cell suspensions 

were blocked with FcBlock in a concentration of 0.2 µg/ml for 30 minutes on 

ice and cells were stained with fluorescent-labeled anti-mouse TLR4 antibody 

(Biolegend). Cells were then fixed with 2% paraformaldehyde (PFA) and 

washed for several times. The surface TLR4 expression was analyzed by flow 

cytometry.  

3.2.7 Intracellular cytokine measurement 

5x105 BMDCs were seeded in 24-well plate and incubated overnight in with 

culture medium. In the next day, cells were stimulated with various TLRs 

ligands in the presence of Brefeldin A (eBioscience) for blocking of Golgi 

function for 6 hours. The concentrations of different ligands for TLRs were 

listed: 100 ng/ml of Pam3CSK4 (InvivoGen), 10 µg/ml of Poly(I:C) 

(Sigma-Aldrich), 100 ng/ml of LPS, 10 µg/ml of R848 (InvivoGen) or 5 µM of 

CpG (ODN2395, InvivoGen). To detect the concentration of intracellular 

cytokines, the cells were initially fixed with 1X fixation buffer (ebioscience, 

Germany) for 20 minutes at room temperature. Afterwards, the cells were 

washed with PBS and incubated with 1X permeabilization buffer (ebioscience, 

Germany) for 5 minutes at room temperature. Following that, the cells were 

blocked with 2% BSA at room temperature for 30 minutes and the incubated 

with the fluorescent-labeled antibodies for one hour on ice. Then the cells 

were washed three times with 5% BSA/PBS and measured by FACS Calibur 
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flow cytometer (BD Biosciences, Germany). The analysis of FACS data was 

performed with FlowJo software (versions 10.0.7; Tree Star, Inc., USA). 

3.2.8 Enzyme-linked immunosorbent assay (ELISA) 

BMMFs or BMDCs were stimulated with different ligands for TLRs – 100 

ng/ml of Pam3CSK4 (InvivoGen), 10 µg/ml of Poly(I:C) (Sigma-Aldrich), 100 

ng/ml of LPS, 10 µg/ml of R848 (InvivoGen) or 5 µM of CpG (ODN2395, 

InvivoGen) for 6 hours. TNF, IL-12, or IFN protein levels in cell culture 

supernatants were then determined by specific ELISA kits (eBioscience) 

according to the manufacturer’s protocol. Briefly, ELISA plates were coated 

overnight with 2 μg/ml primary antibody at 4 °C. In the next day, the plate 

was washed three times with PBS/Tween-20 and blocked in 2% PBS/BSA for 1 

hour at room temperature. Samples were then diluted appropriately in PBS 

and incubated in the prepared ELISA plate in duplicate for two hours and a 

series diluted standard (purified TNF, IL-12 or IFN was applied as 

standard at room temperature. After incubation, the ELISA plate was washed 

five times with PBS/Tween-20 and incubated with 1 g/ml biotin-conjugated 

secondary antibody for 1 hour at room temperature. Then, the ELISA plate 

was washed five times with PBS/Tween-20 and incubated with the horse 

radish peroxidase-avidin D (HRP-AV) for 30 minutes at room temperature. 

The development of colored production was applied by adding 100 µl TMB 

substrates (eBioscience, USA) at room temperature. The reaction was stopped 

with 100 µl 0.625 M oxalic acids. The absorbance was measured at 405 nm by 

Infinite M200 (Tecan, Switzerland). 
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3.2.9 In vivo salmonella infection 

Salmonella Typhimurium SL1344 (S. Typhimurium) was cultured in LB 

medium to the early stationary phase (OD600 of 2–3).  The bacteria were 

then harvested by centrifuge and diluted to approx. 3x109 bacteria/ml in 

sterile 100 mM HEPES (pH 8.0). Age and gender matched mice at an age of 

10–12 weeks were treated with 20 mg streptomycin/mouse by oral gavage. 

After 24 hours, the mice were infected with 0.1 ml of the resuspensions (3x106 

S. Typhimurium) by oral gavage. One or four days post infection, the mice 

were sacrificed by CO2 and colon, cecum, mesenteric lymph nodes (MLN), 

spleen, liver and Ileum were removed for determination of organ bacterial 

loads. Isolated samples were washed once in PBS and homogenized in 1 ml of 

PBS using a Tissue Lyser II (Qiagen, Germany). Dilutions of the cell lysates 

were applied on LB agar plates containing 100 µg/ml streptomycin to 

determine bacterial colonization. 

3.2.10 LPS induced In vivo cytokine secretion and septic shock 

10-week-old female mice were injected intraperitoneally with poly(I:C) (10 

µg/g body weight) or LPS from S. Typhimurium (40 ng/g body weight) to 

induce in vivo cytokine secretion. Four hour or one hour after the injection, 

mice were sacrificed by CO2. Blood was collected using a 5 ml syrine by 

cardiac puncture of the mice. Blood was placed in room temperature for two 

hours and then centrifuged at 5000 rpm for 5 minutes to generate platelet 

poor plasma. TNFIL-6 and IFNprotein levels in the serum were measured 

by ELISA (Chapter 3.2.8).  

The septic shock was induced by intraperitoneally injection of LPS from S. 

Typhimurium (8 µg/g body weight) in matched Bg-J and WT mice. The 
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health status of the mice was monitored at regular intervals, every 12 hours for 

seven days. 

 

3.3 Statistical analysis 

Data are presented as mean values with standard deviation. For statistical 

analysis the Mann-Whitney U test was performed, unless stated otherwise. A 

P value of less than 0.05 was considered statistically significant and P value of 

less than 0.005 was highly significant. Statistical analysis of Kaplan-Meier 

survival curves was performed by the log-rank test. 
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4. Results 

4.1 Characterization of the mutation in C57BL/6JBeige/Beige 

mice 

CHS is a genetic disorder which is characterized by partial albinism, mild 

bleeding tendency and an immunodeficiency that manifests in recurrent 

bacterial infections. Genetic analysis identified the lysosomal trafficking 

regulator gene, Lyst, as the only gene to be associated with CHS. The murine 

equivalent of CHS, Beige (Bg) mice exhibit a similar phenotype. 

In my thesis, I have characterized a strain of Beige mice on C57BL/6 

background which has been obtained from ‘The Jackson Laboratory’ (stock no. 

000629, LystBg-J). This particular Beige mutation arose spontaneously in a 

C57BL/6J colony at ‘The Jackson Laboratory’ in 1960. The allele is defined by 

a non-complementation test with Bg-J mice, which is the original Lyst 

mutation in Beige mice. 

Recent studies reported different mutations in the Lyst gene which cause 

Beige phenotypes. One report showed a point mutation in the intron between 

exon 25 and exon 26 within the Lyst gene. This mutation results in skipping of 

exon 25 without disrupting the reading frame of the cDNA (Runkel et al., 

2005). The other study reported a 3-base pair deletion in exon 54 of the Lyst 

gene which is predicted to delete a single isoleucine from the carboxyl 

terminus of the Lyst protein (Trantow et al., 2009).  

In an attempt to define the specific mutation in our LystBg-J mice, I performed 

a set of sequencing experiments. Due to the large size of the Lyst gene (55 

known exons, spanning 207 kb), I first focused my analysis on the coding 

regions of Lyst that are already known to be mutated in certain Beige strains.  
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WD40 domain of the Lyst protein. Alternatively, since WD40 domains are 

known to serve as stable scaffolds that mediate protein-protein interactions 

(Gaitatzeset et al., 1999), this finding could also indicate that isoleucine 3,741 

of the Lyst protein could be a critical candidate for mediating interactions 

with other proteins that play an important role in the cellular function Lyst. 

 

4.2 Lyst expression in different tissues and cells 

The analysis of human Lyst microarray data showed that human Lyst was 

expressed in all tissues and organs that had been analyzed, with relatively high 

expression levels in tissues and cells of the immune system. To investigate the 

expression of murine Lyst in different tissues and primary cells, I measured 

mRNA expression levels of Lyst by using quantitative reverse transcriptional 

PCR (RT-PCR). 

Total RNA was extracted from various tissues such as brain, liver, spleen and 

from different immune cells, including purified T cells, B cells, BMMFs and 

BMDCs. cDNA was then synthesized by RT-PCR. The relative mRNA 

expression level of Lyst was then analyzed relative to the housekeeping gene 

HPRT. The mRNA expression of Lyst in tissues or cells was normalized to the 

expression level of Lyst in BMMFs which was set as 1. 

Similar to the microarray data of human Lyst, Figure 4.2 shows that murine 

Lyst could be detected in all analyzed tissues and cells. Among the tested 

tissues, spleen showed the highest expression of murine Lyst (Figure 4.2A). 

Moreover, in all of the analyzed tissues and cells, the highest expression of 

murine Lyst was observed in BMDCs and BMMFs. In BMMFs and BMDCs the 

relative expression of Lyst was more than 2-fold higher as compared to other 
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cell types and tissues. Thus, Lyst might possibly be involved in the biological 

function of dendritic cells and macrophages. 

 

 

Figure 4.2 Expression of Lyst in different tissues and cell types. 

Quantitative RT-PCR analysis of Lyst mRNA expression in different tissues (A) and 

immune cell types (B). The expression level of Lyst in unstimulated BMMFs was set as 

1. Data are reported as mean ± standard deviation from duplicate samples. 
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4.3 In vitro analysis of the role of Lyst in TLR-induced 

cytokine production 

A characteristic feature of CHS is enlarged lysosomes which lead to delayed 

phagosomal/lysosomal fusion in patients. As the activation of intracellular 

TLRs occurs within endolysosomal compartments, the potential involvement 

of Lyst in the function of endosomal TLRs, including TLR3, TLR7, TLR8, and 

TLR9, was investigated. 

4.3.1 Lyst selectively controls TLR3- and TLR4-induced production 

of pro-inflammatory cytokines in dendritic cells 

DCs act as the professional antigen presentation cells and play a critical role in 

both innate and adaptive immunity.Upon the activation of TLRs in response 

to infection with bacteria, viruses or fungi, DCs release various cytokines 

including proinflammatory cytokines such as TNFand IL-12, as well as type 

I IFNs. To explore the potential involvement of Lyst in TLR signaling, 

cytokine production induced by various TLRs ligands was investigated in DCs.  

BMDCs generated from Lyst-mutant Beige mice (Bg-J mice, 

C57BL/6JBeige/Beige) and wild type mice (WT mice, C57BL/6), were activated by 

various TLRs ligands (Pam3sk4 for TLR2, Poly(I:C) for TLR3, LPS for TLR4, 

R848 for TLR7 and ODN2395 for TLR9). After stimulation of cells for six 

hours, cell free culture supernatants were collected and the amount of 

secreted TNFand IL-12 protein was determined by ELISA. 

As shown in Figure 4.3, the incubation with TLRs ligands resulted in a robust 

production of proinflammatory cytokines inWT BMDCs. In contrast to WT 

BMDCs, the concentration of TNFand IL-12 was significantly reduced in 

culture supernatants from Bg-J BMDCs in response to stimulation with 
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Poly(I:C) and LPS. The production of TNF from Bg-J BMDCs in response to 

Poly(I:C) and LPS was reduced to 43% and 38%, respectively, relative to WT 

BMDCs. In addition, the defect in Bg-J cells was even stronger for LPS- and 

Poly(I:C)-induced production of IL-12. The corresponding reduction rates for 

IL-12 were 75% and 80% in Bg-J cells upon the activation via TLR3 and TLR4, 

respectively. For other TLRs such as TLR2, TLR7 and TLR9, comparable 

production of TNF and IL-12 was observed between Bg-J and WT BMDCs. 

 

Figure 4.3 Lyst selectively controls TLR3- and TLR4-induced TNFα 

and IL-12 productionin BMDCs. BMDCs from WT and Bg-J mice were 

stimulated for six hours with the indicated TLR ligands. UT represents untreated 

BMDCs. Release of TNFα (A) and IL-12 (B) into culture supernatants was measured 

by ELISA. Error bars indicate standard deviation from two cultures derived from 

different mice. 
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Based on the observation that the production of TNF and IL-12 in Bg-J cells 

was significantly reduced upon stimulation with TLR3 and TLR4 ligands, 

additional experiments were performed to confirm the negative effect of Lyst 

deficiency on cytokine production. Bg-J BMDCs and WT BMDCs were 

stimulated with titrated concentrations of Poly(I:C) (0.3, 1, 3, 10 µg/ml) and 

LPS (10, 30, 100, 300 ng/ml). TNFlevels in culture supernatants were then 

analyzed by ELISA after four hours (Figure 4.4A and C) and eight hours of 

stimulation (Figure 4.4B and D).  

As shown in Figure 4.4A, TNFwas undetectable upon stimulation with low 

concentrations of Poly(I:C), i.e., 0.3 and 1 µg/ml, after four hours in both Bg-J 

and WT cells. However, upon stimulation with higher concentrations of 

Poly(I:C), the production of TNFincreased in a dose dependent fashion. 

Importantly, a significant difference in the production of TNF between Bg-J 

and WT cells was observed, especially at the highest concentration of Poly(I:C). 

This observation is consistent with the previous findings shown in Figure 4.3A. 

Stimulation of cells for eight hours (Figure 4.4B) gave principally similar 

results as stimulation for four hours. No concentration-dependence was 

observed for LPS stimulation, as shownin Figure 4.4C and D. Irrespective of 

the concentration of LPS, the level of TNFproduction was comparable 

within Bg-J or WT cells. Importantly, however, LPS-induced TNFlevels 

were significantly different between Bg-J and WT cells upon simulation for 

four and eight hours. LPS-induced TNFproduction in Bg-J cells was reduced 

by around 50% when compared to WT cells throughout a wide range of LPS 

concentrations. 
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Figure 4.4 Reduced TNFα production in Bg-J cells in response to 

various concentrations of Poly(I:C) and LPS. BMDCs from WT and Bg-J 

mice were treated with increasing concentrations of Poly(I:C) (A, B) and LPS (C, D). 

The cells were stimulated at 37 °C for four hours (A, C) and eight hours (B, D). The 

release of TNFα into culture supernatants was measured by ELISA. Error bars 

indicate standard deviation from two independent cultures derived from different 

mice. 
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4.3.2 Lyst selectively controls TLR3- and TLR4-induced production 

of pro-inflammatory cytokines in macrophages  

Macrophages are professional phagocytes that take up invading bacteria or 

viruses and release inflammatory cytokines and IFNs, leading to the activation 

of adaptive immunity. To further determine whether the selectively impaired 

production of inflammatory cytokine production in response to TLR3 and 

TLR4 signaling is cell type specific, BMMFs were utilized to further analyze 

the role of Lyst in TLRs signaling. Bg-J and WT BMMFs were stimulated with 

various TLRs ligands for six hours and the amount of TNFprotein in culture 

supernatants was determined by ELISA. 

Similar to the results observed in DCs (Section 4.3.1), the production of the 

inflammatory cytokines TNFand IL-12 was dramatically impaired in Bg-J 

BMMFs upon stimulation with TLR3 and TLR4 ligands, while the level of 

cytokines induced by other TLRs ligands were normal (Figure 4.5). The levels 

of TNF and IL-12 in Bg-J BMMFs induced by Poly(I:C) and LPS were 

strongly reduced (reduction by up to 95%) compared to those in WT BMMFs. 

The observation that Lyst selectively controls TLR3- and TLR4-induced 

cytokine production in both, BMDCs and BMMFs, suggests that this is a cell 

type independent universal effect. 

 



Results 

58 

 

 

Figure 4.5 Lyst selectively controls TLR3- and TLR4-induced TNFα 

and IL-12 productionin BMMFs. BMMFs from WT and Bg-J mice were 

stimulated for six hours with the indicated TLR ligands. UT, untreated. Release of 

TNFα (A) and IL-12 (B) into culture supernatants was measured by ELISA. Error 

bars indicate standard deviation from two cultures derived from different mice. 
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result in reduced IFNinduction through the TRIF dependent signaling 

pathway. 

To investigate this hypothesis, IFNproduction between Bg-J cells and WT 

cells was compared. BMDCs or BMMFs from WT and Bg-J mice were 

stimulated with various TLRs ligands. ELISA was applied to detect the 

amount of IFN in cell free culture supernatants. 

Celluar activation via TLR3 and TLR4 resulted in a strong induction of 

IFNproduction in WT BMDCs and BMMFs (Figure 4.6). Importantly, 

however, the concentrations of IFNwere dramatically reduced in 

supernatants from cultures of Bg-J BMDCs and BMMFs, as shown in Figure 

4.6.  

IFNproduction in WT BMDCs stimulated with Poly(I:C) and LPS was 

approximately 7 fold and 5-fold higher than in Bg-J BMDCs, respectively. In 

BMMFs, TLR3- and TLR4-induced production of IFNwas nearly 74% and 

84% less BMMFs compared to WT BMMFs. In contrast, the secretion of 

IFNwas comparable between WT and Bg-J BMDCs in response to the 

stimulation with other TLRs ligands (i.e. Pam3CSK4, R848 and ODN2395). 

Thus, Lyst deficiency also selectively affects TLR3- and TLR4-induced 

IFNproduction in BMMFs and BMDCs. 
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Figure 4.6 Lyst selectively controls TLR3- and TLR4-induced IFNβ 

production. BMDCs (A) and BMMFs (B) from WT and Bg-J mice were stimulated 

for six hours with the indicated TLRs ligands. Release of IFNβ into culture 
supernatants was measured by ELISA. Error bars indicate standard deviation from 

two cultures derived from different mice. 
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in the disruption of the secretory pathway or rather affects de novo cytokine 

production. 

Brefelin A is an inhibitor that blocks protein transport from the ER to the 

Golgi, leading to a rapid accumulation of proteins within the ER and the 

inhibition of protein secretion. Bg-J and WT BMDCs were stimulated with 

different TLR ligands in the presence of Brefelin A. The amount of 

intracellular TNFwas then determined by intracellular flow cytometric 

analysis using a specific anti-TNFantibody. The flow cytometric histograms 

in Figure 4.7A show the percentage of TNF positive cells upon treatment 

with various TLRs ligands, compared to unstimulated control cells.  

Notably, the percentages of TNFpositive cells were remarkably lower in 

Bg-J BMDCs compared to WT BMDCs in response to TLR3 and TLR4 ligands. 

When stimulated by Poly(I:C), 57.7% of TNFpositive cells were detected in 

WT BMDCs, while the percentage in Bg-J cells was only 27.4%. Similarly, the 

treatment with LPS induced intracellular cytokine-production in 64.6% of WT 

cells and in 35.1% of Bg-J BMDCs. In contrast, in response to other TLRs 

ligands such as Pam3SK4, the percentage of TNF positive cells was 

comparable between Bg-J (45.4%) and WT (46.5%) BMDCs. 

In addition, the Geometric Mean Fluorescence Intensity (GeoMFI) was used 

to quantify the level of TNFexpression in each sample stained with 

fluorescence-labeled TNFantibody. The GeoMFI increased upon activation 

with TLR ligands compared to negative controls (Figure 4.7B). The values 

were comparable between Bg-J and WT BMDCs in response to the TLR 

ligands Pam3SK4, R848 and ODN2395. However, the values in WT BMDCs 

were much higher than those in Bg-J BMDCs upon stimulation with 

Poly(I:C)and LPS.  
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Figure 4.7 Lyst selectively controls TLR3- and TLR4-mediated 

intracellular TNFα protein production. BMDCs from WT and Bg-J mice 

were stimulated for six hours with the indicated TLR ligands in the presence of 

Brefeldin A. Cells were subsequently subjected to intracellular staining for TNFα and 
analyzed by flow cytometry. Shown are representative flow cytometric histograms (A) 

and the Geometric Mean Fluorescence Intensitiy (GeoMFI) ± standard deviation from 

two independent cultures (B). WT (grey filled); Bg-J (red lines). Data are 

representative of at least 3 independent experiments. 
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Thus, the data revealed that intracellular cytokine production was selectively 

impaired upon stimulation via TLR3 and TLR4, whereas TNFproduction 

induced via other TLRs was not affected. This observation indicates that the 

Lyst mutation specifically affects TLR3- and TLR4-induced cytokine 

production upstream of the secretion process.  

4.3.5 Lyst controls TLR3- and TLR4-induced cytokine mRNA 

expression 

The synthesis of cytokine proteins is regulated by both transcription and 

translation. As my previous observations indicated that Lyst deficiency results 

in defects in intracellular cytokine production rather than in defects in the 

release pathway, the potential role of Lyst in cytokine biosynthes was further 

explored by the analysis of the cytokine gene expression. Bg-J and WT 

BMDCs were stimulated with Poly(I:C) or LPS and mRNA levels of Tnf and 

Ifnb1 were quantified by RT-PCR. The results were normalized to the 

expression of the housekeeping gene HPRT.  

Results from these experiments showed that Tnf and Ifnb1 mRNAs were 

upregulated in a dose dependent fashion in WT BMDCs upon activation with 

Poly(I:C), as reported in Figure 4.8A, C. Low concentration of Poly(I:C) (1 

µg/ml) induced a 16-fold increase of TNFmRNA expression during two 

hours of stimulation, whereas around 50-fold increase of Tnf mRNA 

expression was observed upon the stimulation with 10 µg/ml Poly(I:C). In 

striking contrast, Bg-J BMDCs showed dramatically impaired gene expression, 

i.e. only 6-fold increase of TnfmRNA levels was observed in Bg-J cells upon 

stimulation withPoly(I:C) (Figure 4.8B). 

Furthermore, reduced cytokine production in response to TLR4 triggering 

correlated with reduced cytokine gene transcription. Tnf mRNA expression 
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levels in Bg-J BMDCs were approximately 88% and 86% lower than that in 

WT BMDCs in response to 10 ng/ml and 100 ng/ml LPS, respectively. 

 

 

 

Figure 4.8 Reduced Tnf and Ifnb1 mRNA induction in Bg-J cells in 

response to various concentrations of Poly(I:C) and LPS. Quantitative 

RT-PCR analysis of Tnf (A,B) and Ifnb1 (C,D) mRNA levels in BMDCs from WT and Bg-J 

mice stimulated with the indicated concentrations of Poly(I:C) (A,C) and LPS (B,D). 
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4.8D). Ifnb1mRNA expression levels in Bg-J BMDCs were approximately 58% 

and 70% lower than in WT BMDCs upon treatment with 10 µg/ml and 1 µg/ml 

Poly(I:C), respectively. Also, the induction of Ifnb1in WT BMDCs was 

approximately 5-fold higher than that in Bg-J BMDCs following stimulation 

with 100 ng/ml or 10 ng/ml LPS. 

Taken together, these findings indicate that Lyst exhibits regulatory effects on 

TLR3- and TLR4-induced cytokine gene expression. 

 

4.3.6 Reduced in vitro cytokine production in Lyst-mutant Bg-J 

cells upon infection with Salmonella 

The TLR4 ligand LPS is a major component of the outer membrane of 

gram-negative bacteria. Thus, to test the functional significance of my 

previous findings, the consequence of Bg-J mutation on the cytokine response 

upon infection of cells with live gram-negative bacteria was examined. Bg-J  

BMDCs and BMMFs were infected with S. Typhimurium for different times. 

Cell free culture supernatants were then collected and the amount of 

TNFproduction was determined by ELISA. 

As shown in Figure 4.9, Bg-J BMDCs and BMMFs exhibited substanitally 

reduced release of TNF in response to in vitro infection with Salmonella as 

compared to WT cells. Approximately 50% of TNFwas detected in culture 

supernatants of Bg-J BMMFs compared to WT macrophages after four and six 

hours of infection. Similarly, after Salmonella infection for two and four hours, 

the production of TNFin Bg-J BMDCs was approximately 40% lower than in 

WT cells.  
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Given the gram-negative nature of this pathogen and the selective defect on 

specific TLR pathways imposed by the Bg-J mutation, this effect likely 

involves TLR4-dependent activation.  

 

 

Figure 4.9 Reduced cytokine production in Lyst-mutant Bg-J cells 

upon Salmonella infection in vitro. BMMFs (A) and BMDCs (B) from WT 

and Bg-J mice were infected with S. Typhimurium at a multiplicity of infection(MOI) 

of 5:1. Supernatants were collected at the indicated times post-infection and TNFα 

levels were analyzed by ELISA.  
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4.4 In vivo analysis of the role of Lyst in TLR-induced 

inflammatory responses  

4.4.1 Enhanced bacterial colonization in Lyst-mutant Bg-J mice 

It has been reported that CHS patients exhibited enhanced susceptibility to 

bacterial infection (Jessen, 2011). As Salmonella infection resulted in 

defective TNFproduction in vitro, the effect of Lyst on the clearance of 

Salmonella was further analyzed a physiologically relevant in vivo setting. WT 

and Bg-J mice were orally infected with S. Typhimurium and bacterial 

dissemination was assessed by analyzing bacterial colonization. 24-hours post 

infection, bacterial colonization was only beginning to spread and was still 

largely confined to the intestinal tract. Bacterial loads in organs were similar 

between WT and Bg-J mice except for the colon, where bacterial counts were 

significantly higher in Bg-J mice (Figure 4.10A). Four days post-infection 

bacterial dissemination had further progressed and increased bacterial loads 

were found in systemic organs such as the spleen and liver of Bg-J mice 

compared to WT mice (Figure 4.10B). Thus, statisitcal analysis revealed 

significantly increased bacterial loads in Bg-J mice on both day 1 and day 4, 

although in different organs, i.e. the colon on day 1 and the spleen and liver on 

day4. Together, theses data demonstrate that Lyst is not only involved in 

cellular responses to bacterial infection in vitro, but also contributes to the 

host defense against Salmonella infection in vivo. 
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Figure 4.12 Bg-J mice exhibit reduced production of 

pro-inflammatory cytokines upon in vivo administration of 

poly(I:C). WT and Bg-J mice were injected intraperitoneally (i.p.) with Poly(I:C) (2 

µg/g body weight). Blood was taken 4h after injection and serum concentrations of 

TNFα, IL-6 and IFNβ were determined by ELISA. 

Also, serum levels of TNF and IL-6 were significantly decreased in Bg-J mice 

upon i.p.injection with the TLR3-ligand Poly(I:C) (Figure 4.12)., Similar to 

reports on TRIF-deficient mice, Poly(I:C)-induced serum levels of IFNwere 

not significantly affected by the Lyst deficiency. 

Together, in vivo cytokine production in Bg-J mice is specifically impaired in 

response to TLR3 and TL4 pathways. 

4.4.3 Bg-J mice are largely protected from lethality induced by 

endotoxic shock 

As massive release of proinflammatory cytokines, including that 

TNFcontributes to the toxic effects of LPS during sepsis, the susceptibility of 

Lyst-mutant Bg-J mice to endotoxin-mediated lethal shock was further 

investigated. Mice were challenged with 200 μg LPS and the health status of 

the mice was monitored for one week (Figure 4.13). Injection of this dose of 

LPS caused death of all WT mice within 2 days. In contrast, only one Bg-J 

mouse succumbed to the induction of septic shock during the observation 
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4.5 Analysis of the role of Lyst in TLR3- and 

TLR4-mediated signal transduction 

4.5.1 Normal expression of TLR3 and TLR4 in Bg-J cells 

My results revealed that Lyst selectively controls TLR3- and TLR4-induced 

cytokine production, thus the question whether Lyst has a direct effect on the 

expression of these TLRs was further explored. To address this issue, Tlr3 and 

Tlr4 mRNA expression in Bg-J and WT cells was analyzed by quantitative 

RT-PCR. The results showed that the relative mRNA levels of Tlr3 or Tlr4 in 

Bg-J cells were generally comparable to those in WT cells (Figure 4.14). 

 

Figure 4.14 Expression of Tlr3 and Tlr4 mRNA in Bg-J and WT cells. 

Quantitative RT-PCR analysis of Tlr3 and Tlr4 mRNA expression in BMDCs. The 

expression level of Tlr3 or Tlr4 in WT BMMFs was set to 1.  

Furthermore, the expression of TLR3 or TLR4 protein was evaluated by flow 

cytometric analysis (Figure 4.15). While the endosomal TLR3 was analyzed by 

intracellular FACS staining, surface staining for TLR4 complexed with MD2 

was utilized for the analysis of TLR4 expression on the plasma membrane. 

Compared to WT cells, no significant change in the expression level of TLR3 

expression in Bg-J cells was observed. The GeoMFI values of TLR3 expression 

in Bg-J BMMFs and BMDCs were 1271 and 341, whereas the values in WT 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

TLR3 expression TLR4 expression

WT

Bg-J

TLR3 TLR4

R
e

l.
 m

R
N

A
 e

x
p

re
ss

io
n

 



Results 

73 

 

BMMFs and BMDCs were 364 and 1271, respectively. Similar patterns of 

TLR4/MD2 expression were also observed in Bg-J and WT BMDCs and 

BMMFs, as no significant differences were detected in the GeoMFI values of 

Bg-J and WTcells (Figure 4.15). Thus, the protein expression of TLR3 or TLR4 

is not altered by Lyst deficiency. 

 

Figure 4.15 Normal expression of TLR3 and TLR4 in Lyst-mutant Bg-J cells. 

BMMFs (A, C) and BMDCs (B, D) from WT and Bg-J mice were analyzed by flow 

cytometry for expression of TLR3 (intracellular staining; A-B) and TLR4/MD2 (cell 

surface staining; C-D). Filled histograms show staining with specific antibodies, 

dotted lines matching isotype controls. In addition the values of GeoMFI indicate the 

expression of TLR3 and TLR4 are reported. 

In conclusion, these results indicate that reduced cytokine production in Bg-J 

cells upon TLR3 and TLR4 triggering is not secondary to reduced expression 

of these TLRs. 
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4.5.2 Normal endocytosis of TLR4 in Bg-J cells 

Recent studies have shown that TLR4 is the only TLR that activates both 

Myd88 and TRIF pathways, but activation of these pathways occurs at 

different subcellular compartments. Myd88 signaling is initiated from the 

plasma membrane, whereas TRIF mediates a delayed response from 

endosomal structures upon TLR4 internalization (Kagan, 2006).  

As LPS-dependent internalization of TLR4 occurs via a dynamin-dependent 

mechanism, the functional consequence of inhibiting TLR4 internalization 

was further analyzed. To this end, LPS-induced production of inflammatory 

cytokines and IFNwas determined in WT cells in the presence or absence of 

the dynamin specific inhibitor dynasore, which disrupts TLR4 endocytosis. 

The expression level of Tnf and Ifnb1 mRNA was determined by quantitative 

RT-PCR. Dynasore treatment resulted in a clear reduction of LPS-induced 

expression of Tnf and Ifnb1 mRNA (Figure 4.16), indicating a requirement of 

dynamin-dependent endocytosis of TLR4 for the transcriptional induction of 

these cytokines. 

Given the essential role of endocytosis for TLR4-induced cytokine production 

and the regulatory effects of Lyst on TLR4 function, the question whether Lyst 

deficiency affects LPS-induced TLR4 endocytosis was analyzed next. WT and 

Bg-J BMMFs were stimulated with LPS for different times and the loss of 

TLR4 cell surface expression was used as readout for TLR4 endocytosis. TLR4 

cell surface expression was assessed by standard flow cytometric methodology 

using an antibody specific for TLR4. 
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Figure 4.16 LPS-induced induction of Tnf and Ifnb1 mRNA involves 

dynamin dependent endocytosis. WT BMDCs were stimulated with 100 

ng/ml LPS in the presence or absence of the dynamin inhibitor dynasore. LPS induced 

expression of Tnf (A) and Ifnb1 (B) mRNA levels were determined by quantitative 

RT-PCR. 

As shown in Figure 4.17, LPS treatment of macrophages induced a loss of 

TLR4 cell surface expression over time, indicating that TLR4 was internalized 

from the plasma membrane to the cytosol. Importantly, the data revealed 

comparable LPS-induced TLR4 endocytosis rates between WT and Bg-J 

BMMFs. These results indicate that Lyst affects TLR4-induced cytokine 

production by acting on an event downstream of receptor endocytosis.  
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Figure 4.17 Normal internalization of TLR4 receptor in Bg-J cells 

upon LPS stimulation. WT and Bg-J BMMFs were stimulated with LPS (100 

ng/ml) for the indicated times. TLR4 endocytosis was measured by flow cytometric 

assessment of the loss inTLR4 cell surface expression. Error bars indicate standard 

deviation from duplicate cultures. 

 

4.5.3 Normal TLR4-induced activation of MAPKs in Bg-J 

cells 

To further understand the mechanism by which Lyst controls TLR function, 

signaling pathways that are induced by TLR stimulation were investigated 

next. Activation of TLR4 leads to the activation of downstream signaling 

molecules including a family of MAPKs that further leads to the activation of 

AP-1 and facilitates the expression of proinflammatory cytokines and other 

immune related genes. MAPKs are classified into different types. The main 

group is conventional MAPKs, which include p38, JNK, and ERK. As Lyst 

deficiency resulted in defective in inflammatory cytokine production, 

LPS-induced activation of MAPKs was monitored to determine the role Lyst 

in TLR4 signaling events that are upstream of inflammatory cytokine gene 
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induction. Bg-J and WT BMMFs were stimulated with 100 ng/ml LPS for 

different times and the phosphorylation of the p38, JNK, and ERK1/2 was 

analyzed by western blot analysis using antibodies specific for phosphorylated 

(p-) p38, JNK, and ERK1/2. Immunostaining for total p38, ERK1/2 and actin 

was used to control for protein loading. 

 

Figure 4.18 Normal activation of MAPKs in Bg-J macrophages 

upon stimulation with LPS. WT and Bg-J BMMFs were stimulated with LPS 

(100 ng/ml) for the indicated times. Whole cellular lysates were separated by 

SDS-PAGE and immunoblotted with antibodies specific for phosphorylated (p-) 

ERK1/2, p-p38 and p-JNK. Blots were reprobed with antibodies specific for total 

ERK2, p38 and actin to verify equal protein loading. 

LPS-induced phosphorylation of p38, JNK, and ERK1/2 peaked early at 15 

minutes of stimulation and phosphorylation levels subsequently declined. 

Importantly, the phosphorylation of these MAPKs was comparable in WT and 
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Bg-J macrophages, indicating that Lyst is not required for TLR4-induced 

activation of MAPK pathways (Figure 4.18).  

 

4.5.4 TLR4-induced activation of NF-κB in Bg-J cells 

Activation of NF-B is required for the production of pro-inflammatory 

cytokines. Upon the activation of TLR4, Myd88 signaling initiating from the 

plasma membrane induces early NF-B activation, while the activation of 

TRIF at intracellular compartments contributes to the stabilization of late 

NF-B signaling. As the activation of NF-B occurs following the 

phosphorylation and degradation of the endogenous NF-B inhibitor IB, the 

phosphorylation of IB can be used as an indicator of NF-B activity. My 

previous results have indicated that defective production of inflammatory 

cytokines in Lyst deficiency cells is not due to the altered phosphorylation of 

MAPKs. Hence, to further analyze the mechanism of how Lyst regulates 

TLR4-induced pro-inflammatory cytokine production, the activation of NF-B 

was assessed next. Bg-J and WT BMMFs were stimulated with 100ng/ml LPS 

for different times and the phosphorylation and degradation of IB was 

determined by western blot analysis using antibodies specific for 

phosphor-IB and total IB. Immunoblotting for actin was used to control for 

protein loading. 

As shown in Figure 4.19, upon the activation of TLR4, IB was quickly 

degraded– as early as 15 minutes following stimulation the IB band is largely 

gone in both Bg-J and WT BMMFs. After 30 minutes of stimulation, IB 

protein was re-expressed. Phosphorylation of IB was highest at 30 minutes 

and then slowly decreased over time. Kinetics of IB phosphorylation were 

relatively similar between Bg-J and WT BMMFs and only at late time points 



Results 

79 

 

(120 minutes) IB phosphorylation levels were slightly lower in Bg-J BMMFs 

as compared to WT cells. This observation implies that LPS-induced late 

NF-B activation is partially affected by the Lyst mutation. 

 

 

Figure 4.19 Phosphorylation and degradation of IκB in response to 

LPS stimulation. WT and Bg-J BMMFs were stimulated withLPS (100 ng/ml) for 

the indicated times. Whole cellular lysates were separated by SDS-PAGE and 

immunoblotted with antibodies specific for phospho- (p-) IκB and IκB. 
Immunoblotting with anti-actin served as a loading control. 

 

4.5.5 Lyst controls TLR3- and TLR4-induced activation of 

the TRIF/IRF3 pathway 

As reported in Section 4.3.3, Lyst mutant Bg-J cells were impaired in their 

capability to inducetype I IFNs. It is thus tempting to speculate that Lyst is 

involved in TRIF-dependent processes. A TRIF-mediated key signaling event 

is the activation of its downstream transcription factor IRF3 that is critical for 

the induction of type I IFNs after TLR4 internalization to endosomal 

compartments (max. IRF3 induction at 60 minutes following cell stimulation). 
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Therefore the effect of Lyst deficiency on LPS-induced IRF3 activation was 

examined next. Bg-J and WT BMMFs were stimulated with 100 ng/ml LPS for 

different times and the phosphorylation of IRF3 was monitored by western 

blot analysis using antibodies specific for phospho-IRF3. Immunoblotting for 

total IRF3 was used as the protein loading control. 

 

The results reported in Figure 4.20 indicate that phosphorylation of IRF3 was 

induced following LPS-stimulation and peaked at around 60 minutes. IRF3 

phosphorylation was still sustained at later time points in WT BMMFs. 

Importantly, however, in contrast to normal MAPK activation, LPS-induced 

IRF3 phosphorylation was clearly reduced and less sustained in Bg-J cells as 

compared to WT BMMFs.  

 

 

Figure 4.20 Reduced phosphorylation of IRF3 in Bg-J BMMFs 

upon stimulation with LPS. WT and Bg-J BMMFs were stimulated with LPS 

(100 ng/ml) for the indicated times. Whole cellular lysates were separated by 

SDS-PAGE and immunoblotted with antibodies specific for phosphorylated (p-) IRF3. 

Reprobing the blots with anti-IRF3 served as a loading control. 

 

The role of Lyst in IRF3 phosphorylation was further verified in another cell 

type, BMDCs. Consistent with the results in macrophages (Figure 4.20), IRF3 

phosphorylation upon LPS stimulation was also reduced and less sustained in 
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Bg-J BMDCs as compared to WT BMDCs (Figure 4.21).These independent 

observations in different cells types (BMMFs and BMDCs) suggest that Lyst is 

generally involved in LPS-induced activation ofIRF3. 

  

 

 

Figure 4.21 Reduced phosphorylation of IRF3 in Bg-J BMDCs upon 

stimulation with LPS. WT and Bg-J BMDCs were stimulated with LPS (100 

ng/ml) for the indicated times. Whole cellular lysates were separated by SDS-PAGE 

and immunoblotted with antibodies specific for phosphorylated (p-) IRF3. Reprobing 

the blots with anti-IRF3 served as a loading control. 

 

Moreover, consistent with defective TLR3-induced IFN production, the 

phosphorylation of TBK1 and IRF3, which are critical in TRIF-mediated 

signaling events leading to the induction of type I IFNs, were also 

substantially impaired in Bg-J macrophages compared to WT cells upon 

stimulation with poly(I:C). Cellular expressions of these key components of 

the TRIF pathway (IRF3 and TBK1) was, however, comparable between WT 

and Bg-J cells (Figure 4.22). Together, these data suggest that Lyst is 

specifically involved in TLR3- and TLR4-induced production of 

pro-inflammatory cytokines and type I IFNs by regulating the endosomal 

TRIF/IRF3 signaling pathway. 
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Figure 4.22 Reduced phosphorylation of IRF3 and TBK1 in Bg-J 

BMMFs upon stimulation with Poly(I:C). WT and Bg-J BMMFs were 

stimulated with Poly(I:C) (10 µg/ml) for the indicated times. Whole cellular lysates 

were separated by SDS-PAGE and immunoblotted with antibodies specific for 

phosphorylated (p-) IRF3 and (p-) TBK1. Reprobing the blots with anti-IRF3 and 

anti-TBK1 served as a loading control. 

 

Nuclear translocation of the transcription factor IRF3 is an indicator of IRF3 

activation and plays an essential role in type I IFN gene activation. Therefore, 

the role of Lyst for nuclear translocation of IRF3 in BMMFs following the 

engagement of TLR4 was examined in further detail. Bg-J and WT BMMFs 

were stimulated with LPS and nuclear fractions were extracted. Nuclear 

translocation and the phosphorylation status of IRF3 in these fractions was 

then determined by immunoblotting with antibodies specific for IRF3 and 

phospho-IRF3. Staining for the cytosolic marker GAPDH was used to exclude 

any potential cytoplasmatic contamination of nuclear fractions during the 
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preparation. Laminin, a specific nuclear marker, was used to verify equal 

protein loading. 

 

Figure 4.23 Defective nuclear translocation of IRF3 in Bg-J 

macrophages upon stimulation with LPS. WT and Bg-J BMMFs were 

stimulated with LPS (100 ng/ml) for the indicated times. Nuclear extracts were 

prepared and analyzed by SDS-PAGE and immunoblotting with antibodies specific for 

phosphorylated (p-) IRF3, total IRF3 and NF-κB. Blots were also reprobed with 
antibodies specific for GAPDH (cytoplasmic marker) and laminin (nuclear marker). 

Whole cellular lysate from WT BMMFs served as a control. 

  

Figure 4.23 shows that nuclear translocation of phosphorylated IRF3 starts at 

around 60 minutes after LPS-stimulation in WT cells and is sustained to at 

least 120 minutes. In clear contrast, nuclear translocation and 

phosphorylation of IRF3 was substantially impaired in Bg-J cells. 

Furthermore, in WT BMMFs nuclear translocation of NF-B was observed 
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from 30 minutes on and was sustained through later time points. Interestingly, 

nuclear translocation of NF-B was partially decreased in Bg-J BMMFs. 

Taken together, the findings reported here suggest that Lyst is specifically 

involved in TLR3- and TLR4-induced TRIF signaling pathways, including the 

activation of IRF3 and late NF-B., The signaling defects in Lyst deficient 

Bg-J cells are likely the underlying cause for the decreased production of 

pro-inflammatory cytokines and type I IFNs in these cells and also provide a 

mechanistic explanation for the relative resistence of Bg-J mice to septic 

shock. 
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5. Discussion 

In this study, I investigated the role of lysosomal trafficking regulator Lyst in 

TLR signaling and TLR-induced inflammation. Utilizing Lyst-mutant Beige 

(Bg-J) mice as model system, I observed a selective control of TLR3- and 

TLR4-mediated pro-inflammatory responses in Lyst-mutant Bg-J cells. Bg-J 

cells showed decreased TLR3- and TLR4-induced cytokine synthesis and 

impaired IRF-3 phosphorylation and nuclear translocation, which specifically 

indicates defective endosomal TRIF signaling. Consequently, Lyst-mutant 

Bg-J mice showed increased susceptibility to bacterial infection and were 

largely resistant to endotoxin-induced septic shock. These results provide 

physiological evidence for a functional link between TLR signaling pathways 

and the intracellular membrane trafficking machinery. 

 

5.1 Lyst selectively controls TLR3- and TLR4-mediated 

cytokine production 

My study demonstrates that Lyst protein is highly expressed in immune cells, 

particularly in DCs and macrophages. As these immunologically important 

cells can modulate innate and adaptive immune responses via TLRs (Gordon, 

2003; Steinman et al., 2006), the starting hypothesis of my study was that 

Lyst may affect TLR-mediated immune responses. To test this hypothesis, 

TLR-induced production of pro-inflammatory cytokines and IFN was 

analyzed. Most interestingly, I observed a specific defect in TLR3- and 

TLR4-mediated production of pro-inflammatory cytokines and IFNin 

culture supernatants from Bg-J BDMCs and BMMFs, while cytokine 

production induced byother TLRs, such as TLR1/2, TLR7/8 and TLR9, was 

not influenced by Lyst deficiency. As the analysis of culture supernatants only 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Steinman%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=17048704
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provides direct information on the level of secreted cytokines, I further 

analyzed whether impaired cytokine production was caused by defects in the 

secretory pathway or in the process of protein synthesis. My experiments 

showed that TLR3- and TLR4-induced de novo cytokine synthesis was 

selectively impaired in Bg-J cells. Intracellular cytokine production induced 

via other TLRs was not affected by the Bg-J mutation. These observations 

indicate that the impaired cytokine production was caused by defects at or 

upstream of the protein synthesis process. To further dissect the role of Lyst 

in TLR3- and TLR4-induced cytokine production, quantititive analysis of 

cytokine mRNA levels was performed. Results showed defective cytokine 

mRNA induction in response to TLR3 or TLR4 ligands in Lyst-mutant cells, 

indicating that Lyst controls cytokine gene induction in response to these TLR 

ligands rather than affecting protein translation or secretion. Together, Lyst 

selectively affects cytokine responses induced by a specific subset of TLRs, 

namely TLR3 and TLR4, suggesting that Lyst may control signaling pathways 

common to both of these TLR systems. 

TLRs signaling transduction is initiated by the recruitment of specific adaptor 

proteins (Medzhitov et al., 1998; Oshiumi et al., 2002; Yamamoto et al., 

2002). Thus, Lyst may selectively regulate TLR3 and TLR4 signaling via an 

adaptor protein which is only shared by these two TLRs. Interestingly, while 

most TLRs can utilize the signaling adaptor MyD88 to initiate an 

inflammatory response, TLR3 and TLR4 are the only TLRs that exclusively 

recruite the adaptor protein TRIF (Oshiumi et al., 2002; Yamamoto et al., 

2002; Fitzgerald et al., 2003). Therefore, I hypothesized that Lyst may 

regulate TLR3/4 signaling via the TRIF signaling pathway. 
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5.2 Critical role of Lyst in TLR3 and TLR4 mediated TRIF 

signaling  

Following the activation of TLR4, three major downstream signaling events, 

the activation of MAPKs, NF-B and IRF3, are critical for TLR4-induced 

signaling. Myd88 induces the early cascade of TLR4-associated signaling 

which leads to the activation of MAPKs and early NF-B, while TRIF mediates 

the activation of late NF-B and IRF3(Brook et al., 2000; Wang et al., 2001; 

Cusson-Hermance et al., 2005). MAPKs and NF-B are responsible for the 

induction of proinflammatory cytokines, whereas IRF3 is essential for the 

induction of type I IFNs.  

As the production of both proinflammatory cytokines and type I IFN was 

affected in Lyst mutant Bg-Jcells, the phosphorylation of MAPKs, NF-B and 

IRF3 was analyzed to determine which signaling pathway was disrupted in 

Lyst mutant cells. The results showed similar patterns of LPS-induced 

phosphorylation of MAPKs, such as ERK, JNK and p38, between WT and 

Bg-J cells. The activation ofthe NF-B pathwaywas, however, slightly reduced 

at late time points in Bg-J cells. Similarly, nuclear translocation of NF-B was 

partially reduced. These results suggest that Lyst may affect the production of 

pro-inflammatory cytokines by contributing to late NF-B activation. 

Most importantly however, Lyst-mutant Bg-J BMDCs and BMMFs showed 

impaired and less sustained phosphorylation of IRF3 upon stimulation with 

poly(I:C) (TLR3 ligand) and LPS (TLR4 ligand) when compared to WT cells. 

In addition, nuclear translocation of IRF3 was also impaired in Bg-J cells. 

Furthermore, the phosphorylation of TBK1, another component of the TRIF 

pathway that is critical for the induction of type I IFNs, was also impaired 

upon the activation with poly(I:C). These data demonstrate a so far 

unrecognized regulatory role of Lyst for TRIF-dependent signaling events. 
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TLR3 activates only TRIF-dependent signaling, while TLR4 induces both 

MyD88- and TRIF-dependent pathways, which may account for the 

particularly strong defects of Lyst-mutant Bg-J cells in response to TLR3 

stimulation. Taken together, these observations indicate that Lyst is 

specifically involved in TLR3 and TLR4-induced production of 

pro-inflammatory cytokines and type I IFN by regulating TRIF-mediated 

signaling pathways. 

TLR4 activates Myd88 and TRIF signaling pathways at different subcellular 

compartments (Doyle et al., 2002; Yamamoto et al., 2003). Early TLR4 

signaling initiats from the plasma membrane and is mediated via MyD88, 

whereas a delayed TRIF-mediated response originates from endosomal 

structures upon TLR4 internalization (Barton, 2009). It has been shown that 

the disruption of dynamin-dependent endocytosis of TLR4 results in a loss-of 

function of TLR4-mediated TRIF signaling (Husebye 2006; Kagan, 2006). 

Hence, the internalization of TLR4 is the first step in the TLR4-induced TRIF 

signaling pathway. Since my study has revealed that Lyst regulates 

TLR4-dependent TRIF signaling, the role of Lyst in the endocytosis of TLR4 

was further analyzed. My observation that LPS-induced TLR4 internalization 

was similar between Bg-J and WT cells suggests that decreased TLR4-induced 

cytokine production in Bg-J cells is not due to defects inTLR4 endocytosis, but 

rather implied a different mechanism, i.e. Lyst might exert its function by 

acting on signaling events in the endosomal TLR4 signaling pathway. 

Endolysosomal trafficking underlies the essential function the immune 

response. It plays a particularly crucial role in the signaling of intracellular 

TLRs, which leads to the production of pro-inflammatory cytokines and type I 

IFNs. Endolysosomal trafficking of TLR4 has also been implicated in the 

regulation of the TRIF signaling pathway. (Husebye, 2006; Kagan, 2006; 
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Kagan, 2008) and Lyst is involved in the endolysosomal trafficking 

(Stinchcombe, 2000; Huizing, 2001). Thus, abnormal trafficking of TLR4 

from early endosomes to lysosomes may underlie the aberrant TRIF signaling 

and impaired inflammatory cytokine and IFN production in Lyst-mutant cells. 

It is tempting to speculate that Lyst may control the cellular function of a 

specialized endo-lysosomal compartment which is indispensable for the 

activation of TRIF pathways. Recently it has been suggested that TLR4 is 

recruited to phagosomes, where it induces the TRIF signaling pathway upon 

bacterial infection (Husebye et al., 2010). In addition, the mature phagosome 

and its fusion to late endosomes and lysosomes may be involved in this 

signaling pathway as well (Husebye et al., 2010). Lyst was reported as an 

evolutionary conserved regulator of late endosomal/lysosomal trafficking 

(Kaplan et al., 2008). The homologous proteins of Lyst, LvsB in Dictyostelium 

discoideum and Mauve in Drosophila, act as regulators of endolysosomal 

trafficking and late phagosome fusion. LvsB null cells showed increased rates 

of endolysosomal and phagsosomal fusion which accounts for the giant 

lysosomes in these cells (Harris et al., 2002). Loss-of-function mutants of 

Mauve showed delayed phagosome fusion and accumulation of bacteria in 

phagosomes (Rahman et al., 2012). However, the capacity of phagocytosis is 

not influence in the absence of LvsB or Mauve. As accumulation of bacteria in 

phagosomes was observed in CHS patients, Lyst deficiency may result in 

defects in phagosomal maturation, missorting of endosomal vesicles and/or 

aberrant fusion with lysosomal compartments, while Lyst is likely not 

involved in phagocytic uptake. Thus, as Lyst has no known signaling activity 

by itself, Lyst may indirectly control the endosomal TRIF signaling pathway 

by affecting endosomal/phagosomal TLR trafficking. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Stinchcombe%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=11208129
http://www.ncbi.nlm.nih.gov/pubmed/?term=Husebye%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20933442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Husebye%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20933442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rahman%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22934826
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Little is known on the role of other trafficking regulators in TLR signaling. The 

chaperone protein UNC93b1 controls trafficking of specific types of newly 

synthesized TLRs from the endoplasmatic reticulum to endolysosomes and, 

thus, is required for proper localization of endosomal TLRs in resting cells 

(Kim et al., 2008). In plasmacytoid DCs, which have a special 

MyD88-dependent pathway for type I IFN production, the trafficking adaptor 

complex AP-3 targets engaged endosomal TLR7 and TLR9 to specialized 

lysosome related organelles to initiate this specialized IFN pathway (Blasius et 

al., 2010; Sasai et al., 2010). Trafficking to a similar organelle may be involved 

in TRIF-mediated IFN induction by TLR3 and TLR4. Thus, despite different 

types of receptors and signaling pathways being involved, a general theme for 

TLR-induced IFN signaling seems to emerge, which requires the transport of 

activated receptors to specialized signaling organelles in a process intimately 

controlled by regulators of the cellular membrane trafficking machinery. 

 

5.3 Lyst regulates TLR4-mediated inflammatory 

responses in vivo 

The regulatory role of Lyst on TLR4-TRIF signaling which I have identified in 

primary DCs and macrophagesin vitro, prompted me to further analyze the 

physiological relevance of Lyst for TLR4-mediated inflammatory responses in 

vivo. TLR4 is critical for bacterial killing in innate immune cells and TLR4 

deficient mice show enhanced susceptibility to Gram-negative bacteria 

(O’Brien, 1980; Cross, 1995). The infection of TLR4 deficient mice with 

Salmonella results in increased amounts of bacteria in both liver and spleen 

in comparison to WT mice (Mastroeni, 2003; Mastroeni, 2004). Meanwhile, 

enhanced susceptibility to Gram-negative bacteria in CHS patients has been 

reported (Jessen, 2011). Thus, an in vivo Salmonella infection model was 
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applied to determine the role of Lyst in TLR4-mediated in vivo immune 

responses. Bg-J mice were more susceptible to Salmonella infection, as 

higher loads of bacteria were detected in the spleen and liver of Bg-J mice on 

day4 after Salmonella infection. These results indicated that the Lyst gene 

was esstential for the control of bacterial growth in vivo. In addition, Bg-J 

macrophages showedan impaired ability to produce TNFafter infection 

with Salmonella in vitro, suggesting that reduced cytokine production may 

also explain why in vivo Bg-J mice cannot control bacterial growth as 

efficiently as WT mice. Together, the phenotype of higher bacterial loads in 

both CHS patients and Bg-J mice reveals a protective effect of Lyst for host 

immune defense. This effect is likely related to the regulatory function of Lyst 

on TLR4-mediated TRIF signaling. Previous studies have shown the 

involvement of both, MyD88- and TRIF-dependent pathways in the 

protection of mice against Salmonella (Mastroeni, 2003; Mastroeni, 2004). 

While MyD88 signaling seems more critical for survival upon Salmonlla 

infection,TRIF is important for the early control of bacterial growth and 

bacteria-induced pro-inflammatory responses (Weiss, 2004; Talbot, 2009). 

The higher load of bacteria in Bg-J mice and decreased pro-inflammatory 

cytokine production upon Salmonella infection thus strongly supports the 

idea that Lyst exhibits its effect on host defense via regulation of the 

TLR4-TRIF signaling pathway. 

In addition to TLR4 signaling, other TLRs, such as TLR2 and TLR5 may also 

contribute to bacterial clearancein vivo, since the recognition of S. 

typhimuriumis has also been reported to be mediated by TLR2 and TLR5 

(O'Brien et al., 1980; Royle et al., 2003; Smith et al., 2003; Vazquez-Torres 

et al., 2004; Hapfelmeier et al., 2005; Feuillet et al., 2006; Uematsu et al., 

2006). Thus, to evaluate the pathophysiological role of Lyst in a more defined 

in vivo system, animals were directly challenged with the TLR4 ligand LPS in 
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an animal model of septic shock. Septic shock is a multiple organ failure 

disease with high mortality rates in response to severe bacterial infection. This 

disease is mediated by the massive overproduction of inflammatory cytokines 

as the consequence of the immune system encountering bacterial components, 

such as LPS from the cell wall of Gram-negative bacteria (Heumann, 2002). 

As reported in the results section, Bg-J mice showed greater susceptibility to S. 

typhimurium LPS-induced septic shock than WT mice. Furthermore, 

LPS-induced TNFand INFlevels in the serum were also significantly 

reduced in Bg-J mice. In addition, loss of functional Lyst also resulted in 

impaired inflammatory responses (reduced TNF and IL-6 production) after 

the administration of poly(I:C) in Bg-J mice. However, IFN levels in the 

serum induced by poly(I:C) were comparable between Bg-J mice and WT 

mice, which has also been reported for TRIF-/- mice (Kato et al., 2006). Thus, 

Lyst is a physiological mediator of excessive inflammation during poly(I:C) or 

LPS-mediated acute inflammation. Together, the experiments demonstrate 

that Lyst is not only involved in TLR3- and TLR4-induced TRIF signaling in 

vitro, but is also critical for TLR3- and TLR4-mediated immune responses in 

vivo and, importantly, the in vivo results are all consistent with impaired 

TRIF-pathways in Bg-J mice. The results are in line with the reported 

pro-inflammatory function of TRIF, which is involved in host defense, but can 

also trigger immunopathology and organ damage (Hyun et al., 2013).  

In summary, my data provide important in vitro and in vivo evidence that 

Lyst acts as a physiological regulator for TLR3-and TLR4-mediated cytokine 

production. Specifically, Lyst-deficiency leads to defective TLR3- and 

TLR4-mediated endosomal TRIF signaling. In vivo, Lyst-mutant mice exhibit 

reduced inflammation and are largely protected from septic shock that is 

associated with infectious dieases. As the relevance of TLR-mediated TRIF 

pathways for protective immunity is well demonstrated for many infectious 
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diseases (Hyun et al., 2013), these findings may contribute to a better 

understanding of human disease, as these mechanisms likely contribute to the 

high susceptibility of CHS patients to infections. 
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