
 

 

Medizinische Hochschule Hannover 

 

Institut für Klinische Chemie / Forschungsgruppe für Entzündungsforschung 

 

Lysosomal trafficking regulator Lyst controls innate immune cell  

signalling and function: regulation of TLR-mediated TRIF signalling and 

control of mast cell-mediated allergic reactions 

 

 

INAUGURALDISSERTATION 

zur Erlangung des Grades einer Doktorin oder eines Doktors 

der Naturwissenschaften 

- Doctor rerum naturalium - 

(Dr. rer. nat.) 

 

vorgelegt von 

 

Andreas Westphal 

 

aus Leipzig 

Hannover 2017 

 

 

  



 

 

Angenommen durch den Senat: 27.06.2017 

 

Präsident: Prof. Dr. med. Christopher Baum 

Wissenschaftliche Betreuung: Prof. Dr. Kyeong-Hee Lee 

Wissenschaftliche Zweitbetreuung: PD Dr. Norbert Reiling (Forschungszentrum Borstel) 

 Prof. Dr. Georgios Tsiavaliaris (Medizinische  

Hochschule Hannover)  

 

 

1. Referent:  Prof. Dr. Kyeong-Hee Lee  

2. Referent:  Prof. Dr. Georgios Tsiavaliaris 

3. Referent:  Prof. Dr. med. Tim Sparwasser  

 

Tag der mündlichen Prüfung: 27.06.2017 

 

 

Prüfungsausschuss 

 Vorsitz: 

1. Prüfer:  Prof. Dr. Kyeong-Hee Lee  

2. Prüfer:  Prof. Dr. Georgios Tsiavaliaris 

3. Prüfer:  Prof. Dr. med. Tim Sparwasser  

 



-  Abstract - 

- 1 - 

 

1 Abstract 

Upon encounter of pathogen or allergen, innate immune cells induce a highly ordered series 

of signalling events and cellular processes that intensively require specifically regulated 

membrane trafficking events. The regulation of membrane trafficking and reorganization of 

intracellular compartments is just beginning to emerge as a novel regulatory principle in 

immune cell signalling and function. Defects in endosomal trafficking have been linked to 

human disease and are frequently associated with impaired immune function. Human 

Chédiak-Higashi syndrome (CHS), a severe immunodeficiency disorder, and its orthologous 

murine disorder beige are characterised by defects in endolysosomal organisation due to 

mutations in the lysosomal trafficking regulator (LYST) gene. However, if and how 

dysregulated membrane trafficking in LYST-mutant cells causes the immunological 

pathophysiology of CHS is still largely unclear. 

The overall goal of the study was to elucidate how the membrane trafficking regulator Lyst 

affects immune cell signalling and immune function. To this end, TLR signalling in innate 

immune cells and mast cell mediated allergic reactions were studied in Lyst-mutant beige-J 

mice. 

The first part of the study revealed a specific defect in phagosomal trafficking and maturation 

in Lyst-mutant cells, indicating that Lyst is specifically involved in the trafficking to Rab7+ 

phagosomal compartments. Importantly, work on primary immune cells identified these 

Rab7+ endosomal compartments as the so far elusive signal transducing organelle that 

transmits TLR3- and TLR4-induced endosomal TRIF signalling. These results provide an 

important mechanistic explanation for the selective defects in TLR3- and TLR4-mediated 

inflammatory responses of Lyst-mutant beige-J mice. Moreover, by applying CRISPR/Cas9-

mediated genome editing technology to human cells, my study demonstrates that the control 

of TLR3- and TLR4-mediated TRIF signalling pathways by Lyst is a more general 

phenomenon that is also conserved in the human system. Thus, defects in this important 

innate immune cell signalling pathway likely contribute to the severe immune deficits in 

patients with CHS. My study in murine and human model systems provides valuable 

physiological evidence for the control of TLR signalling and function by regulating specific 

checkpoints of endosomal/phagosomal trafficking. 

The second part of the study focused on the role of lysosomal trafficking regulator Lyst for 

mast cell-mediated anaphylactic reactions. By employing two different FcR1-mediated 
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mouse models of anaphylaxis, the study showed that Lyst-mutant mice display substantially 

enhanced anaphylactic reactions. Additional in vitro and in vivo studies to identify the 

underlying mechanism surprisingly revealed normal FcR1-mediated mast cell degranulation 

and normal release of allergic mediators in Lyst-mutant mast cells. Further in vivo 

experiments involving application of a mixture of mast cell mediators and additional 

reconstitution experiments suggested that the negative regulatory role of Lyst in anaphylactic 

responses is likely mediated by a mast cell-independent mechanism. Interestingly, however, 

Lyst-mutant mast cells exhibited impaired de novo secretion of inflammatory cytokines, 

which correlated with impaired recruitment of inflammatory immune cells during the second 

phase of the anaphylactic response. Together, these data provide novel insights into the 

complex regulatory mechanisms of allergic reactions.  

In summary, the identification of Lyst as a specific regulator of TLR3- and TLR4-mediated 

TRIF signalling pathways reveals that the regulation of the intracellular membrane trafficking 

network is functionally linked to specific immune cell signalling pathways. Overall, my 

studies on the membrane trafficking regulator Lyst in the regulation of different aspects of 

immune function show how perturbations of membrane trafficking processes can contribute to 

immune dysfunction. 
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2 Zusammenfassung 

Zellen des angeborenen Immunsystems reagieren bei Kontakt mit Pathogenen oder 

Allergenen mit der Induktion hochgradig regulierter Signalkaskaden und zellulären 

Reaktionen, welche sehr spezifisch regulierte Membrantransportprozesse erfordern. Die 

Regulation der Membrantransportwege und Reorganisation der intrazellulären 

Kompartimente ist erst seit Kurzem als neues regulatorisches Prinzip in der 

Signaltransduktion und der Funktion von Immunzellen beschrieben worden. Störungen in 

endosomalen Transportwegen wurden häufig mit humanen Krankheiten assoziiert, welche 

eine verminderte Funktion des Immunsystems aufweisen. Das humane Chédiak-Higashi 

Syndrom (CHS), eine schwere Immundefizienz, und sein murines Pendant beige zeigen 

charakteristische Störungen in der Organisation endolysosomaler Kompartimente, 

hervorgerufen durch Mutationen im „lysosomal trafficking regulator“ (LYST) Gen. Jedoch ist 

weitgehend unbekannt, ob und wenn ja wie, die gestörte Regulation der 

Membrantransportwege in LYST-mutanten Zellen die immunologische Pathophysiologie von 

CHS verursacht. 

Das übergeordnete Ziel der Studie war aufzuklären, wie Lyst, als Regulator von 

Membrantransportwegen, Signaltransduktion in Immunzellen und generell immunologische 

Funktionen beeinflusst. Hierfür wurden in Lyst-mutanten beige-J Mäusen die TLR-vermittelte 

Signaltransduktion in Zellen des angeborenen Immunsystems, sowie die Mastzell-vermittelte 

allergische Reaktion untersucht. 

Der erste Teil meiner Studie offenbarte einen spezifischen Defekt in phagosomalen 

Transportwegen und Phagosomenreifung in Lyst-mutanten Zellen. Dieser Defekt weist darauf 

hin, dass Lyst spezifisch am Transport in Rab7+ phagosomale Kompartimente beteiligt ist. 

Wichtig hierbei ist, dass die Arbeit an primären Immunzellen diese Rab7+ endosomalen 

Kompartimente als die bislang schwer zu beweisenden signaltransduzierenden Organellen 

identifizierte, welche TLR3- und TLR4-induzierte endosomale TRIF Signale weiterleiten. 

Diese Ergebnisse bieten eine wichtige Erklärung für den Mechanismus der selektiven Störung 

TLR3- und TLR4-vermittelter entzündlicher Reaktionen in Lyst-mutanten beige-J Mäusen. 

Mehr noch, unter Anwendung des Systems von CRISPR/Cas9-vermittelter 

Genommodifikation in humanen Zellen konnte meine Studie nachweisen, dass die Kontrolle 

des TLR3- und TLR4-vermittelten TRIF Signalweges durch Lyst ein genereller Mechanismus 

ist, welcher auch im humanen System konserviert ist. Folglich ist es sehr wahrscheinlich, dass 
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Störungen in diesem wichtigen Signalweg des angeborenen Immunsystems zu der schweren 

Immundefizienz in Patienten mit CHS beitragen. Meine Studie in murinen und humanen 

Modellsystemen liefert wertvolle physiologische Beweise für die Kontrolle von TLR 

Signaltransduktion und deren Funktion über die Regulierung spezifischer Kontrollpunkte im 

endosomalen/phagosomalen Transport. 

Der zweite Teil der in dieser Arbeit gezeigten Studie fokussierte sich auf die Rolle des 

Regulators für lysosomalen Membrantransport Lyst in Mastzell-vermittelten 

anaphylaktischen Reaktionen. Unter Einsatz zweier verschiedener FcR1-vermittelten 

Mausmodelle für Anaphylaxie, konnte meine Studie zeigen, dass in Lyst-mutanten Mäusen 

die anaphylaktische Reaktion wesentlich verstärkt war. In vitro und in vivo Studien, welche 

den zugrundeliegenden Mechanismus identifizieren sollten, zeigten überraschend eine 

normale FcR1-vermittelte Degranulation und eine normale Ausschüttung von allergischen 

Mediatoren von Lyst-mutanten Mastzellen. Weitere in vivo Experimente, welche die 

Applikation von einem Mix aus Mastzellmediatoren als auch Rekonstitutionsversuche 

beinhalteten, deuten an, dass die negative regulatorische Rolle von Lyst in der 

anaphylaktischen Reaktion wahrscheinlich auf einem Mastzell-unabhängigen Mechanismus 

beruht. Interessant jedoch war, dass Lyst-mutante Mastzellen eine verminderte Ausschüttung 

von de novo produzierten Zytokinen aufwiesen und diese mit einer verminderten 

Rekrutierung von inflammatorischen Immunzellen während der zweiten Phase der 

anaphylaktischen Reaktion korrelierte. Zusammengefasst bieten diese Daten neue Einblicke 

in die komplexen regulatorischen Mechanismen allergischer Reaktionen. 

Zusammengefasst, die Identifikation von Lyst als spezifischen Regulator der TLR3- und 

TLR4-vermittelten TRIF Signalwege zeigt, dass die Regulation des intrazellulären Netzwerks 

von Membrantransportwegen funktionell mit spezifischen Signalwegen in Immunzellen 

verbunden ist. Im Ganzen betrachtet zeigten meine Untersuchungen zur Rolle des  

Membrantransportregulators Lyst bei der Regulation verschiedener Aspekte immunologischer 

Funktionen, wie Störungen von Membrantransportprozessen zu Funktionsverlust des 

Immunsystems beitragen können.  
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4 Introduction 

4.1 Membrane trafficking in eukaryotic cells  

Eukaryotic cells are compartmentalised by intracellular membranes. This 

compartmentalisation permits the separation of cellular functions that could otherwise not 

coexist, such as proteolysis and protein synthesis. The content and its surrounding membrane 

define the specific function of the compartment. Subcellular compartments are 

compositionally distinct but not static. They can interact, and are regulated by membrane 

trafficking processes. The complex nexus of the different compartments can principally be 

subdivided into uptake by endocytosis and secretion by exocytosis (Figure 1). Endocytosis 

requires invagination of the plasma membrane and the formation of vesicles and vacuoles 

through membrane fission. Endocytosed cargo includes a spectrum of fluid, solutes, 

macromolecules, plasma membrane components, and particles. Endosomes regulate incoming 

substances and receptors by sorting, processing, recycling, storing, activating, silencing, and 

degradation. In this manner, endocytosis fine-tunes numerous pathways in the cell (Huotari 

and Helenius, 2011). Cells ‘communicate’ over distance by exocytosis of cytokines, 

chemokines, and other mediators. Intercellular communication is important for shaping an 

organism’s synchronised response to incoming signals, such as the immune response to 

pathogen infection. Cytokine synthesis and transportation occurs through the canonical 

protein trafficking pathway associated with the endoplasmic reticulum and Golgi. The form of 

exit varies significantly between cell types, and for many cells this has not yet been 

satisfactorily characterised (Blank et al., 2014). The exocytotic process can occur 

continuously, or mediators can be stored in vesicles (granules) and released upon a specific 

trigger. 
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Figure 1 Intracellular compartments 

Figure  shows the intracellular compartments involved during exocytosis (blue) and endocytosis 
(green). CCV = clathrin coated vesicle; CCP = clathrin coated pit; IC = ER-Golgi intermediate 
compartment; TGN = trans-Golgi network; SV = secretory vesicles; SG = secretory granules. Figure 
adapted from Zerial and McBride (2001). 

 

4.1.1 Regulators of membrane trafficking 

Biosynthetic and endocytic cargo molecules are continuously packaged into small transport 

vesicles that bud from one compartment and are delivered to downstream compartments. 

During vesicular trafficking cargo is recognised by sorting motifs, and then concentrated and 

packaged into the vesicle (Schmid and Frolov, 2011). These highly orchestrated processes 

involve several steps of fusion and fission processes of the endosomal compartment. The 

large family of small guanosine-5'-triphosphatase (GTPase) Ras-related proteins (Rab) is 

especially involved in the processing and regulation of the compartments and their inherent 

functions (Zerial and McBride, 2001). Therefore, specialised compartments can be identified 

by a membranous association of distinct Rabs. However, Rabs are highly controlled by many 

other factors. Additional associating proteins like guanine nucleotide exchange factors (GEF) 

or GTPase-activating proteins (GAP) can regulate GTP hydrolysis and GDP→GTP exchange. 

After association with a GAP, Rab-GTP turns into an inactive state (Rab-GDP) again and is 

extracted from the membrane by the GDP dissociation inhibitor (GDI), maintaining the 

protein in the cytosol (Grosshans et al., 2006). 
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4.1.2 Fusion and fission of vesicles 

Two important factors that determine membrane trafficking are well described, the small Rab 

family and the soluble N-ethyl-maleimide-sensitive fusion (NSF) attachment protein receptor 

(SNARE) (Grosshans et al., 2006; Zerial and McBride, 2001). Rabs play an important role in 

initiating membrane fission and recruitment of the protein required for the subsequent 

formation of the vesicle (Figure 2-1, -2, -3). Vesicle formation is initiated by GEF-mediated 

recruitment of cytoplasmic inactive Rab-GDP, which induces exchange from GDP to GTP in 

Rab. Active Rab-GTP binds to the membrane via its lipid anchor and mediates the recruitment 

of cargo, vesicular (v)-SNAREs and coat proteins. Assembly of the coat at the donor 

membrane mediates membrane bending to form pits, where coat subunits selectively bind and 

recruit cargo into the vesicle. Vesicles are released (fission) by dynamin-like proteins under 

hydrolysis of adenosine-5'-triphosphate (ATP) and/or GTP. Rab-mediated hydrolysis of GTP 

to GDP inactivates Rab, leading to a dissociation of Rab and a disassembly of the coat 

proteins (Jensen and Schekman, 2011). Vesicle fusion can be divided into four essential steps: 

transport, tethering, docking, and fusion (Figure 2-4, -5, -6, -7). Motor proteins advancing on 

microtubule tracks transport the vesicles to the target membrane. At the target membrane, a 

loose attachment of the vesicle is mediated by a Rab-effector binding to a matched Rab-GTP, 

which is integrated in the target and the vesicle membrane (tethering). Conformational change 

of the Rab effector brings the vesicle and the target membrane into close proximity. This 

induces an association of the specific pairs of vesicular (v)-SNAREs and target (t)-SNAREs 

(docking). The association of distinct Rabs and SNAREs proteins regulates the specific 

interaction of target and vesicular membrane during vesicle fusion. The final fusion step is 

mediated by a Rab independent conformational change of the associated SNARE-complexes 

(Grosshans et al., 2006; Zerial and McBride, 2001). 
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Figure 2. Vesicle fusion and formation 

Figure 2 (1-3) shows vesicle formation at the donor membrane: (1) guanine nucleotide exchange 
factors (GEF) recruits cytoplasmic inactive guanosine-5'-diphosphate bound Rab (Rab-GDP) and 
induces an exchange from GDP to GTP in Rab. Rab-GTP binds to the membrane via its lipid anchor 
and mediates the recruitment of cargo, v-SNAREs and coat proteins. (2) Coat assembly is required for 
membrane curvature to form pits and coat subunits selectively bind and recruit cargo into vesicle. (3) 
Vesicles are released (fission) by dynamin-like proteins under hydrolysis of adenosine-5'-triphosphate 
(ATP) and/or GTP. Rab mediated hydrolysis of GTP to GDP inactivates Rab, leading to a dissociation 
of Rab and a disassembly of the coat proteins. (4-7) shows the four steps of vesicle fusion at the 
target membrane: approach to target membrane (grey arrow), vesicle tethering, vesicle docking and 
vesicle fusion. (4) Vesicles approach the plasma membrane using motor proteins advancing on a 
microtubule track. (5) Tethering is the loose attachment of the vesicle by connecting a small Ras-
related protein activated by guanosine-5'-triphosphate binding (Rab-GTP) at the vesicle with Rab-GTP 
at the target membrane by a matched Rab-effector. (6) Vesicle docking and fusion to the membrane is 
ensured by specific pairs of vesicle soluble N-ethyl-maleimide-sensitive fusion attachment protein 
receptor (v-SNARE) and target (t-) SNARE proteins. (7) The binding of v-SNARE with t-SNARE 
triggers the fusion of the membrane vesicles to the plasma membrane.  
 

 

4.2 Membrane trafficking and immune cell function 

4.2.1 Toll-like receptors recognise conserved pathogen molecules 

Pathogens such as bacteria, fungi, and parasites display many molecules that are not 

expressed by the cellular system of the host. These pathogen-associated molecular patterns 

(PAMPs) can be detected by several receptors in the host, in particular Toll-like receptors 

(TLRs) (Flannagan et al., 2012). Pathogens infiltrate and proliferate in the host in many 
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different ways, so different TLRs recognise their ligands at distinct subcellular compartments. 

Nucleic acid-specific TLRs (TLR3, TLR7, TLR8 and TLR9) for intracellular pathogen 

detection are expressed within endolysosomal compartments. Other TLRs (TLR1, TLR4, 

TLR5 and TLR6) are localised on the cell surface to recognise surface molecules of 

extracellular pathogens (Blasius and Beutler, 2010; Kawai and Akira, 2010). It has recently 

been suggested that innate immune signalling via TLRs is highly intertwined with the 

membrane trafficking machinery and operates within a complex cellular infrastructure 

(Barton and Kagan, 2009; Kagan, 2012; Sorkin and von Zastrow, 2009). Receptor trafficking 

routes can control the timing and amplitude of the signalling event. The compartmental 

localisation of sensing and signalling may provide the immune system with further spatial 

information. The spatial information of the stimulus is thought to be indicative for self- vs. 

non-self-derived provocation as well as for extracellular vs. intracellular pathogens (Brubaker 

et al., 2015). 

Upon ligand binding, TLRs initiate a series of signalling events that, dependent on the usage 

of distinct adaptor molecules, are classified in MyD88- and TRIF-dependent pathways 

(Moresco et al., 2011). TRIF-dependent signalling that involves activation of interferon 

regulatory transcription factor 3 (IRF3) is unique for intracellular TLR3 and TLR4 signalling, 

whereas all other TLRs utilise the adaptor MyD88. Both pathways induce the production of 

pro-inflammatory cytokines, but the TRIF/IRF3-dependent pathway also induces the 

production of type I interferons (IFNs) (Sato et al., 2003). While the double-strand RNA-

receptor TLR3 signals exclusively via the TRIF/IRF3-dependent pathway (Figure 3), the 

lipopolysaccharide (LPS)-receptor TLR4 is unique, because it signals via both, the TRIF- and 

the MyD88-dependent pathway (Figure 3). Upon TLR4 activation, the MyD88-signalling 

complex assembles at the plasma membrane to induce MAPKs and NFB activation. 

However, upon receptor internalisation to endosomal compartments, signalling switches to 

the TRIF/IRF3-dependent pathway to induce type I IFNs. 

While progress has been made in the understanding of the biochemical and cell biological 

characteristics of TLR signalling, the integration of TLR signalling pathways into the 

intracellular membrane trafficking network under inflammatory conditions and its 

physiological relevance for protective immunity still remains to be defined. The elucidation of 

these issues is also of clinical relevance, as dysregulated signalling via TLR family members 

is involved in the immuno-pathogenesis of infectious diseases, chronic inflammatory 

disorders, and autoimmunity (Moresco et al., 2011). Excessive inflammatory responses to 
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TLR ligands can also induce life-threatening conditions, such as endotoxin-mediated septic 

shock. Thus, in order to provide immune protection against infection while avoiding harmful 

overreactions, TLR signals need to be tightly regulated.  

 

 
Figure 3. Simplified model of TLR3 and TLR4 signalling 

TRIF-dependent signalling is unique for intracellular TLR4 and TLR3 signalling. All other TLRs utilise 
the adaptor MyD88. While TLR3 signals exclusively via the TRIF-dependent pathway, the 
lipopolysaccharide (LPS)-receptor TLR4 is unique in that it signals via the TRIF- and MyD88-
dependent pathway. Upon LPS binding, the TLR4/Mal/MyD88-signalling complex assembles at the 

plasma membrane to induce MAPKs and NFB activation. Active NFB is a nuclear transcription 
factor inducing production of pro-inflammatory cytokines. However, upon TLR4 internalisation to 
endosomal compartments, signalling switches to the TRIF-dependent pathway. Endosomal TLR4 
signalling involves the association of the adaptor protein TRAM. TLR4 and TLR3 TRIF-mediated 
activation of the signalling cascade involves activation of TBK-1 and IRF3. Active IRF3 is a nuclear 
transcription factor that induces production of pro-inflammatory cytokines and specifically type I IFNs 
(Sato et al., 2003). 
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4.2.2 Phagocytosis 

An important role of the innate immune system is to clear or slow down infection at early 

onset. A common mechanism for this is the phagocytosis of pathogens and subsequent 

intracellular killing in lysosomal structures. Pathogen recognition via TLRs promotes 

engagement of phagocytic targets and the release of pro-inflammatory cytokines to attract and 

prime immune cells further. As such, TLRs are highly expressed on specialised phagocytic 

immune cells like neutrophils, macrophages, and dendritic cells. Professional phagocytes can 

present degradation products of the engulfed particles to lymphoid cells as antigens in order to 

initiate an adoptive immune response. Phagocytosis is defined as the ingestion by cells of 

large (≥0.5-µm) particles and can be divided into different essential steps based on the 

increasing acidification and stepwise acquisition of specific membrane-associated proteins 

during progressive phagocytosis. After uptake, the early stages of phagocytosis (early 

phagosome) are defined by an intravesicular pH above 6.0 and Rab5 associated with its 

effector, the early endosome associated protein 1 (EEA1) at the vesicular membrane. At the 

progressed stage, the late phagosome is defined by the switch of Rab5 to Rab7 (Rink et al., 

2005) and a pH between 5.0 and 6.0 (Poteryaev et al., 2010). Fusion of the late phagosome 

with lysosomes results in further acidification to a pH below 5.0. This compartment is called 

phagolysosome (Huotari and Helenius, 2011). A well-known membrane marker for all 

lysosomal compartments is the intravesicular association of lysosomal associated membrane 

protein (Lamp) (Meikle et al., 1997). Subsequent production or activation of 

toxic/lytic/proteolytic proteins and chemicals kills and degrades pathogens in the 

phagolysosome. The intravesicular association of Lamp prevents damage of the host 

membrane. Phagocytosis involves the recognition and binding of particles by receptors on the 

cell surface and rearrangement of the actin cytoskeleton (Flannagan et al., 2012). Depending 

on the kind of receptor that mediates the recognition of the particle, different pathways of 

phagocytosis can be induced to promote a target-specific immune response (Blander and 

Medzhitov, 2004).  
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4.2.3 Secretory granules 

An additional defence mechanism of the innate immune system is the cellular release of toxic, 

lytic, proteolytic, and pro-inflammatory substances in order to kill pathogens and recruit 

further immune cells to resolve infections. In specialised cells (granulocytes, cytotoxic T-

lymphocytes, natural killer cells, and mast cells), these substances are stored in exocytotic 

granules, which often possess lysosomal-like properties (Blott and Griffiths, 2002). This 

enables the acute export of secretory proteins and other mediators in higher amounts as it 

would not be possible by de novo biosynthesis. Granules can also function as compartments 

for post-translational modifications such as proteolytic processing. Finally, they can enable a 

stepwise secretion of numerous bioactive molecules that act on tissues, in which the tissue-

response is regulated by the intensity and the frequency of the stimulation. The biogenesis of 

secretory granules in neuroendocrine cells has been extensively investigated and is tightly 

regulated by various membrane trafficking events (Tooze, 2001). In these cells, proteins 

targeted to secretory granules become associated with specialised regions of the trans-Golgi 

network, forming immature secretory granules that eventually associate with other soluble or 

membrane-localised cargo proteins (sorting by entry) (Arvan and Castle, 1998). Via a series 

of homotypic fusion events, coupled with the removal of miss-sorted cargo (sorting by 

retention), condensation, and partial acidification, immature secretory granules give rise to 

mature secretory granules (Wernersson and Pejler, 2014). In contrast to the well-described 

granule biogenesis in neuroendocrine cells, the biogenesis of other secretory lysosomes is less 

clear and varies between cell type and granule function.  

 

4.2.4 Mast cells as model for granule exocytosis  

Granule exocytosis and granule maturation can be investigated in mast cell related models 

since lytic granule exocytosis is a key feature of this cell type. Mast cells (MCs) are involved 

in a wide variety of biological functions in cardiovascular disease, tumour biology, and host 

defence, and they play a key role in the type I allergy (Galli et al., 2004). Allergic disorders 

have increased dramatically over the past few decades and have become a serious health 

issue. In industrial countries 10 to 30 percent of the population are affected by allergies 

(Okada et al., 2010). Characteristic signs and symptoms of allergy vary in different target 

organs of allergy such as the skin (atopic dermatitis or eczema), the nose (rhinitis), the lungs 

(asthma), and the gut (food allergic reactions) (Gould et al., 2003; Kraft and Kinet, 2007). 
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Depending on the degree of allergy, the symptoms vary, and in case of anaphylactic reactions 

can even be life threatening. Anaphylaxis (anaphylactic shock) is the most severe form of an 

allergic reaction and is an acute multi-system allergic reaction that requires immediate 

medical attention and treatment to prevent potential death. The incidence of anaphylaxis lies 

between 30 to 950 cases per 100,000 people per year (Lieberman et al., 2006). 

MCs are long-lived cells that arise from hematopoietic bone-marrow-derived progenitor cells. 

These progenitor cells circulate in the blood and differentiate into mature MCs after entering 

vascularised tissue. The homing of MCs is mainly regulated by the tissue expression of the 

stem-cell factor (SCF), binding specifically to the c-kit receptor at the MC surface. MCs 

critically infiltrate and rest in the connective tissue and mucosa. This strategic localisation at 

the interface between host and environment allows MCs to be one of the first responders to 

pathogen invasion. Allergic reactions occur when a person is re-exposed to an allergen 

(antigen) that cross-links allergen-specific immunoglobulin E (IgE) bound to the high-affinity 

Fc receptor (FcR1) on mast cells. Binding of IgE to the high-affinity receptor FcR1 

sensitises MCs. Crosslinking of bound IgE by a specific allergen (antigen) results in MC 

activation and mediator release (Table 1), which can be divided in three different phases 

(Kalesnikoff and Galli, 2008). The earliest response is the exocytosis of secretory granules 

containing preformed mediators like histamine, serotonin, tryptases, chymases and heparin. 

This is followed by the processing and release of lipid-derived agents like prostaglandins and 

leukotrienes. Third, activated MCs also de novo synthesise cytokines and chemokines, which 

are secreted after vesicular trafficking via the ER and Golgi complex (Abraham and St John, 

2010). These mast cell-derived mediators together trigger allergic inflammation and 

anaphylactic reactions (Brown et al., 2007). 

It has been shown that MCs possess three types of secretory granules and that fusion events of 

the different granule types with the plasma membrane (exocytosis) are regulated by different 

v-SNARE-isoforms (Moon et al., 2014; Puri and Roche, 2008). Therefore, Puri and Roche 

proposed that mast cells might release certain subsets of granules upon distinct stimuli to 

promote distinct immune responses. The signal-dependent subcellular reorganisation of the 

granules involves granule translocation, subsequent docking and fusion with the plasma 

membrane. Perturbation of any of the essential steps in mast cell activation and granule 

exocytosis can have severe consequences for mast cell function.  
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Table 1 Mast cell mediators 

(adapted from Marshall, 2004) 

Mediators Activities 

Granule-associated  
Histamine and serotonin Alter vascular permeability 
Heparin and/or chondroitin sulphate, 
peptidoglycans 

Enhance chemokine and/or cytokine functions 
and angiogenesis 

Tryptase, chymase, carboxypeptidase and 
other proteases 

Remodel tissue and recruit effector cells 

TNF, VEGF and FGF2  Recruit effector cells and enhance angiogenesis 
Lipid-derived  

LTC4, LTB4, PGD2 and PGE2  
Recruit effector cells, regulate immune 
responses, and promote angiogenesis, oedema 
and bronchoconstriction 

Platelet-activating factor  
Activates effector cells, enhances angiogenesis 
and induces physiological inflammation 

Cytokine  
TNF, IL-1α, IL-1β, IL-6, IL-18,  
GM-CSF, LIF, IFN-α and IFN-β 

Induce inflammation 

IL-3, IL-4, IL-5, IL-9, IL-13, IL-15 and  
IL-16  

T helper 2-type cytokine activities 

IL-12 and IFN-γ  T helper 1-type cytokine activities 
IL-10, TGF-β and VEGF  Regulate inflammation and angiogenesis 
Chemokine  
CCL2, CCL3, CCL4, CCL5, CCL11 and 
CCL20  

Recruit effector cells, including dendritic cells, 
and regulate immune responses 

CXCL1, CXCL2, CXCL8, CXCL9, 
CXCL10 and CXCL11 

Recruit effector cells and regulate immune 
responses 

Other  
Nitric oxide and superoxide  Bactericidal 
Antimicrobial peptides  Bactericidal 
CCL, CC-chemokine ligand; CXCL, CXC-chemokine ligand; FGF2, fibroblast growth factor 2; GM-
CSF, granulocyte/macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; LIF, leukaemia 
inhibitory factor; LTB4, leukotriene B4; LTC4, leukotriene C4; PGD2, prostaglandin D2; PGE2, 
prostaglandin E2; TGF-β, transforming growth factor-β; TNF, tumour-necrosis factor; VEGF, vascular 
endothelial growth factor 

 

4.3 Lysosomal trafficking regulator Lyst 

4.3.1 Chédiak-Higashi Syndrome  

The Chédiak-Higashi Syndrome (CHS) is a rare autosomal recessive disorder that is caused 

by genetic defects in the human LYST-gene coding for Lysosomal trafficking regulator 

(LYST) protein (Barbosa et al., 1996; Nagle et al., 1996). CHS is characterised by varying 

degrees of oculocutaneous albinism, recurrent pyogenic infections, a tendency for mild 

bleeding, and late neurologic dysfunction (Lozano et al., 2014). A prominent diagnostic 

feature of this disorder is giant cytoplasmic organelles, such as lysosomes or melanosomes, in 
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almost all granulated cells (Blume and Wolff, 1972). The most life-threatening clinical feature 

of CHS is massive hemophagocytic lymphohistiocytosis (HLH), affecting about 85% of CHS 

patients within the first decade. This ‘accelerated phase’ of the disease often occurs following 

initial exposure to Epstein-Barr virus (EBV) (Nargund et al., 2010), suggesting an impaired 

anti-viral immune defence. A further indication of an impaired immune defence in CHS 

patients is frequent and severe pyogenic bacterial infection. Mice carrying genetic defects in 

Lyst, the murine orthologue of LYST, develop similar abnormalities. Molecular and 

biochemical mechanisms of LYST and its murine orthologue Lyst, which underlie the various 

phenotypic defects, have not yet been identified. However, Lyst is thought to regulate fission 

and/or fusion during membrane trafficking in lysosomal compartments (Durchfort et al., 

2012; Dvorak et al., 1987; Hammel et al., 2010). Thereby dysfunction of Lyst causes the 

enlarged size of lysosome-related organelles and impaired exocytosis of lysosomal-like 

granules (Baetz et al., 1995; Blume and Wolff, 1972; Gil-Krzewska et al., 2015; Sepulveda et 

al., 2014). Together, Lyst as a broadly expressed and highly conserved protein is a good target 

to unwind basic mechanisms of membrane trafficking and their influence on immune 

responses. 

 

4.3.2 Proposed molecular functions of Lyst  

The human LYST gene contains 53 exons (51 coding exons) with an open reading frame of 

11,406 bp, and encodes for a 3801-amino-acid protein, LYST. LYST belongs to a family of 

so far nine proteins (Cullinane et al., 2013), called the BEACH (Beige and Chédiak–Higashi) 

family, which share the same three C-terminal domains: a Pleckstrin homology (PH) domain 

(Jogl et al., 2002), a BEACH domain (Nagle et al., 1996) and Trp-Asp (WD)-repeats (WD40 

domain). Most of the molecular information on LYST comes from studies of the other eight 

members of the BEACH family. The exact functions of BEACH domain containing proteins 

remain largely unknown. However they are generally large, and act in diverse cellular 

processes, including vesicular transport, apoptosis, membrane dynamics, and receptor 

signalling (Cullinane et al., 2013).  

In murine Lyst and human LYST, several homologous motifs (domains) have been identified 

which have assigned functions in other proteins (Figure 4). These conserved domains indicate 

potential functions of Lyst/LYST. The Lyst protein is a highly conserved, large cytosolic 

protein (Perou et al., 1997a) of approximately 430 kDa. It has been proposed that the N-
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terminus of LYST contains several HEAT (Huntington, Elongation Factor 3, PR65/A, TOR) 

and Armadillo repeats (ARM) (Nagle et al., 1996). HEAT/ARM domains are involved in 

protein binding and vesicular transport (DiFiglia et al., 1995; Hemmings et al., 1990; Sabatini 

et al., 1994; Zheng et al., 1995). Overexpression experiments of N-terminal Lyst fragments 

has revealed that the putative perilipin-like domain results in enlarged lysosomal structures 

(Ward et al., 2003) resembling the phenotype of Lyst dysfunction. The perilipin protein 

family is reported to interact with lipid droplets (LDs). LDs have recently been found to play 

a role in immunity and host pathogen interactions. They serve for example as a platform for 

prostaglandin and leukotriene synthesis and for virus assembly (Saka and Valdivia, 2012). 

The Concanavalin A (ConA)-like lectin-binding domain in LYST could be involved in 

oligosaccharide binding associated with protein traffic and sorting along the secretory 

pathway, especially in relation to components of the vesicle fusion machinery (Burgess et al., 

2009). Overexpression of C-terminal Lyst fragments has revealed that three domains PH, 

BEACH and WD40 form a functional unit, also causing enlarged lysosomal structures and 

inhibiting nuclear phosphatidylinositol (4,5) bisphosphate (PI(4,5)P2) localisation (Ward et 

al., 2003). Nuclear PI(4,5)P2 is at the centre of signalling pathways and acts both as a 

messenger and as a precursor for many additional messengers (Barlow et al., 2010). PH 

domains are present in a wide range of proteins involved in intracellular signalling or as 

constituents of the cytoskeleton (Lemmon, 1999). They have a common core fold, which can 

associate with biological membranes through phosphatidylinositol binding and association to 

other PH domain containing proteins (Lemmon, 2005; Lemmon et al., 2002). PH domains 

may assist in targeting their host protein to the cytosolic face of membranes, thus localising 

them to appropriate cellular compartments (Cullinane et al., 2013). The WD40 domain is 

thought to serve as a common scaffold for heteromeric protein interaction and is often 

associated with PH domains (Rebecchi and Scarlata, 1998). WD domain proteins are involved 

in a variety of cellular functions, ranging from signal transduction and transcription 

regulation, to autophagy and apoptosis (Li and Roberts, 2001; Smith et al., 1999). The best 

characterised function of WD-repeats containing proteins is the regulation of vesicle 

trafficking (Li and Roberts, 2001; Smith et al., 1999).  
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Figure 4. Schematic diagram displaying recognised protein domains in Lyst 

The human gene contains 53 exons (51 coding) with an open reading frame of 11,406 bp, and it 
encodes for a 3801-amino-acid protein, LYST. The LYST protein is a highly conserved, large cytosolic 
protein (Perou et al., 1997a) of approximately 430 kDa. Starting from the N-terminus of Lyst, several 
domains have been proposed by sequence analysis and crystallisation studies: HEAT (Huntington, 
Elongation Factor 3, PR65/A, TOR) and Armadillo repeats (ARM) (Nagle et al., 1996), a putative 
perilipin-like domain (Ward et al., 2003),a Concanavalin A (Con A)-like domain (Burgess et al., 2009), 
a pleckstrin homology (PH) domain (Jogl et al., 2002), a BEige And Chédiak-Higashi (BEACH) domain 
(Nagle et al., 1996), and seven Trp-Asp (WD)40 repeats, which normally form to a β-sheet propeller 
(Stirnimann et al., 2010). 

 

Many different mutations in the human LYST-gene have been described in CHS patients 

(Lozano et al., 2014). As model for CHS, two prominent Lyst-mutant mouse strains have been 

used for physiological studies. The first Lyst-mutant animal model was the beige (named after 

the coat colour) mouse generated by radiation in 1957 (Kelley, 1957). This mouse strain 

carries a frameshift-inducing insertion in the Lyst-allele, which probably causes a truncated 

expression of the protein, lacking the last 1442 amino acids and the complete functional unit 

of PH, BEACH and WD40 domain (Perou et al., 1997b). The second model is a spontaneous 

remutation of Lyst named the beige-J (Bg-J) mutation (Lane and Murphy, 1972). In this 

mutation, only an Isoleucine (I3741del) is deleted in the last WD-repeat, resulting in a similar 

phenotype as the previous beige mutation (Trantow et al., 2009). This Bg-J mutation might be 

crucial for the folding of the WD40 domain, as WD-repeats commonly assemble to a ß-sheet 

propeller (Stirnimann et al., 2010), and the structural elements required for assembly are 

highly sensitive to mutations. 

 

4.3.3 Lyst as potential regulator for membrane fusion or fission  

LYST is thought to act as a scaffold protein in the mediation of fusion and fission events of 

vesicles (Tchernev et al., 2002). Cullinane et al. (2013) hypothesised that Lyst and other 

BEACH domain containing proteins (BDCPs) mediate vesicle fusion (Figure 5) by 

recognising specific membranes through the PH-like and BEACH domain segment. This 

possibly requires the aid of other domains more specific to some BDCPs. BDCPs then 

interact with each other via the WD40 domain holding vesicles or membranes in place. 

Cullinane et al. (2013) further speculated whether this interaction occurs between two equal 

PH BEACH WD40Con A-likePerilipinHEAT/ARM repeats

LYST/CHS1

?
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or two distinct BDCPs. Moreover, it has been claimed that the BDCP scaffold acts as a 

platform for the other proteins and lipids required for further membrane events. These binding 

partners are still largely undiscovered (Cullinane et al., 2013).  

 

 
Figure 5. Hypothetical model of Lyst as a scaffolding protein regulating 
membrane trafficking and fusion 

Speculative model showing the proposed scaffold function of BEACH domain containing proteins 
(BDCPs) (Cullinane et al., 2013). The example shown here is for LYST and WDFY3, because they are 
predicted to interact in silico. WDFY3 is localised at the membrane of autophagosomes. p62 
(SQSTM1) is a critical interacting protein, whose interaction with WDFY3 facilitates further interactions 
with ATG proteins with defined roles in autophagy (Filimonenko et al., 2010; Hocking et al., 2010; 
Simonsen et al., 2004; Yamamoto and Simonsen, 2011). BDCPs mediate vesicle fusion by 
recognising their specific membranes through their PH-like and BEACH domain segment. This could 
possibly require the aid of other domains more specific to some BDCPs. Hetero- and homotypic 
BDCPs then interact with each other via the WD40 domain holding vesicles or membranes in place. 
Additionally, the BDCP scaffold acts as a platform for other proteins and lipids required for further 
membrane events. These binding partners are largely undiscovered. 

 

Lyst might also be involved in preventing unspecific fusion of normally distinct endosomal 

compartments (Figure 6), since a mixed vesicular identity of exocytotic granules has been 

reported in NK cells from patients with CHS (Gil-Krzewska et al., 2015). Mixed composition 

of granules could be caused by unspecific fusion processes or deregulated fission processes 

(sorting by retention) during granule maturation. Lyst has been suggested to be involved in 

both processes. Studies by Falkenstein and De Lozanne (2014) have indicated that the 

homologue of Lyst in dictyostelium (LvsB) is a negative regulator of vesicle fusion and 

prevents unspecific fusion processes. Also, work by Durchfort et al. (2012) has indicated that 

functional Lyst is required to re-fragment (fission-dependent) enlarged lysosomal 

compartments that were induced prior by vaculin-1 treatment.  
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Figure 6. Hypothetical model of Lyst preventing unspecific vesicle fusion 

Lyst has been reported to be involved in preventing unspecific fusion of distinct endosomal 
compartments (Falkenstein and De Lozanne, 2014). It is speculative if Lyst could achieve this by 
inactivating fusion inductors or by removing them from vesicles by fission (sorting by retention). (A, B) 
Vesicle A and B are able to fuse, regulated by specific fusion inductors. The intermediate 
compartment A+B can be resolved for example by fission. Vesicle B and C fuse and form an 
intermediate compartment B+C. (A) Fusion inductors of vesicle B are inactivated by Lyst. This 
inactivation prevents a further unspecific fusion with vesicle A, and results in a stable B+C 
compartment without fusion inductors of vesicle B. (B) Dysfunction of Lyst causes retention of fusion 
inductors of vesicle B at the intermediate compartment B+C. This can result in unspecific fusion with 
vesicle A, and formation of a compartment with mixed features of A+B+C. 

 

4.3.4 The role of the Lyst in immune cell function  

Earlier studies in our lab, using Lyst-mutant beige-J mice, have revealed that Lyst selectively 

influences endocytotic TRIF/IRF3-dependent TLR3 and TLR4 signalling pathways. These 

studies showed that genetic defects in Lyst result in impaired activation of IRF3 and reduced 

pro-inflammatory cytokine responses upon stimulation of TLR3 and TLR4. Consequently, 

Lyst-mutant mice showed increased susceptibility to bacterial infection and were largely 

resistant to endotoxin-induced septic shock. The functional mechanism how Lyst affects the 

activation of the TRIF-dependent TLR3, -4 signalling cascade is, however, still unknown. 

Recent studies indicate a link between TLR3 and TLR4 signalling and membrane trafficking 

during endocytosis. However, the exact endosomal compartment at which TLR3- and TLR4-

mediated TRIF signalling occurs has not yet been identified. 

Human LYST-mutant cytotoxic T-lymphocytes and natural killer cells display secretory 

defects in lytic granule exocytosis (Baetz et al., 1995; Gil-Krzewska et al., 2015; Sepulveda et 

al., 2014). Furthermore, secretory granule maturation appears to be disturbed in human LYST-
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mutant natural killer cells and cytotoxic T-lymphocytes, as indicated by the unspecific sorting 

of perforin into distinct exocytotic granules (Gil-Krzewska et al., 2015; Sepulveda et al., 

2014). Genetic defects in LYST are also associated with abnormally large granules in mast 

cells (Chi and Lagunoff, 1975), which could either be caused by unspecific fusion (Dvorak et 

al., 1987; Hammel et al., 2010) or by impaired fission (Durchfort et al., 2012) of the late 

endosomal and lysosomal compartment. It has also been claimed that secretory granules in 

murine Lyst-mutant beige cells retain the ability to fuse randomly with other secretory 

granules (Hammel et al., 2010). Thus, dysfunction of Lyst might cause a mixed composition 

of normally distinct secretory granules in mast cells (Puri and Roche, 2008), potentially 

resulting in an unspecific mediator release upon mast cell stimulation. Taken together, Lyst 

affects mast cell granule formation and is potentially involved in mast cell function by 

regulating maturation, segregation, and exocytosis of secretory granules. However, the 

functional role of Lyst for mast cell-mediated allergic responses has not yet been 

characterised. 
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5 Aim of the study 

The aim of this study was to explore novel regulatory mechanisms in immune cell signalling 

and immune cell function by analysing immunoregulatory roles of the membrane trafficking 

regulator Lyst. 

 

Aim 1: The role of Lyst in TLR signalling 

One major task was to investigate how lysosomal trafficking regulator Lyst links 

endolysosomal organization to specific TLR mediated intracellular TRIF signalling pathways. 

Therefore, my study was intended to characterise whether the loss of functional Lyst affects 

TLR4 induced endolysosomal trafficking and phagosomal maturation. The study also aimed 

at identifying the specific signalling organelle that mediates endosomal TRIF signalling. 

Furthermore, the study was supposed to define the regulatory role of Lyst on this important 

innate immune cell signalling pathway in human cells by applying CRISPR/Cas9-mediated 

genome editing technology. Since mutations in the LYST-gene cause human Chédiak-Higashi 

syndrome, a severe immune disorder, these results could contribute to a better understanding 

of human disease. 

 

Aim 2: The role of Lyst in mast cell function and anaphylaxis 

The goal of this part of study was to investigate the potential role of membrane trafficking 

regulator Lyst in mast cell degranulation and allergic reactions. Utilising Lyst mutant beige-J 

mice, the study was aimed to analyse the effects of Lyst deficiency on mast degranulation, 

mast cell mediator release and cytokine secretion in Lyst-mutant mast cells. These studies 

were complemented by the in vivo analysis of anaphylactic responses in Lyst-mutant mice by 

employing animal models of anaphylaxis. The results of the study could advance our 

knowledge on the molecular mechanisms that link membrane trafficking regulation to mast 

cell function, as well as reveal pathophysiological consequences of dysregulated membrane 

trafficking during allergic reactions. 

  



-  Abbreviations - 

- 25 - 

 

6 Abbreviations 

aa Amino acids 
ab antibody 
AG antigen 
ARM Armadillo 
BEACH BEige And CHediak 
Beige mice Lyst

bg mutation: insertion induced frameshift, predicted truncated 
protein missing last 1442 aa (https://www.jax.org/strain/000204) 

Bg-J mice Lyst
bg-J mutation: 3 bp deletion in exon 54, Isoleucine(3741) 

(https://www.jax.org/strain/000629) 
BMMC bone marrow derived mast cell 
BMM bone marrow derived macrophage 
cDNA complementary deoxyribonucleic acid 
CDS coding sequence 
CHS Chediak-Higashi Syndrome 
ConA Concanavalin A 
DA

bg/bg rat Lyst-mutation: ~20 kbp gene-deletion induces frameshift, predicted 
truncated protein missing last 1194 aa (Mori et al., 1999) 

DNP-HSA 2,4-dinitrophenol human serum albumin 
EB Evans blue 
EBV Epstein–Barr virus 
FCS fetal calve serum 
FcR1 high-affinity IgE receptor 1 
FI fluorescence intensity 
GAP GTPase-activating protein 
GDI guanosine diphosphate dissociation inhibitor 
GDP guanosine diphosphate 
GEF guanine nucleotide exchange factors 
GTP guanosine triphosphate 
GTPase guanosine triphosphate phosphatase 
HEAT Huntington, Elongation Factor 3, PR65/A, TOR 
hIL-8 human interleukin 8 
HIV human immunodeficiency virus 
HPRT hypoxanthine-guanine phosphoribosyltransferase 
hTNF human tumour necrosis factor alpha 
IgE immunoglobulin E 
IL-6 interleukin 6 
INF interferon beta 
IRF3 interferon regulatory transcription factor 3 
kbp kilo base pairs 
Lamp1 lysosomal associated membrane protein  
LD lipid droplets 
Lyst lysosomal trafficking regulator 
LYST(ex35-53)-
mutant 

CRISPR/Cas9 mediated mutagenesis in human LYST targeting exon 35 
and exon 53 to induce a deletion 

LYST(ex49)-
mutant 

CRISPR/Cas9 mediated mutagenesis in human LYST targeting exon 49 

MAL myeloid differentiation primary response gene 88 (MyD88) adaptor-like 
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MAPK mitogen-activated protein kinase 
MC mast cell 
MCP-1 mast cell protease 1 
mRNA messenger ribonucleic acid 
MyD88 myeloid differentiation primary response gene 88 
Nef negative regulatory factor 
NSF N-ethyl-maleimide-sensitive fusion 
o.n. overnight 
PAMPs pathogen-associated molecular patterns 
PBS phosphate-buffered saline 
PBS-T phosphate-buffered saline tween 
PCA passive cutaneous anaphylaxis 
PCR polymerase chain reaction 
PGD2 prostaglandin 2 
PH pleckstrin homology 
PI(4,5)P2 phosphatidylinositol (4,5) bisphosphate 
PMCs peritoneal mast cells 
PSA passive systemic anaphylaxis 
Rab Ras-associated protein 
SEM standard error mean 
SNARE soluble N-ethyl-maleimide-sensitive fusion attachment protein receptor 
TBK-1 TRAF family member-associated NF-kappa-B activator (TANK)-

binding kinase 1 
TLR toll-like receptor 
TNF tumour necrosis factor alpha 
TRAF3 tumour necrosis factor (TNF) receptor associated factor 3 
TRAM TRIF-related adaptor molecule 
TRIF Toll/interleukin-1 receptor (TIR) homology-domain-containing adapter-

inducing interferon-β 
VAMP3 vesicular associated membrane protein 3 
WD40 ~ 40 amino acid repeats terminated with tryptophan-aspartic acid  

(W-D) dipeptide  
WT wild type 
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7 Materials 

Agent Company Cat # 

13 ml snap cap tube Sarstedt 62.515.006 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl Fluka 03450-5G 

2-Mercaptoethanol, 50 mM (1000X) GIBCO 31350-010 

30 % Acrylamide/Bis Bio-Rad 1610156 

37 % Hydrochloridic acid (HCl) Roth 4625.1 

6 x Loadingbuffer (DNA) Thermo Fisher R0611 

AllStars Neg. siRNA AF 488 (5 nmol) Qiagen 1027284 

Ammonium chloride (NH4Cl) Roth K298.1 

Ammonium persulphate (APS) Bio-Rad 161-0700 

Ampicillin Roth HP62.1 

Anesketin injection solution (Ketamin: 100 mg/ml) Albrecht 615241 

Aqua B. Braun 
B. Braun 
Melsungen AG 

0082479E 

ATP, 100 mM Solution Thermo Scientific R0441 

Bovine Serum Albumin Fraction V (BSA) Roche 10735086001 

Bromophenol blue AppliChem A2331,0005 

Calcitriol (1,25 OH-VitD3) biomol Cay71820-1 

Calcium chloride (CaCl2) Roth A119.2 

CD14 MicroBeads, human MiltenyiBiotec 130-050-201 

Cell Proliferation Dye eFlour® 670 eBioscience 65-0840 

Ciprofloxacinhydrochlorid Waldapotheke  

Collagenase/Dispase® Roche 10-269-638-001 

Competent bacteria Invitrogen C4040-03 
Complete, Mini, EDTA-free Protease Inhibitor 
Cocktail Tablets 

Roche 11873580001 

Dimethyl sulfoxide (DMSO) Serva 20385.01 

DMEM GIBCO 12491-023 

Dulbecco’s Phosphate Buffered Saline (PBS) 10x Biochrom L1835 

ECL Western Blotting Substrate Perbio/Pierce 32106 

Ehtidiumbromide Roth 2218.2 

Ethylenediaminetetraacetic acid (EDTA) Roth X986.2 

FastDigest buffer Thermo Scientific B64 

Fetal Calf Serum (FCS) Biochrom S0115 

First Strand cDNA Synthesis Kit Fermentas K1612 

FlexiTube GeneSolution GS19349 for Rab7 Qiagen FlexiTube 

GeneJET Gel Extraction Kit Thermo Scientific K0691 

GeneJET Plasmid Miniprep Kit Thermo Scientific K0502 

Glycerol MERCK 1.04093.1000 
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Agent Company Cat # 

Glycine AppliChem A1067,1000 

HEPES 1M solution PAA S11-001 

Histamine dihydrochloride Sigma-Aldrich H7250 

Histamine ELISA IBL RE59221 

Human serum Albumin Dinitrophenyl (antigen) Sigma-Aldrich A6661 

Hyperfilm ECL TH.Geyer 28-9068-37 

IMM Mounting Medium ibidi 50001 

Immobilon-P PVDF-Membrane Thermo Scientific 88518 

Ionomycin (Iono) Sigma I-0634-1MG 

Kanamycin Roth T832.1 

LB-medium (Luria/Miller) Roth X968.2 

L-Glutamine PAA M11-004 

LightCycler 480 Probes Master Roche 4707494001 
Lipofectamine® RNAiMAX Transfection Reagent - 
Delivery of siRNA 

ThermoFisher 13778030 

LPS-EB Biotin Invivogen tlrl-3blps 

LPS-EB Ultrapure Invivogen Tlrl-3pelps 

Magnesium chloride (MgCl2) Roth KK36.2 

MEM Non Essential Amino Acids (100x), liquid PAA M11-003 

MEM Vitamin Solution (100x) liquid life technology 11120-052 

Methanol (technical) AppliChem A2954,2500 

mIL-6 ELISA eBioscience 12699 

mTNF ELISA eBioscience 88-7324-88 

N,N,N',N'-Tetramethylethylendiamin (Temed) Roth 2367.3 

Normocin InvivoGen ant-nr-1 

NP-40 alternative CALBIOCHEM 492016 

NucleoBond Midi Kit Macherey-Nagel 740 410.50 

One Shot® TOP10 Chemically Competent E. coli Thermo Scientific C404010 

Opti-Mem® Medium GIBCO 31985-047 

Paraformaldehyd (PFA) Sigma-Aldrich 15812-7 

Penicillin/Streptomycin(100X) Biochrom A2213 

Peq Gold Universal Agarose PeqLab 35-1020 

PGD2-MOX ELISA IBL CM512011 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139-5MG 

Phosphatase Substrate Kit Thermo Scientific 37620 

pHrodo™ Green STP ester Life technologies P35369 

Pierce™ PNPP Substrate Kit Thermo Scientific 37620 

p-nitrophenyl-N-acetyl-ß-D-glucosamin Sigma-Aldrich N9376-1G 

Polyinosinic–polycytidylic acid sodium salt Sigma-Aldrich P1530 

Potassium chloride (KCl) Roth 6781.1 
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Agent Company Cat # 

Recombinant Mouse rmIL-3 BioLegend 575508 

Recombinant Mouse rmSCF BioLegend 579708 

REDExtract-N-Amp Tissue PCR Kit Sigma-Aldrich XNAT 

Restore Plus Western Blot Stripping Buffer Thermo Scientific 46430 

rmM-CSF 
PromoKine 
Promocell 

Z-60440 

RNeasy Micro Kit Qiagen 74004 

Rompun 2% injection solution Bayer 80721145 

Rotiphorese® Gel 30 Roth 3029.3 

RPMI 1640 GIBCO 21875-091 

Sodium azide Merck 6688 

Sodium Carbonate (Na2CO3) AppliChem A1881 

Sodium Chloride (NaCl) Roth P029.2 

Sodium dodecyl sulphate (SDS) Roth CN30.2 

Sodium fluoride Roth P756.1 

Sodium orthovanadate Sigma S6508 

Sodium Pyruvate MEM 100 mM, liquid GE Healthcare S11-003 

Streptavidin Microspheres, 2.0 µm Polysciences, Inc. 24160 
SuperSignal™ West Femto Maximum Sensitivity 
Substrate 

Pierce 34095 

T4 ligase Fermentas EL0012 

T4 Polynucleotide Kinase (T4 PNK) Fermentas EK0031 

Tris(hydroxymethyl)aminomethane (TRIS) Roth 5429.3 

tri-Sodium-citrate-dihydrate Roth HN12.1 

Triton X 100 Sigma-Aldrich T9284 

Trypan blue 0.5 % in phys. salt solution GIBCO 15250-061 

Trypsin/EDTA Solution 10X Sigma-Aldrich 5918C 

Tween 20 Sigma-Aldrich P1379-500ML 

Zeocin InvivoGen ant-zn-1 

α-D(+)-Glucose Monohydrat Roth 6780.1 

-Mercaptoethanol Gibco 31350-010 

 

 

Table 2 Primer list 

Primer pairs are indicated by shading. Reverse primer for hU6_F_(seq) were hLYST-Crisp-EXX-X-R. 
Red letters indicate the restriction enzymes sites. 

Name Sequence Use 

hLYST-Crisp-E49-T-F caccgAGACGGAACCTGCATCATAT Crisp/Cas9 

hLYST-Crisp-E49-T-R aaacATATGATGCAGGTTCCGTCTc LYST(49-T) 

hLYST-Crisp-E49-B-F caccgACACTTATCAGTATACTGTA Crisp/Cas9 
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Name Sequence Use 

hLYST-Crisp-E49-B-R aaacTACAGTATACTGATAAGTGTc LYST(49-B) 
hLYST-Crisp-E35-T-F caccgCAGAAGGGCCAAATCGAGAG Crisp/Cas9 

hLYST-Crisp-E35-T-R aaacCTCTCGATTTGGCCCTTCTGc LYST(35-T) 

hLYST-Crisp-E35-B-F caccgGGATCCAACTGCCATGAGGT Crisp/Cas9 

hLYST-Crisp-E35-B-R aaacACCTCATGGCAGTTGGATCCc LYST(35-B) 
hLYST-Crisp-E53-T-F caccgGGACCGTGATTGCCTGGTGT Crisp/Cas9 

hLYST-Crisp-E53-T-R aaacACACCAGGCAATCACGGTCCc LYST(53-T) 

hLYST-Crisp-E53-B-F caccgTGTTTGCTGTGTACAAATGG Crisp/Cas9 

hLYST-Crisp-E53-B-R aaacCCATTTGTACACAGCAAACAc LYST(53-B) 

hU6_F_(seq) CCCATGATTCCTTCATATTTGC Kolonie PCR 
PX461 

EcoRI-hLYST-49-F tgacgaattcAGACCATTTGAGTCACTTTGGTT Sequencing 

HindIII-hLYST-49-R tgacaagcttAATGCGCTGTTAGAGCACCA THP1(ex49) 
EcoRI-hLYST-35-F tgacgaattcAGCTACAAGTCCTGGATGGTCAC Sequencing 

hLYST-35-R ACTTGCAGCTTTGTCTTTGACAGT THP1(35-35) 

hLYST-53-F GCATCTCAACTTGTCAGCAGAGT Sequencing 

HindIII-hLYST-53-R tgacaagcttGGTGGGAGGAGTATTTCATGGCA THP1(ex35-53) 

hLYST-9769-RT-F AGAAAAAGAAGATCGTTATGTGGAC RT-PCR  

hLYST-9843-RT-R TCATCTTCTCTGGCTCCTTTG (UPL69) 

hIFNB1-54-RT-F CGACACTGTTCGTGTTGTCA RT-PCR  

hIFNB1-120-RT-R GAAGCACAACAGGAGAGCAA (UPL25) 
hIL8-76-RT-F AGACAGCAGAGCACACAAGC RT-PCR  

hIL8-194-RT-R AGGAAGGCTGCCAAGAGAG (UPL 72) 

hHPRT-RT-F TGACCTTGATTTATTTTGCATACC RT-PCR  

hHPRT-RT-R CGAGCAAGACGTTCAGTCCT (UPL 73) 

 

 

Table 3 Antibody list 

Name/antigen Use Company Cat # dilution 

hCD14 (PE) FACS Biolegend 325606 1:100 

hIL8 (PerCP) FACS Biolegend 514606 1:200 

histamine Micr Invitrogen PA1-18036 1:50 

hTNF(Alexa 647) FACS Biolegend 502916 1:100 

IRF3 WB CellSignalling 4302 1:1000 

mCD107a (APC) FACS/Micr Biolegend 12608 1:100 

mCD117 (APC) FACS eBiosience 17-1171 1:100 

mCD117 (PE) FACS eBiosience 51-1072 1:200 

mCD11b (FITC) FACS eBioscience 11-0112 1:200 

mCD11b (PerCP/Cy5.5) FACS Biolegend 101228 1:200 
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Name/antigen Use Company Cat # dilution 

mCD11c (APC) FACS Biolegend 117310 1:200 

mF4/80 (PerCP/Cy5.5) FACS Biolegend 123128 1:200 

mFcR1 (PE-Cy7) FACS Biolegend 134317 1:200 

mGr-1 (FITC) FACS eBioscience 11-5931 1:400 

mGr-1 (PE) FACS eBioscience 12-5931 1:200 

mIL6 (PE) FACS eBioscience 12-7061-82 1:100 

mRab7 
Micr 
WB 

Sigma Aldrich R4779 
1:400 
1:1000 

mST2 (PE) FACS Biolegend 145303 1:100 

mTNFa (APC) FACS eBioscience 17-7321-82 1:400 

pIRF3 WB CellSignaling 4947 1:100 

pTBK Micr CellSignaling 5483P 1:100 

Rab7 XP Micr CellSignaling 9367S 1:100  

TBK Micr CellSignaling 3504S 1:100 

mouse IgG (PO) WB-2nd 
JacksonImmun
oResearch 

715-036-151 1:10000 

mouse IgG Fab2 (Alexa 488) Micr-2nd Invitrogen A-11017 1:1000 

rabbit IgG (PO) WB-2nd 
JacksonImmun
oResearch 

711-036-152 1:10000 

rabbit IgG Fab2 (Alexa 546) Micr-2nd  Invitrogen A11071 1:1000 

 

 

Table 4 Vector used for THP1 mutagenesis 

The vector pSpCas9n(BB)-2A-GFP (PX461) (a gift from Feng Zhang (Addgene plasmid # 48140) was 
used for cloning the phosphorylated oligo duplex as guide RNA (gRNA) target for the CRISPR/Cas9 
nicking system 

Vector Short 

PX461 gRNA h LYST -Crisp-E35-T-F/R PX461-LYST(35-T) 

PX461 gRNA h LYST -Crisp-E35-B-F/R PX461-LYST(35-B) 

PX461 gRNA h LYST -Crisp-E49-T-F/R PX461-LYST(49-T) 

PX461 gRNA h LYST -Crisp-E49-B-F/R PX461-LYST(35-B) 

PX461 gRNA h LYST -Crisp-E53-T-F/R PX461-LYST(53-T) 

PX461 gRNA h LYST -Crisp-E53-B-F/R PX461-LYST(53-B) 
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8 Methods 

All materials used are listed in Chapter 7. 

8.1 Cell culture 

8.1.1 THP1 cells 

THP1 is a pre-monocytic human cell line carrying three alleles of LYST, due to a 

chromosome 1 triploidy and recombination (Adati et al., 2009; Odero et al., 2000). For the 

current research, THP1 cells were grown as suspension cultures in a humidified 37 °C, 5 % 

CO2 incubator. Cells were passaged every 3 – 4 days. To this end, cells were transferred in 50 

ml tubes and centrifuged (230 g, 10 min, RT). The supernatant was discarded and the cell 

pellet was resuspended in a 3 ml THP1-medium. Cells were counted in trypan blue (0.05 % 

in PBS) and seeded at a defined concentration listed below in 20 ml in a T75 (green cap): 

 THP1    2 x 10^5 cells/ml  

 THP1 Lyst clone   4 x 10^5 cells/ml 

 THP1-ISG + Lyst clone  7 x 10^5 cells/ml (Media + Zeocin, Normocin) 

 

 THP1-medium: 500 ml RPMI 1640; 50 ml FCS; 10 ml L-glutamine 200 mM; 2.5 ml 
Penicillin/Streptomycin (100x); 5 ml Sodium Pyruvate MEM 100 mM, liquid; 5 ml MEM 
Non-Essential Amino Acids (100X), liquid; 5 ml HEPES 1 M solution 

 
 THP1-ISG-medium: 50 ml THP1-medium; fresh 50 µl Zeocin 100 mg/ml; fresh 100 µl 

Normocin 50 mg/ml 

 

8.1.1.1 THP1 PMA differentiation 

THP1 cells were seeded at 4 x 10^6 cells per 10 ml (2 x T75 red cap) with 100 ng/ml PMA, 

and cultured overnight. The medium was removed and adherent cells were gently washed 

with PBS. Fresh media (20 ml) was added and cells were cultured for an additional 5 – 7 

days. Surface expression of hCD14 was depicted as differentiation marker. Before the 

experiments, differentiated hCD14+ THP1 were purified by MACS (CD14 MicroBeads, 

human; MiltenyiBiotec) according to the manufacture’s manual. In detail, any medium with 

non-adherent cells was discarded. Adherent cells were gently washed with PBS and detached 

by treatment with 3 ml Trypsin/EDTA (10 min; 37 °C). Trypsin was inactivated by the 
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addition of 3 ml cold 20 % FCS / PBS and 2 x T75 were pooled in a 15 ml tube. After 

centrifugation (200 g; 7 min; 4 °C), the supernatant was aspirated completely. 8 x 10^6 cells 

were resuspended in a 80 µl MACS-buffer and 20 µl of CD14 MicroBeads was added. 

After 15 min incubation (4 °C), 2 ml MACS-buffer was added, labelled cells were 

centrifuged (200 g; 5 min; 4 °C), and the supernatant was aspirated completely. Subsequently, 

the cells were washed with 2 ml MACS-buffer and resuspended in 500 µl MACS-buffer. 

Using MS magnetic separation columns, differentiated and magnetised CD14+ THP1 were 

separated from CD14- cells. The column was washed twice with 500 µl MACS-buffer and 

once with 500 µl THP1-medium. Bound cells were eluted by removing the column from the 

magnet and flushing with 1 ml THP1-medium in a 15 ml tube. Cells were counted, analysed 

for CD14 expression by FACS (see Section 8.6), and stored on ice until use. 

 

 MACS-buffer: PBS; 2 % FSC; 2 mM EDTA 

 

8.1.1.2 THP1-ISG 1,25-dihydroxyvitamin D3 differentiation 

THP1-ISG cells were seeded at 1.2 x 10^6 cells per 20 ml (T75 red cap) with 100 nM 1,25-

dihydroxyvitamin D3 (Calcitriol) and cultured for 3 – 4 days. After differentiation, medium-

inclusive non-adherent cells were discarded. Adherent cells were gently washed with PBS and 

detached by treatment with 3 ml Trypsin / EDTA (5 min; 37 °C). Trypsin was inactivated by 

the addition of 5 ml cold 20 % FCS / PBS and the cell suspension was transferred into a 15 ml 

tube. After centrifugation (200 g; 7 min; 4 °C), the supernatant was removed completely and 

cells were resuspended in a 1 ml THP1-ISG-medium, counted, and stored on ice until use. 

(CD14 expression was always tested by FACS, cf. Section 8.6) 

 

8.1.2 Bone marrow-derived primary cells 

Progenitor cells in isolated bone marrow can be differentiated into different hematopoietic 

cell types by supplementing different cytokines in the cell culture media. Other cell types can 

be excluded, either by adherent growth or cell death, caused by a lack of additional growth 

factors. 
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8.1.2.1 Isolation of bone marrow 

2- to 4-months-old mice were euthanized by CO2. The bones of the rear legs were obtained, 

sterilised with 70% ethanol, and stored in ice-cold PBS until the bone marrow was flushed out 

with PBS in a 15 ml tube. The suspension was filled up to 15 ml with PBS and centrifuged 

(300g, 10 min, 4 °C). The cell pellet was resuspended in a 2 ml ery-lysis-buffer and 

incubated (2 min, RT). To stop lysis, 10 ml medium was added. The suspension was 

centrifuged (300 g, 10 min, RT) and the supernatant was subsequently aspirated. Bone 

marrow cells were utilised to generate bone marrow-derived primary cells (see Sections 

8.1.2.2 and 8.1.2.3).  

 

 ery-lysis-buffer: 0.83 % (m/V) NH4Cl2; 0.168 % (m/V) Na2CO3; 1 mM EDTA;  

pH 7.3 

 

8.1.2.2 Bone marrow-derived mast cells (BMMCs) 

The cells of one leg were cultured in a 20 ml MC-medium supplemented with ciprofloxacin 

(10 ng/ml), rmSCF (10 ng/ml) and rmIL-3 (5 ng/ml) in a T75 (red cap) (37 °C, 5 % CO2). 

After 6 days of culture, the suspension cells were transferred to a 50 ml tube and filled up 

with PBS. The supernatant was aspirated after centrifugation (230 g, 10 min, RT), cells were 

resuspended in 20 ml MC-medium supplemented with ciprofloxacin (10 ng/ml), rmSCF (10 

ng/ml) and rmIL-3 (5 ng/ml), and the medium was exchanged weekly. After 2 weeks of 

culture, ciprofloxacin was excluded from the MC-medium and cells were cultured weekly at 

12.5 x 10^6 cells in 25 ml of fresh MC-medium with rmSCF (10 ng/ml) and rmIL-3 (5 

ng/ml). For the experiments, 6 to 12 weeks old bone marrow-derived mast cells were used. 

FACS analysis (see Section 8.6) from the derived culture showed > 95 % of the cells express 

typical mast cell markers at the surface (FcR1+, CD117+, ST2+) and were negative for GR1. 

 

 MC-medium: 500 ml DMEM; 50 ml FCS; 5 ml L-glutamine; 5 ml Penicillin/ 
Streptomycin (100x); 5 ml MEM Vitamin Solution (100X) liquid; 5 ml Sodium Pyruvate 
MEM 100 mM, liquid; 5 ml MEM Non-Essential Amino Acids (100X), liquid; 500 μl 2-
Mercaptoethanol, 50 mM (1000X) 
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8.1.2.3 Bone marrow derived macrophages (BMMs) 

6 x 10^6 bone marrow cells were seeded with 10 ml BMM-medium in a 10 cm2 petri dish 

(not cell culture treated; 37 °C; 5 % CO2). After 3 days, 10 ml of BMM-medium was 

added. Experiments were performed from day 6 to 8. 

 

 BMM-medium: THP1-medium + 20 ng/ml rmM-CSF 

 

8.2 Molecular biology 

8.2.1 Vector cloning for CRISPR/Cas9 Lyst mutation 

The primer pairs for the gRNA target sequences were identified and designed by a website 

from Zhang Lab’s (www.genome-engineering.org) (Cong et al., 2013). To reduce the 

possibility of off-target effects, the targets were selected for double nicking strategy, spanning 

the desired region. 

 

Phosphorylation and annealing of gRNA primer pairs mix: 

 1 µl oligo forward (100 µM)  (5’ - CACCG (N)20     - 3’) 
 1 µl oligo reverse (100 µM) (3’ -     C (N)20 CAA - 5’) 
 1 µl 10x T4 Ligation Buffer  
 6.5 µl ddH2O 
 0.5 µl T4 PNK (10 U/µl) 

 

Thermocycler Program 

1) 37 °C  30 min 
2) 95 °C  5 min  -5 °C/min until 25 °C 

 

The phosphorylated primer pair was cloned in the pSpCas9n(BB)-2A-GFP (PX461) vector (a 

gift from Feng Zhang (Addgene plasmid # 48140)). 
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5 x 

Digestion and ligation mix: 

 100 ng PX461 
 2 µl P-primer duplex (1:250 diluted, derived from above) 
 2 µl 5X FastDigest buffer 
 2 µl ATP (10 mM) 
 1 µl FastDigest BpiI 
 1 µl T4 DNA ligase (1 U/µl) 
 ad 20 µl ddH2O 

 

Thermocycler Program 

1) 37 °C  5 min 
2) 23 °C  5 min   
3) 37 °C  10 min 
4) 4 °C  hold 

 

For heat shock transformation (see Section 8.2.3), 5 µl of the ligation mix was used.  

 

Figure 7. Vector map PX461 

pSpCas9n(BB)-2A-GFP (PX461) vector was a gift from Feng Zhang (Addgene plasmid # 48140) red: 
coding sequences; black: origins of amplification; grey: regulatory elements for transcriptions; boxes: 
restriction sites; blue: protein, protein domains; light red: protein tags; yellow: primer binding site for 
sequencing. 
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8.2.2 Vector cloning for sequence analysis of the THP1 mutants 

PCR products from mutant THP1 and THP1-ISG cells (chapter 8.3.2.2) were cloned into 

pcDNA 3.1 (+) vector to sequence single alleles of the mutation site. 

 

Digestion mix: 

 50 ng pcDNA3.1+ Vector (5.4 kDa) 
 20 ng purified PCR product (~ 0.7 kDa) 
 1 µl 5X FastDigest buffer 
 0.5 µl FastDigest EcoRI 
 0.5 µl FastDigest HindIII 
 ad 10 µl ddH2O 

 

The digestion mix was incubated for 30 minutes at 37 °C and subsequently restriction 

enzymes were heat inactivated for 10 minutes at 80 °C. The digestion mix was cooled on ice 

and 1 µl of 10 mM ATP and 0.5 µl of T4 DNA ligase (1 U/µl) were added. Ligation was 

performed for 1 h at RT. For heat shock transformation (see Section 8.2.3), 5 µl of the ligation 

mix were used. 

 

 

Figure 8. Vector map pcDNA 3.1 (+) 

Black: origins of amplification; grey: regulatory elements for transcriptions; boxes: restriction sites; 
blue: protein, protein domains; light red: protein tags; yellow: primer binding site for sequencing. 
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8.2.3 Heat shock transformation and plasmid preparation 

Plasmids were transformed into Escherichia coli TOP10 (Thermo Scientific). The ligation (5 

µl) was added to 50 µl of competent bacteria and incubated on ice. After 20 min, bacteria 

were incubated at 42 °C for 30 sec. and cooled afterwards on ice for 2 min. For bacteria 

recovery, 500 µl LB-medium was added and the transformed bacteria culture was incubated 

(37 °C; 700 rpm; 1 h). 

A petri dish with an appropriate selective LB-agar was inoculated with 100 µL of the heat 

shock transformation and incubated overnight (~16 h, 37 °C). Grown colonies were picked 

with a 10 µl tip and resuspended in a PCR master mix (chapter 8.2.6) to validate the correct 

insert. The remaining material on this tip was used to inoculate a ‘colony backup’ on a new 

selective LB-agar plate.  

 

 LB-medium: 25 g/l powdered LB-medium (Luria/Miller) autoclave for 15 min at  

121 °C  cool down until RT 

 LB-agar: 1 l LB-medium; 1.2 % (m/v) Peq Gold Universal Agarose  autoclave for  

20 min at 121 °C  cool down until 50 - 60 °C, Ampicillin (100 mg/ml) or Kanamycin 

(50 mg/ml) was added 

 

8.2.4 Plasmid Mini-preparation  

The picked colonies were incubated overnight at 37 °C. Clones for plasmid preparation were 

selected to inoculate 3 ml of LB-medium with appropriate antibiotic in a 13 ml snap cap 

tube. For Mini preparation, the GeneJET Plasmid Miniprep Kit was used following the 

supplier’s instructions. In brief, a 3 ml inoculated LB-medium with an appropriate antibiotic 

was incubated overnight (200 rpm; 37 °C). Bacteria were harvested by centrifugation (8000 g; 

10 min; RT) and the pellet was resuspended in a 250 µl resuspension solution. Subsequently, 

a 250 µl lysis solution was added and the solution was mixed by inverting the tube six times. 

After 5 min at RT, lysis was stopped by the addition of a 350 µl neutralisation solution and 

inverting the tube six times. The supernatant was separated from cell debris by centrifugation 

(13000 g; 5 min; RT). The supernatant was transferred into GeneJET spin columns and 

centrifuged (13000 g; 1 min; RT). Bound Plasmid was washed twice with a 500 µl wash 

solution. The column was dried by an additional centrifugation step (13000 g; 2 min; RT). 
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The plasmid was eluted with 30 µl ddH20, checked by NanoDrop (absorption= 230 nm; 260 

nm; 280 nm) and sent for insert sequencing at SeqLab. 

 

8.2.5 Plasmid Midi-preparation  

For Midi preparation, the NucleoBond Xtra Midi Kit was used, following the supplier’s 

instructions. In detail, 3 ml appropriate selective LB-medium was inoculated with a bacterial 

colony and incubated for 8 h (200 rpm, 37 °C). 100 µl of this starting culture was used to 

inoculate 100 ml appropriate selective LB-medium in a 500 ml chicane flask and incubated 

(o.n.; 200 rpm; 37 °C). The bacteria suspension was collected into two 50 ml tubes and 

centrifuged (4000 g; 15 min; 4 °C). The supernatant was discarded and the bacteria were 

resuspended and pooled in an 8 ml resuspension buffer. To the suspension, 8 ml of Lysis 

buffer was added, mixed by inverting five times, and incubated (5 min; RT). The Lysis and 

RNA degradation was stopped by adding an 8 ml neutralisation buffer and inverting the tube 

15 times. The solution was applied to an equilibrated nucleoBond Xtra column with filter. 

The filter was washed with 5 ml equilibration buffer and discarded afterwards. The column 

was washed with 8 ml wash buffer. Bound plasmid were eluted with 5 ml elution buffer and 

precipitated by adding 3.5 ml Isopropanol followed by centrifugation (4000 g; 1 h; 4 °C). The 

supernatant was decanted and the pellet was washed with 70 % Ethanol (4000 g; 15min; 4 

°C). The supernatant was aspirated carefully and the pellet was dried for 10 min RT. Dried 

plasmid DNA was resolved in 400 µl ddH2O and analysed by NanoDrop (absorption= 230 nm; 

260 nm; 280 nm).  

 

8.2.6 PCR 

DNA templates were used from DNA extracts (cf. Section 8.2.7) or direct bacterial material 

(see Section 8.2.3). PCR reactions were performed in 200 µl PCR tubes. 

PCR master mix:  

 1 µl  extracted DNA (or direct bacterial material) 
 0.5 µl  forward Primer (10 µM)  
 0.5 µl   reverse Primer (10 µM) 
 5 µl  RED Extract-N-Amp PCR Ready Mix 2x 
 ad 10 µl   ddH2O 

 



-  Methods - 

- 40 - 

 

29 x 

 
Thermocycler Program 

1) 95 °C  5 min 
2) 95 °C  30 sec 
3) 58 °C  20 sec 
4) 72 °C  1 min/kb expected amplicon  
5) 72 °C  5 min 
6) 12 °C  hold 

 

8.2.7 DNA extraction from cell lines 

For DNA extraction, 2 – 5 x 10^5 eukaryotic cells were taken, using REDExtract-N-Amp 

Tissue PCR Kit according to the manufacturer’s instructions. In brief, cells were centrifuged 

(300 g; 5 min; RT), the supernatant was aspirated completely and the cells were resuspended 

in a 20 µl extraction solution. Subsequently 5 µl of tissue preparation solution was added. 

After incubation (10 min; RT) the sample was heat inactivated (3 min; 95 °C) and 

subsequently neutralised by adding 20 µl neutralisation solution. Samples were stored at 4 °C 

until use. 

 

8.2.8 mRNA extraction and RT-PCR 

Stimulated THP1 cells (chapter 8.4.5) were used for mRNA extraction. After stimulation, the 

medium was aspirated and the adherent cells were washed gently with PBS. For mRNA 

extraction, the RNeasy Micro Kit was used. The cells were lysed directly in the well with 100 

µl RLT buffer + -Mercaptoethanol (5 min; 4 °C). The lysate was transferred into a 1.5 ml 

tube and vortexed 1 min at max rpm. Afterwards, 100 µl of 70 % ethanol was added. The 

solution was transferred to an RNeasy MinElute spin column. RNA purification was 

performed according to the supplier’s instructions. Recommended DNaseI treatment was 

included during purification and mRNA was eluted with 14 µl RNase-free water. The purity 

and concentration of the RNA was analysed by NanoDrop ((absorption) = 230 nm; 260 nm; 280 

nm) and 10 µl was used for RT-PCR with the First Strand cDNA kit. The procedure 

recommended by the supplier was followed, using the oligo-dT primer and an elongation 

temperature of 42 °C. 
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45 x 

8.2.9 Quantitative PCR 

The cDNA (see Section 8.2.8) concentration was equalised by dilution with ddH2O according 

to the measured RNA concentration. From these samples, 2 µl was used for quantitative PCR 

in a 10 µl reaction volume, using LightCycler 480 Probes Master (Roche), Universal probes 

(Roche), and the LightCycler 480 (Roche).  

Quantitative PCR mix: 

 2 µl  cDNA 
 0.5 µl  forward Primer (10 µM) 
 0.5 µl   reverse Primer (10 µM) 
 5 µl  LightCycler 480 Probes Master 
 0.2 µl  Universal probe 
 ad 10 µl   ddH2O 

 

Light cycler Program 

1) 95 °C  4.4 °C/s  10 min 
2) 95 °C  4.4 °C/s   10 sec 
3) 55 °C  2.2 °C/s   20 sec  detection 
4) 72 °C  4.4 °C/s   20 sec   
5) 4 °C  4.4 °C/s   hold 

 

8.3 Genetic manipulation of eukaryotic cells 

8.3.1 Transfection of BMMCs 

For transient transfection experiments, 3 x 10^6 BMMCs per transfection were transferred 

into a 15 ml tube filled up with PBS and centrifuged (200 g; 5 min; RT). The supernatant was 

completely removed and the BMMCs were resuspended in a 100 µl T-solution (Lonza; RT). 

The plasmids were added and transferred to a nucleofector cuvette and pulsed by a 

Lonza/Amaxa nucleofector device with program T20. Transfected BMMCs were transferred 

into 3 ml pre-incubated MC-medium with 1 ng/ml rmIL3. After 24 h of incubation, the cells 

were analysed by microscopy (Olympus IX81) and the Cell R software. 

Localisation of TNF and Rab9 

 4 µg GFP-TNF a gift from Jennifer Stow (Addgene plasmid # 28089) 
(Manderson et al., 2007) 

 4 µg DsRed-rab9 a gift from Richard Pagano (Addgene plasmid # 12677) 
(Choudhury et al., 2002) 
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8.3.2 Mutation of LYST in THP1 and THP1-ISG 

8.3.2.1 Single clone generation 

Cells were cultured 24 h prior to nucleofection (See Section 8.1.1). The cell concentration was 

determined and 2 x 10^6 cells per transfection were transferred into a 15 ml tube filled up 

with PBS and centrifuged (90 g; 10 min; RT). The supernatant was removed completely and 

cells were resuspended in a 100 µl self-made nucleofector solution (Molecular Laboratory of 

the Marques de Valdecilla Hospital in Santander, 2010). To the cell suspension, a total 

amount of 5 µg plasmid DNA was added (5 µg for one plasmid; 2 x 2.5 µg for two plasmids; 

4 x 1.25 µg for four plasmids) and cells were transfected with the Lonza/Amaxa program 

T20. The transfected cells were immediately transferred into a 6-well plate with 3 ml 

preincubated medium. After 24 h, one, three or ten EGFP expressing cells per well were 

sorted (Mowflow sort facility MHH) into 96-well plates prefilled with 200 µl of the 

appropriate medium. Sorted cells were incubated (37 °C; 5 % CO2; wet chamber) until 

colonies were visible with the naked eye (~8 weeks). Then the colonies were transferred into 

1 ml fresh medium in a 12 well plate and expanded until ~10^6 cells. Half of the culture was 

used to analyse mutagenesis (See Section 8.3.2.2). The other halves were further cultured in a 

6-well plate with 2.5 ml fresh medium. At a density of 10^6 cells/ml, the culture was 

transferred into a 15 ml tube filled up with PBS and centrifuged (90 g; 10 min; RT). The 

supernatant was removed and cells were resuspended in 2 ml 90 % FCS, 10 % DMSO. For 

cryopreservation, 2 x 1 ml was transferred into a cryo-tube (CryoPure; Sarstedt) and slowly 

cooled to -80 °C in a freezing container (Mr. Frosty™, Nalgene®). Cells were stored at -150 

°C until use. 

 

LYST mutation at Exon 49 WD4 domain: 

 2.5 µg  PX461_LYST-E49-B 
 2.5 µg  PX461_LYST-E49-T 

 

LYST deletion from Exon 35 – 53: 

 1.25 µg  PX461_LYST-E35-B 
 1.25 µg  PX461_LYST-E35-T 
 1.25 µg  PX461_LYST-E53-B 
 1.25 µg  PX461_LYST-E53-T 
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 nucleofector solution: 1 x PBS; 5 mM KCl; 15 mM MgCl2; 15 mM HEPES;  
50 mM NaCl 

 

8.3.2.2 Identification of mutant clones 

Genomic DNA of THP1(-ISG) single clones (see Section 8.3.2.1) was extracted (see Section 

8.2.7) and was utilised for PCR reaction (see Section 8.2.6) to amplify the CRISP/Cas9 target 

region.  

To identify THP1 mutants at exon 49, the primer pair EcoRI-hLYST-49-F and HindIII-

hLYST-49-R was used in the PCR reaction. The PCR-product was purified with GeneJet PCR 

purification kit according to the manufacturer’s instructions and sent to SeqLab/microsynth 

for Sanger sequence analysis. In mutant clones, multiple sequence signals occurred. If 

LYST(ex49)-mutant clones in which all three overlapping sequence-signals displayed a region 

that did not match to the WT sequence, the PCR product was cloned in a pcDNA3.1+ vector 

(see Section 8.2.2). From the derived bacterial single clones (see Section 8.2.3), plasmids 

were purified by Mini preparation (see Section 8.2.4) and sent to SeqLab/microsynth for 

sequence analysis of the single alleles.  

To identify deletion of exon 35 – exon 53, three PCR reactions were set up. 1) primer pair 

EcoRI-hLYST-35-F + hLYST-35-R; 2) hLYST-53-F + HindIII-hLYST-53-R; 3) EcoRI-

hLYST-35-F + HindIII-hLYST-53-R (all 2 min elongation time). PCR products in reaction 1 

indicate no deletion of exon 36 in at least one allele. PCR products in reaction 2 indicate no 

deletion of the upstream region of exon 53 in at least one allele. PCR products in reaction 3 

indicate a large deletion of exon 35  53 in at least one allele. 

 

8.3.3 siRNA-mediated Rab7 knock down in BMMs and stimulation  

Isolated bone marrow cells (see Section 8.1.2.1) were seeded 1 x 10^6 cells per well (12 well 

plate) in 2 ml BMM-medium. After 3 days incubation (37°C; 5 % CO2), an additional 2 ml 

BMM-medium were added per well. At day 6, 2 ml of the used medium was removed from 

the culture and stored in the incubator. The siRNA (AllStars Neg., pool of 4 different mRab7) 

was transfected with the Lipofectamine® RNAiMAX transfection reagent. Complexes were 

formed according to the manufacturer’s instruction, with a ratio of 10 pmol siRNA and 3 µl 

reagent in 100 µl Opti-Mem®. The mix was added drop-wise to the wells. After incubation 



-  Methods - 

- 44 - 

 

(37 °C; 5 % CO2; 24h), medium containing non-adherent cells was discarded. Adherent cells 

were washed gently with PBS and 1.5 ml of the stored medium was added. After incubation 

(37 °C; 5 % CO2; 24 h), the medium was exchanged with 1 ml fresh THP1-medium and 

stimulation was started after 30 minutes preincubation. The stimulation was stopped by 

discarding the supernatant, washing the cells gently with PBS and adding 80 µl Lysis-buffer 

into the well. After a short incubation (5 min; 4 °C), whole cell lysates (wcL) were transferred 

into a 1.5 ml tube (Eppendorf) and after additional 30 min on ice, the lysates were centrifuged 

(13000 g; 15 min; 4 °C). The supernatant was transferred into a fresh 1.5 ml tube (Eppendorf) 

and stored at -80 °C until use for SDS-Page (see Section 8.8).  

 

 Lysis-buffer: 50 mM Tris/HCl (Roth) pH 8; 150 mM NaCl (Roth); 1 % (V/V) NP-40 
alternative; shortly before use add 1 mM Na3VO4; 10 mM NaF; 1 tablet Complete™ mini 
EDTA free protease inhibitor per 10 ml buffer was added. 

 

8.4 Cell culture experiments 

8.4.1 Labelling of bacteria with fluorescent dyes  

From a glycerol stock of One Shot® TOP10 Chemically Competent E. coli, 5 ml of LB-

medium was inoculated and incubated in a 15 ml ventilated snap cap tube (o.n.; 200 rpm; 37 

°C). The bacteria were harvested by centrifugation (4000 g; 15 min; 4 °C), resuspended in 1 

ml PBS, transferred into a 1.5 ml tube of known weight, and centrifuged (8000 g; 5 min; 4 

°C). The supernatant was aspirated completely and the weight of the wet pellet was 

determined using a micro scale. The pellet was resuspended in PBS at a concentration of 100 

mg/ml. To 260 µl of bacterial suspension, 30 µl of a 8.9 mM pHrodo™ Green STP ester 

DMSO stock and 20 µl of a 5 µM eFlour® 670 cell proliferation dye were added. This was 

incubated for 1 hour at 37 °C. Labelling was stopped by aspirating the supernatant after 

centrifugation and washing the cells three times with 1 ml 10 % FCS / PBS. After the 

supernatant was aspirated, the pellet was resuspended in 1 ml methanol and incubated for 1 

minute at RT. Fixation was stopped by removing the methanol after centrifugation (13000 g; 

2 min; 4 °C). Fixed and labelled bacteria were washed three times with 1 ml PBS. The pellet 

was resuspended in 100 µl PBS, 10 µl were aliquoted in fresh 1.5 ml tubes, and dried by a 

SpeedVac (Concentrator Plus, Eppendorf AG, Hamburg, D). Dried, labelled, and fixed 

bacteria were stored at - 80 °C until use.  
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8.4.2 Assessment of phagosome acidification in BMMs 

5 x 10^5 BMM were seeded in 750 µl THP1-medium in a 24 well suspension cell plate. 

After 2 hours resting (37 °C; 5 % CO2), non-adherent cells were aspirated with the medium 

and a fresh 600 µl THP1-medium was added. Labelled and fixed bacteria (cf. Section 8.4.1) 

were resuspended in 1 ml PBS and centrifuged (8000 g; 5 min; RT). After an additional two 

washing steps, the bacteria were resuspended in 100 µl PBS. The bacteria suspension was 

diluted in THP1-medium. 100 µl from the diluted bacteria suspension was added to the 

BMM. The concentration of the bacteria had previously been adjusted to 3 – 5 bacteria per 

one cell in a reference well by microscopy. NH4CL controls were supplemented with 22 µl of 

a 1 M NH4CL (final 30 mM) to inhibit phagosome acidification. The plates were centrifuged 

(400 g; 2 min; RT) in order to sediment bacteria for synchronic uptake. Ice controls were 

incubated on ice to inhibit bacterial uptake. Stimulation was stopped at indicated time points 

by aspirating the supernatant and adding 500 µl ice cold PBS with 0.02 % sodium azide and 2 

mM EDTA. After 5 minutes incubation on ice, the BMM were harvested by a cell scraper. 

The fluorescence of extracellular bacterial particles was quenched by adding 100 µl 0.4 % 

trypan blue to measure only the internal fluorescence of ingested bacteria. The samples were 

measured directly by FACS. FSC/SSC and trypan blue (PE-Cy7 channel) were used to 

distinguish living cells from dead cells (Life/Dead). Quantitative phagocytosis was assessed 

by eFlour® 670 detection (APC channel). Phagosome acidification was assessed by 

comparing eFlour® 670 and pHrodo™ Green (FITC channel) signals. 

 

8.4.3 LPS coating of beads  

40 µ of a 1.25 % Streptavidin microspheres (2 µm) slurry were transferred into a 1 ml glass 

vial. Beads were washed with 1 ml PBS (8000 g; 5 min; RT), resuspended in 1 ml PBS, 

supplemented with 20 µg biotinylated LPS (EB-LPS), and incubated (2 h; 600 rpm; RT). 

After centrifugation (8000 g; 5 min; RT) the supernatant was removed, beads were washed 

twice with 1 ml PBS and resuspended in 200 µl PBS. Beads were stored at 4°C and used 

within one month. 
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8.4.4 Intracellular staining for microscopy 

All antibodies are listed in Table 3. 

8.4.4.1 Staining of BMMsafter LPS-bead stimulation 

Bone marrow-derived macrophages (BMMs) were applied to an Ibidi treated μ-Slide VI04 

(Ibidi) re-using the BMM-medium, in which the cells were cultured before (see Section 

8.1.2.3; 7.5 x 10^4 BMM/ 100 µl per slot). The BMM rested overnight (37 °C; 5 % CO2; 

o.n.), followed by medium exchange with fresh THP1-medium. Cells were stimulated with 

Biotin-LPS coated SA-Latex beads (see Section 8.4.3; ~ 5 beads per cell, 37 °C; 5 % CO2; 10 

- 60 min). The stimulation was stopped by flushing once with PBS and fixing with 4 % 

PFA/PBS (20 minutes; RT). Cells were permeabilised and blocked with 20 µg/ml goat serum 

in permeabilisation buffer (eBiosience; 1 hour; RT). The cells were stained with primary 

mouse Ab (o.n.; permeabilisation buffer; 4 °C) washed three times (10 min; 

permeabilisation buffer; RT) and stained with fluorescent labelled sec. anti-mouse Ab. (1 h; 

permeabilisation buffer; RT). Slides were washed three times (10 min; permeabilisation 

buffer; RT). Free binding sites of the sec. anti-mouse Ab. were occupied by incubation with 5 

% mouse serum in a permeabilisation buffer (30 min; RT). After an additional 

washing/permeabilisation step with 0.02% Triton X /PBS and twice with 1% BSA / PBS (5 

min; RT), cells were counterstained with primary rabbit Ab. (2 h; 1% BSA / PBS; RT), 

washed three times (5 min; 1 % BSA / PBS; RT), and incubated with fluorescent labelled 

anti-rabbit Ab. (1 h; 1 % BSA /PBS; RT). Slides were washed three times and the nuclei were 

stained with DAPI (1 µM; 5 min; RT). The slide was flushed once with PBS and fluid was 

aspirated completely. The cells were mounted with IMM Mounting Medium and stored at 4 

°C until imaged by invert fluorescence microscope (Olympus IX81) utilising Cell R software. 

Tiff images were analysed with Fiji (ImageJ) software. 

 

 permeabilisation buffer: PBS; 0.1% saponin; 1 % BSA  
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8.4.4.2 Staining of BMMCs 

Bone marrow-derived mast cells (BMMCs; 10^6 / 100 µl) were allowed to adhere to poly-

lysine treated μ-Slide VI04 (Ibidi) overnight (37°C; 5 % CO2). Only for the examination of 

histamine distribution, the slide was flushed once and the histamine was crosslinked with 40 

mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl in PBS (1 hour; RT). For all 

stainings, a general fixation was performed with 4% PFA in PBS (20 min; RT). BMMCs were 

permeabilised with a permeabilisation buffer supplemented with 1% NP40 alternative (10 

min; RT). After washing them three times with the permeabilisation buffer, the cells were 

incubated overnight with a primary antibody at 4 °C. The primary antibody was diluted in a 

permeabilisation buffer supplemented with 20 mg/ml goat serum. After an additional three 

washing steps with permeabilisation buffer, the cells were incubated with the appropriate 

secondary antibody (skipped for Lamp1 (APC) staining). The slide was again washed three 

times with permeabilisation buffer followed by DAPI staining (1 µM; 5 min; RT). The slide 

was flushed once with PBS and the fluid was aspirated completely. The slides covered with 

IMM mounting medium and stored at 4 °C until imaged by confocal microscopy (TCS SP5). 

Tiff images were analysed with Fiji (ImageJ) software. 

 

8.4.5 Stimulation of THP1 and THP1-ISG cells 

Differentiated THP1 (see Sections 8.1.1.1 and 8.1.1.2) were seeded as indicated in Table 5. 

After pre-incubation (30 min; 5 % CO2; 37 °C), a 50 µl concentrated solution of LPS-EB 

Ultrapure (final 100 ng/ml), Polyinosinic-polycytidylic acid sodium salt (poly(I:C); final  

10 µg/ml) or Pam3CSK4 (final 100 ng/ml) were added and incubated for the in Table 5 

indicated timeframes (5 % CO2; 37 °C). 

 

Table 5 Conditions for CD14+ THP1 stimulation 

Cell Assay Cell #/V[ml] plate Buffer Time 

THP1 FACS (8.6) 3 x 10^5 / 1.5 6-well THP1-medium 4 h 
THP1 RT-PCR (8.2.8) 5 x 10^4 / 0.3 24 well THP1-medium 1 h 

THP1-ISG 
SEAP-
Detection(8.4.5.1) 

2 x 10^5 / 0.2 48 well THP1-ISG-medium o.n. 
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8.4.5.1 SEAP-Detection 

After stimulation, the THPI-ISG suspension (see Section 8.4.5) was transferred into a 96-well 

ELISA plate (V bottom) and centrifuged (400 g; 5 min; 4 °C). 100 µl supernatant was 

transferred into a 0.2 ml PCR-tube and heat inactivated at 56 °C for 30 minutes. To the 10 µl 

sample in a 96-well ELISA plate (flat bottom) 100 µl of SEAP substrate-buffer (Pierce™ 

Substrate Kit; ThermoFisher Scientific) was added. The ELISA plate was sealed with self-

adhesive film and incubated at 37°C in the ELISA reader (Biotek ELx808UV). The substrate 

turnover was measured at 405 nm every 30 minutes for 3 hours. 

 SEAP substrate-buffer: 1 tablet (5 mg PNPP) was diluted in 5 ml 1x diethanolamine 
buffer. 

 

8.4.6 FcR-stimulation of BMMC 

Bone marrow-derived mast cells (BMMCs; chapter 8.1.2.2) were centrifuged (270 g; 10 min; 

RT). A cell pellet was resuspended in MC-medium. Cell numbers were determined by 

counting in a Neubauer chamber. Living cells were distinguished from dead cells by staining 

with a 0.04 % trypan blue / PBS solution. For IgE binding, BMMCs were seeded at 10^6 cells 

/ ml in MC-medium + 1 ng/ml rmIL-3 + 0.2 µg/ml DNP-IgE and cultured overnight (37 °C; 

5 % CO2). Sensitised BMMCs were transferred into a 15 ml tube and filled up with PBS. The 

supernatant was aspirated completely after centrifugation (270 g; 10 min; RT). Cells were 

resuspended in an assay buffer and counted. As indicated in Table 6, BMMCs were seeded 

into a 96-well ELISA plate (U bottom) and pre-incubated (37 °C; 5 % CO2; 30 min). An 

antigen was diluted in a pre-incubated assay buffer (+ BFA 1:500 in case of intracellular 

FACS staining) and added to the cell suspensions for stimulation (37 °C; 5 % CO2) as 

described in Table 6. The stimulation was stopped by centrifugation (450 g; 2 min; 4 °C) and 

chilling on ice. 

 For the -hexosaminidase assay (see Section 8.4.7), the supernatant and cells were used 

directly for analysis. 

 For all investigations by ELISA (see Section 8.7), the supernatant was collected and 

stored at -80°C until analysis.  

 For FACS staining (see Section 8.6), the supernatant was removed and the cells were 

resuspended in pre-chilled 2 % FCS PBS and kept on ice.  
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Table 6 Various conditions for BMMCs stimulation 

Assay Cell # Volume*  time Assay buffer 

-hexosaminidase (8.4.7) 3 x 10^5 40 + 10 15 min MC-medium 
Cytokine ELISA (8.7.1) 2 x 10^5 50 + 50 4 h MC-medium 
Histamine ELISA (8.7.2) 3 x 10^5 40 + 10 15 min MC-medium 
PGD2-MOX ELISA (8.7.3) 1 x 10^5 160 + 40  30 min Tyrodes-buffer** 
LampI FACS (8.6) 1 x 10^5 50 + 50  10 min MC-medium 
Intracellular FACS (8.6) 2 x 10^5 50 + 50 4 h MC-medium 
* Volume of cell suspension + Volume of antigen solution in µl. 
** A tyrodes-buffer was utilised to minimise serum protein mediated PGD2 degradation. 

 

 Tyrodes-buffer: 10 mM HEPES; 130 mM NaCl; 5 mM KCl; 1.4 mM CaCl2; 
1 mM MgCl2; 5.6 mM glucose; 0.1 % (m/v) BSA; ph 7.4 

 

8.4.7 Mast cell degranulation assay (-hexosaminidase assay) 

The ratio of the released granule can be determined by comparing the amount of released -

hexosaminidase in the supernatant to the remaining amount in the cell lysate.  

For this, 30 µl of supernatant from stimulated BMMCs (see Section 8.4.6) was transferred 

into a fresh 96-well plate. The remaining supernatant was carefully aspirated, avoiding 

incomplete aspiration or loss of cells. Cells were lysed with 0.2 % Triton X 100 in MC-

medium (50 μl; 10 minutes; RT). For detection of the released and unreleased -

hexosaminidase, 2 x 5 μl of the supernatant, lysate or MC-medium (blank reference) were 

transferred into a new 96-well plate (flat bottom, Greiner, transparent) and 50 μl of -

hexosaminidase substrate-buffer was added. The cleavage (25 minutes; 37 °C) of the N-

acetyl--D-glucosamine was stopped by 150 μl 0.2 M Glycine (pH 10.7). Free p-nitrophenyl 

was detected by measuring the absorption with infinite M200 (Tecan) at 405 nm. Percentage 

of mast cell degranulation (-hexosaminidase ratio) was calculated as indicated in Equation 1. 

The substrate turnover the supernatant (-hex(OD405)supernatant) was divided by the total 

substrate turnover, which sums up of -hex(OD405)supernatant and remaining b-hex in the cell 

lysate (-hex(OD405)cell lysate). 

 

 -hexosaminidase substrate-buffer: 1.3 mg/ml p-nitrophenyl-N-acetyl--D-glucosamine 
in 0.1 M tri-Sodiumcitratedihydrate (pH 4.5) 
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[ℎ𝑒𝑥𝑜𝑠𝑎𝑚𝑖𝑛𝑖𝑑𝑎𝑠𝑒 𝑟𝑎𝑡𝑖𝑜] = [ℎ𝑒𝑥(𝑂𝐷405) 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 ∗  100][ℎ𝑒𝑥(𝑂𝐷405)𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡  +  ℎ𝑒𝑥(𝑂𝐷405)𝑐𝑒𝑙𝑙 𝑙𝑦𝑠𝑎𝑡𝑒] 
Equation 1. Calculation of mast cell degranulation in percentage by  

-hexosaminidase turnover 

The percentage of mast cell degranulation (-hexosaminidase ratio) was calculated utilising the -

hexosaminidase (-hex) mediated substrate turnover detected by absorption at 405 nm (OD405). 
OD405 was blanked against plain medium + substrate control. Blanked OD405 from supernatant and 
cell lysate after mast cell stimulation were utilised for calculation.  

 

8.5 Animal studies 

8.5.1 Mouse strains 

All mouse strains utilised in my study were obtained from the Jackson Laboratory (Table 7). 

Mice were housed under specific pathogen–free conditions. Animal experiments were 

performed in accordance with institutional guidelines and were approved by the local 

authorities (Ministry of Agriculture, the Environment, and Rural Areas, Schleswig-Holstein 

and the Lower Saxony State Office for Consumer Protection and Food Safety) 

 

Table 7 Mouse strains 

 Term used Official name Supplier Stock No. 

Lyst-mutant Bg-J mice C57BL/6J-Lystbg-J/J Jackson Laboratory 000629 
WT control mice C57BL/6J Jackson Laboratory 000664 
Kit

W-sh/W-sh mice Kit
W-sh/HNihrJaeBsmJ Jackson Laboratory 005051 

 

 

8.5.2 Passive cutaneous anaphylaxis (PCA) 

Mice were anesthetised i.p. with 100 µl ketamine / rompun per 20 g body weight. 50 ng 

DNP-IgE / 20 µl PBS was injected i.d. with a 30G needle into the dorsal layer of the ear of 

8-12 weeks old male mice. After 24 h, the mice were challenged with a 100 µg DNP-HSA / 

200 µl PBS by i.v. injection in the tail vein. The ear swelling was measured with an analogous 

quick-acting thickness gauge (Mitutoyo, cat# 7313). After 6 h, the mice were euthanized by 

CO2 and the ears were amputated and put in ice-cold PBS. The dorsal and ventral tissue layer 

were pulled apart and transferred into a 2 ml tube with 1 ml Trypsin / EDTA solution (1x). 

The incubation (15 min; 37 °C; 800 rpm) was stopped by adding 200 µl FCS. The layers were 
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washed in 2 ml 2 % FCS / PBS and transferred into a 2 ml tube with 500 µl 

Collagenase/Dispase solution (1mg/ml; 10% FCS / RPMI), cut into small pieces and 

incubated with an overhead shaker (45 min; 37°C; Intelli-Mixer RM-2L, ELMI; program: F04 

20rpm). The remaining supernatants were stored on ice until filtration. The cells were 

separated from the tissue by pipetting with a 1 ml pipet tip (cut bevelled) and filtration 

through a wet 70 µm Nylon filter. The remaining supernatants from the ear preparation were 

also filtered through the same filter and the filter was washed with an additional 5 ml 2 % 

FCS / PBS. All follow-throughs per ear were collected in a 15 ml tube and centrifuged (450 g; 

10 min; 4 °C). The cell pellet was washed once with 200 µl 2 % FCS / PBS and subsequently 

used for surface staining and analysis by FACS (see Section 8.6). 

 

8.5.3 Passive systemic anaphylaxis (PSA) 

2 µg DNP-IgE / 200 µl PBS was injected i.v. into 8 – 14 weeks old female mice. After 24 h, 

the mice were challenged with 200 µg DNP-HSA / 200 µl PBS by i.v. injection in the 

opposite tail vein. Four different parameters were measured to analyses the immediate mast 

cell-mediated response. In the first set of experiments, the rectal temperature of the mice was 

measured (testo 926 thermometer + Rectal Probe for Mice (RET-3, Adinstruments)) every 5 – 

10 min In the second set, mice were euthanized by CO2 after 10 min to obtain peritoneal 

lavage (see Section 8.5.5) for analysis by FACS (see Section 8.6) and blood sera by cardiac 

puncture (see Section 8.5.6) for MCP-1 ELISA (see Section 8.7.1). In the third set of 

experiments, the mice were euthanized by CO2 after 2 min to obtain blood plasma by cardiac 

puncture (see Section 8.5.6) for histamine ELISA (see Section 8.7.2). In the last set of 

experiments, vascular permeabilisation was measured by Evans blue extravasation. DNP-

HSA was diluted in 1 % Evans blue / PBS. The mice were euthanized by CO2 after 60 min 

both ears were amputated and cut into pieces. The Evans blue was extracted from both ears by 

formamide (500 µl; o.n.; 56 °C, 1000 rpm). The tissue was removed by centrifugation (10000 

g; 5 min; RT). The Evans blue concentration in the supernatant was measured by absorbance 

at 630 nm and referred to 750 nm. 
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8.5.4 Mast cell reconstitution of Kit
W-sh/W-sh

 mice 

4- to 6-weeks-old Kit
W-sh/W-sh mice were anesthetised i.p. with 100 µl ketamine / rompun per 

20 g body weight. 100 µl PBS containing 10^7 BMMCs, generated from female WT or Bg-J 

donor mice (see Section 8.1.2.2), were injected retro orbital. After 8 – 9 weeks, the 

temperature drop in PSA was measured (cf. Section 8.5.3). After PSA, mast cell 

reconstitution was analysed in the peritoneal lavage (cf. Section 8.5.5) and spleen of both 

stimulated and control mice (FACS gating for FcR1+, cKit+, ST2+, Gr1-). 

The spleen was smashed through a 70 µm cell strainer with 2 ml ice-cold 2 % FCS / PBS. The 

cell strainer was washed with an additional 5 ml PBS. The supernatant was aspirated 

completely after centrifugation (400 g, 10 min, 4 °C). The pellet was resuspended in a 1 ml 

ery-lysis-buffer. After incubation (1 min, RT), lysis was stopped by adding 10 ml 2% FCS / 

PBS. After centrifugation (400 g, 10 min, 4 °C), the supernatant was aspirated and the pellet 

was resuspended in 1 ml 2%FCS / PBS. 100 µl of the cell suspension was used per FACS 

surface staining (see Section 8.6) (FACS gating for FcR1+, cKit+, ST2+, Gr1-). 

 

 ketamine / rompun: 700 µl PBS; 100 µl Rompun 2 %; 200 µl Anesketin (100 mg/ml 

Ketamin) 

 

8.5.5 Peritoneal lavage 

Mice were loosely fixed to a polystyrene board. The abdomen of the mice was sterilised with 

70 % EtOH and opened with a Y midline incision elongating to the rear legs. The peritoneal 

wall was lifted by gently pulling the fur upward, to create a cavity for injecting 5 ml ice cold 2 

% FCS / PBS and some air with a 5 ml syringe and 27-G needle at the top middle. After 1 min 

gentle lateral massage, the spleen side of the abdominal skin was retracted and fixed to the 

polystyrene board. A 19-G needle was inserted in the resulting fluid bowl, at the very 

dorsolateral side approximately at the location of lower tip of the spleen. The bevelled end of 

the needle faced away from the spleen and the fluid was withdrawn slowly. The needle was 

discarded and the fluid was collected in a 15 ml tube and stored on ice until centrifugation 

(400g; 5 min; 4°C). The cell pellet was resuspended in 400 µl, 2 % FCS / PBS. 100 µl of the 

cell suspension was used per FACS surface staining (cf. Section 8.6). 
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8.5.6 Cardiac puncture 

Mice were loosely fixed to a polystyrene board. The abdomen of the mice was sterilised with 

70 % EtOH and opened by midline incision. A 1 ml syringe with a 19-G needle was inserted 

in the peritoneum below the sternum. A slight negative pressure was induced. The needle was 

moved towards the left heart chamber, with the bevelled end up, until blood was streaming 

into the syringe. Blood was immediately slowly withdrawn and collected in a 1.5 ml tube. To 

obtain EDTA-plasma, 1/100 volume of 0.5 M EDTA was added to the blood and stored on ice 

(max. 30 min) until centrifugation (800 g; 10 min; 4 °C). To obtain serum, the blood was 

incubated 1h at RT and centrifuged (800 g; 10 min; 4 °C). Supernatants were transferred into 

new 1.5 ml tubes and stored at -80°C until use. 

 

8.5.7 Challenge of mice with mast cell-derived mediators 

8.5.7.1 Histamine injection into mice 

It has been reported that an injection of histamine is sufficient to induce a temperature 

response in mice (Makabe-Kobayashi et al., 2002). Histamine dihydrochloride was dissolved 

in PBS at 1 mg/100 µl and 100 µl were injected i.v. into 8 to 12 weeks old mice. The rectal 

temperature was measured every 5 minutes until 40 minutes, and at 50 and 60 minutes after 

the challenge. 

 

8.5.7.2 BMMCs degranulation supernatant injection into mice 

BMMCs were loaded with IgE as described above (see Section 8.4.6). After centrifugation, 

the BMMCs were resuspended in pre-incubated 1% FCS RPMI and the cell concentration 

was adjusted to 10^7 BMMCs/ml. 10^7 BMMCs were stimulated with 200 ng/ml DNP-HSA 

in a 12-well plate (37 °C; 5% CO2; 20 min). The stimulation was transferred into a 1.5 ml 

tube and centrifuged (600 g; 2 min; RT). 900 µl from the supernatant was transferred into a 

new 1.5 ml tube. From the supernatant, 200 µl was immediately injected i.v. into 8 to 12 

weeks old mice. The rectal temperature was measured every 5 minutes between 10 and 40 

minutes, and at 50 and 60 minutes after injection. 
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8.6 FACS staining 

All antibodies used are listed in Table 3. The following centrifugation steps were carried out 

at 4 °C and samples were incubated on ice. Cells were harvested by centrifugation (450 g; 2 

min) and were washed with 150 μl 1 % FCS / PBS (450 g; 2 min). Fc-receptors were blocked 

by resuspending the cell pellets in BD Fc-block (50 μl; 1:50 in 1 % FCS / PBS; 5 min), and 

directly labelled mAbs were added (50 μl 1 % FCS / PBS antibody dilution; 30 min; on ice, 

dark) to the cell suspension to detect surface expression. Unbound antibodies were washed off 

twice with 1 % FCS / PBS.  

In the case of plain surface staining, dead cells were stained by incubating with DAPI (100 µl; 

1 µM 1 % FCS / PBS; 2 min), washed once with 1 % FCS / PBS, and directly measured by 

FACS. 

In the case of intracellular FACS staining, the cells were washed once with PBS and 

incubated with Fixable Viability eFlour® 450 (50 µl; 1:1000 PBS; 10 min; RT). To remove 

the excess dye, the probe was washed once with PBS. Cells were fixed with 2 % PFA/PBS 

(100 µl; 20 min; RT) and washed once with 1 % FCS / PBS and once with permeabilisation 

buffer (eBiosience). Directly labelled mAbs were added (100 μl; permeabilization buffer; 1 h; 

RT; dark). In addition, cells were washed twice with permeabilisation buffer and stored in 200 

μl 1 % FCS / PBS at 4 °C until measuring with an LSR II flow cytometer (BD™) or a Canton 

II (BD™). FACS data were analysed by utilising FlowJo V10 software. 

 

8.7 ELISA 

The mast cell supernatant for the histamine ELISA was diluted 1/10 in PBS before 

acetylation. All other ELISAs were performed according to the manufacturer’s instructions. 

8.7.1 TNF, IL-6, MCP-1 ELISA 

ELISA (ready set go kits from eBioscience) was performed according to the manufacturer’s 

protocol. Kit provided capture antibody was diluted in a coating buffer and 50 µl of the 

dilution was pipetted per well into a 96-well ELISA plate. The ELISA plate was coated 

overnight at 4 °C in a wet chamber. The plate was washed three times with 300 µl/well PBS-

T. The plate was blocked with a 200 µl/well assay buffer for 1 h at RT. After one washing 

step with PBS-T, 50 µl of sample, kit provided standard or BLANK controls were pipetted 

into the wells and incubated overnight at 4 °C in a wet chamber. After washing three times 
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with 300 µl/well PBS-T, 50 µl/well detection antibody was added (2 h; RT). Wells were 

washed three times with 300 µl/well PBS-T. 50 µl/well of streptavidin-HRP was added and 

incubated for 20 min at RT. After four times washing with PBS-T, 100 µl/well TMB 

substrate was added. Plates were incubated for 15 – 20 minutes at RT under gentle agitation. 

Reaction was stopped by adding 100 µl/well 0.5 M H2SO4. Colorimetric substrate turnover 

was measured at 450 nm and was referred to 560 nm. 

 

 PBS-T: PBS; 0.05 % Tween 20 

 

8.7.2 Histamine ELISA 

For histamine detection, the competitive ELISA kit from IMMUNOTECH (IM2562) was 

performed according to the manufacturer’s instructions. The principle of the competitive 

ELISA is that unconjugated molecules and enzyme-linked molecules compete for antibody 

binding. In this method, a 96-well (flat bottom) ELISA plate is coated with an antibody 

specific for the molecule of interest. The amount of supplemented conjugated molecules is 

known. As the concentration of unconjugated molecules in the sample increases, less enzyme 

conjugated molecules are bound. All free molecules are subsequently removed by washing. 

The concentration of bound enzymes is determined by substrate turnover and colorimetric 

analysis. The concentration of the enzyme is indirectly proportional to the concentration of 

the unconjugated molecules in the sample. 

Blood plasma derived from PSA (see Section 8.5.3) and supernatant from BMMCs 

stimulation (see Section 8.4.6) were utilised for analysis. In brief, 25 µl of acylation buffer, 

100 µl of calibrator, a control or a sample (from 8.5.3 or 8.4.6), and 25 µl of acylation 

solution were pipetted consecutively into a new 1.5 ml tube (Eppendorf). After immediate 

vortexing, the samples were incubated for 30 min at RT. Acetylated samples were diluted in 

kit-provided Diluent. Into the antibody-coated wells, 50 µl of acetylated sample, a kit-

provided control or a calibrator, and 200 µl of conjugated histamine were pipetted. The plate 

was incubated overnight at 4 °C. The wells were washed three times with kit-provided 

washing buffer. Afterwards, the remaining washing buffer was removed completely the 

ELISA plate, and 200 µl of substrate was added. Substrate turnover was stopped after 30 min 

at RT by adding a 50 µl stop solution (1 M NaOH). The absorbance was measured with an 
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ELISA reader at 405 nm and referred to 560 nm. The data were analysed by Tecan software, 

OD(405-560), and blank reduction. The ratio of histamine in the samples was calculated by 

dividing the value of blanked OD(405-560) of the sample by the value of blanked OD(405-560) of 

the standard containing no histamine. These ratios were utilised by the software to calculate 

the concentrations of histamine in the samples according to the standard curve. 

 [ℎ𝑖𝑠𝑡𝑎𝑚𝑖𝑛𝑒 𝑟𝑎𝑡𝑖𝑜] = [0 𝑛𝑀 ℎ𝑖𝑠𝑡𝑎𝑚𝑖𝑛𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑][𝑥]  

Equation 2. Calculation of histamine ratio in the sample 

The ratio of histamine in the samples (histamine ratio) was calculated by dividing the value of blanked 
OD(405-560) of the standard containing no histamine (0 nM histamine standard) by the value of blanked 
OD(405-560) of the sample (x). 

 

8.7.3 Prostaglandin D2-MOX ELISA 

PGD2 is rapidly degraded by serum proteins (Fitzpatrick and Wynalda, 1983), so the sample 

was chemically treated to convert PGD2 to stable PGD2-methoxylamine (PGD2-MOX). 

Prostaglandin D2 (PGD2) was detected utilising the competitive Prostaglandin D2-MOX 

ELISA kit from IBL (Cayman Chemicals) according to the manufacturer’s protocol.  

In detail, small portions of Methyloximating reagent were prepared for each experiment. 20 

µl of PGD2 standard (400 ng/ml) was diluted in 180 µl UltraPure water. 100 µl MOX-reagent 

was added to 100 µl sample (cf. Section 8.4.6) or diluted kit-provided standard. The mix was 

incubated for 30 min at 60 °C. The chemical reaction was stopped by adding 600 µl of kit-

provided ELISA buffer to the methoximated standard and 1 ml ELISA buffer to the 

methoximated samples. The methoximated standard (now 5 ng/ml) was serially diluted 1:2 

starting at 250 pg/ml to 2 pg/ml. To the antibody coated wells, 50 µl of ELISA buffer 

(control), standard-MOX or sample-MOX were added. For a blank control, only 100 µl 

ELISA buffer was added. An enzyme linked PGD2-MOX tracer was added to all wells except 

for the blank one. After incubation (4 °C; o.n.), the plate was washed five times with ELISA 

buffer. Afterwards, the remaining washing buffer was removed completely by invert slapping 

the ELISA plate, and 200 µl of substrate was added. After 120 min at RT, the absorbance was 

measured with an ELISA reader at 405 nm and referred to 560 nm. The data was analysed by 

Tecan software, OD(405-560) and blank reduction. The PGD2-MOX/ tracer ratios in the sample 

were calculated by dividing the value of blanked OD(405-560) of the sample by the value of 



-  Methods - 

- 57 - 

 

blanked OD(405-560) of the control containing no PGD2-MOX. These ratios were utilised by the 

software to calculate the concentrations of PGD2-MOX in the samples according to the 

standard curve. 

 

 Methyloximating reagent: 10:90 (V/V) ethanol : water; 10 mg/ml methoxylamine HCl; 
82 mg/ml sodium acetate 

 

 [𝑃𝐺𝐷2-𝑀𝑂𝑋 𝑟𝑎𝑡𝑖𝑜] = [𝑛𝑜 𝑃𝐺𝐷2][𝑥]  

Equation 3. Calculation of PGD2-MOX ratio in the sample 

Prostaglandin D2 - Methoxime (PGD2-MOX). The ratio of PGD2-MOX in the samples (PGD2-MOX 
ratio) was calculated by dividing the value of blanked OD(405-560) of the standard containing no PGD2-
MOX (no PGD2) by the value of blanked OD(405-560) of the sample (x). 
 

 

 

 

Figure 9. Methyloximating of Prostaglandin D2 

The figure shows a chemical reaction transforming instable Prostaglandin D2 into stable Prostaglandin 
D2 – Methoxime.  
 

8.8 SDS-PAGE and Western blotting 

Samples were incubated in a reducing Leammli-buffer (5 min; 95 °C). Separation gel was 

prepared according to Table 8 and gently overlaid with ddH20. After polymerisation (1 h, 

RT), overlaying ddH2O was decanted and stacking gel was prepared according to Table 8. 

Separation gel was overlaid with stacking gel. A comb was stacked into stacking gel to form 

sample pockets. After polymerisation (30 min, RT), the samples were applied to a SDS-
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PAGE (Mini-PROTEAN Electrophoresis system; Bio-Rad). SDS-Page run was performed for 

1.3 h at U = 125 V and Imax = 350 mA. The gel was blotted on a methanol-activated PVDF 

membrane by tank-blotting (Mini-PROTEAN Transfer system; Bio-Rad) for 100 Vh, Imax= 

350 mA. The blots were washed for 5 min with Milli-Q and blocked with 5 % BSA/PBS (1 h; 

RT). Blots were washed once with TBS-T. Primary antibodies were diluted in 5% BSA/PBS 

and incubated overnight at 4 °C. After washing (3 x 10 min; TBS-T; RT), HRPO labelled 

antibodies were diluted in 5% BSA/PBS and incubated 1-2h at RT. After washing (4 x 10 

min, TBS-T, RT), the western blot was developed with ECL-reagents (ECL Western Blotting 

Substrate or Supersignal West FEMTO, Prebio/Pierce), Amersham Hyperfilm ECL (Geyer), 

and the film processor X-OMAT M35 (Kodak). Bound antibodies were removed by 

incubation with Stripping-buffer under slight agitation (15 min; RT) and the blots were 

reprobed as described above. 

 

 4 x Leammli-buffer: 20 % (v/v) glycerol; 2 % (m/v) SDS; 5 % (v/v) -mercaptoethanol; 
0.025 % (m/v) bromophenol blue; 62.5 mM Tris HCl pH 6.8 
 

 SDS-PAGE running-buffer: 0.3 % (m/v) Tris; 1.44 % (m/v) glycine; 0.1 % (m/v) SDS 
 

 Tankblot-buffer: 0.3 % (m/v) Tris; 1.44 % (m/v) glycine; 20 % (v/v) ethanol 
 

 TBS-T: 0.85 % (m/v) NaCl; 0.05 % (m/v) Tween; 10 mM Tris/HCl pH 7.4 

 

Table 8. Pipetting scheme for SDS-gel 

Mini-PROTEAN; Bio-Rad system; 1.5 mm spacer 

Separation gel %  
10 % 
in ml 

12 % 
in ml 

 Stacking gel %  
5% 

in ml 

H2O 4.017 2.350  H2O 1.405 

1.5 M Tris/HCl ph-8,8 2.500 2.500  0.5 M Tris/HCl ph-6.8 0.630 

10 % SDS 0.100 0.100  10 % SDS 0.030 

30 % Acrylamide/Bis 3.333 5.000  30 % Acrylamide/Bis 0.417 

10 % APS 0.060 0.060  10 % APS 0.015 

TEMED 0.010 0.010  TEMED 0.003 
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9 Results 

9.1 The role of Lyst in endosomal trafficking and TLR4 signalling 

Previous in vitro and in vivo studies in our lab have revealed that Lyst is selectively required 

for the TLR3- and TLR4-mediated inflammatory responses by affecting endolysosomal 

TRIF/IRF3 signalling pathways. The functional mechanism how Lyst affects the activation of 

the TRIF-dependent TLR signalling cascade is, however, still unknown. As Lyst is a 

lysosomal trafficking regulator, my working hypothesis was that Lyst could control TLR 

function via the regulation of receptor trafficking and/or the formation of specific endosomal 

signalling compartments where active TRIF signalling occurs. In this thesis, I have thus 

investigated the specific localisation of endosomal TRIF signalling and how Lyst-mediated 

regulation of endosomal/phagosomal trafficking influences the spatial activation of TRIF-

dependent TLR signalling. 

 

 Normal phagocytosis and phagosomal acidification in Lyst-mutant Bg-J 

macrophages

In our lab, it has previously been shown that Lyst-mutant Bg-J mice display a decreased 

TNF response and impaired clearance of bacterial Salmonella typhimurium infections. 

Therefore, I have hypothesised that endosomal trafficking of phagocytised bacteria might be 

dysregulated in Lyst-mutant cells. Phagocytosis is associated with a progressive decrease in 

phagosomal pH. To address this, I monitored phagocytosis of E. coli particles double labelled 

with eFluor670 and pHrodo, a pH-sensitive reporter dye. 

The labelling of the E. coli particles with pHrodo was controlled by fluorescence microscopy 

(Figure 10A). Exposure of labelled E. coli particles to an acidic pH resulted in a bright 

fluoresce signal of the pH-sensitive reporter dye pHrodo. pHrodo labelled E. coli particles 

exposed to neutral or slight basic displayed only very weak or no fluorescence. To monitor 

phagosomal acidification, bone marrow-derived macrophages (BMMs) from WT and Bg-J 

mice were exposed to conjugated E. coli particles for 40 minutes. Fluorescence microscopic 

analysis revealed that phagocytised conjugated E. coli particles displayed a bright 

fluorescence signal of pHrodo, indicative of phagosomal acidification, whereas extracellular 

particles stayed non-fluorescent (Figure 10A). 
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Next, WT and Bg-J BMMs were incubated for 0, 30, 60 and 90 minutes with E. coli 

particles double labelled with pHrodo and eFluor670. Particle uptake and phagosomal 

acidification in BMMs was then assessed by flow cytometric analysis (Figure 10B, C, D). 

The eFluor670-fluorescence intensity (FI) signal is independent of the pH and correlates with 

the amount of the E. coli particles phagocytosed by BMMs, while the pHrodo-FI signal 

correlates with the amount and the degree of phagosomal acidification of the ingested E. coli 

particles. After 90 minutes of stimulation, the flow cytometric histograms of pHrodo-FI 

versus eFluor670-FI revealed a similar linear correlation of phagosomal capacity and 

acidification between WT and Bg-J BMMs (Figure 10B). This indicates normal phagocytic 

capacity and acidification of the Bg-J BMMs. Normal phagocytic activity of Lyst-mutant 

Bg-J BMMs is in line with additional experiments of our lab (data not shown; (Westphal et 

al., 2017)). Given comparable uptake of bacteria in WT and Bg-J BMMs, the percentage of 

pHrodo+ BMMs directly correlates with the transport of E. coli particles into acidified 

compartments. The degree and the kinetics of the acidification (pH) of phagocytised E. coli 

particles were comparable between WT and Bg-J BMMs (Figure 10C, D). As specificity 

control for the assay, the culture medium was supplemented with 30 mM NH4Cl as a buffer 

system during stimulation in order to prevent phagosomal acidification, or BMMs were 

stimulated on ice to prevent phagocytosis. 

In summary, these results indicate normal phagocytic capacity and normal phagosomal 

acidification of Lyst-mutant Bg-J cells. 
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Figure 10. Normal phagocytic capacity and phagosomal acidification of Lyst-
mutant Bg-J bone marrow-derived macrophages

(A) WT and Bg-J bone marrow-derived macrophages (BMMs) were exposed to E. coli particles 

labelled with the pH-sensitive dye pHrodo. Phagosomal acidification was assessed by fluorescence 
microscopy after 40 min of incubation. pH sensitivity was controlled by analysis of pHrodo labelled E. 

coli particles in buffers with different pH (lower panel). Bar 10 μm. (B, C, D) WT and Bg-J BMM were 
exposed to E. coli particles double labelled with the pH-sensitive dye pHrodo and with eFluor670. 
Particle uptake and phagosomal acidification was assessed by flow cytometric analysis. (B) Flow 
cytometric profiles at 0 min (upper panel) and 90 min (lower panel) of incubation showing fluorescence 
staining for pHrodo versus eFluor670. Flow cytometric quantification of pHrodo positive cells (C) and 
fluorescence intensity of pHrodo (D) at the indicated time points. As specificity control, cells were 
incubated with 30 mM NH4Cl to quench lysosomal acidification or cells were kept on ice. Error bars 
indicate standard deviation from two independent cultures. Data are representative of at least two 
independent experiments. 
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9.1.2 Impaired Rab7 recruitment to LPS-beads in Bg-J BMMs 

The maturation of the phagosome requires sequential recruitment of different sets of protein. 

An essential step during phagosomal maturation is the conversion of the early endosome 

associated protein 1 (EEA1) and its regulator Rab5 to the late endosomal marker Rab7 (Rink 

et al., 2005). To gain deeper insights into phagosomal maturation, WT and Bg-J BMMs 

were exposed to Biotin-LPS coated streptavidin beads (LPS-beads) as surrogates for bacteria. 

At 30 minutes after stimulation, the percentage of phagocytosed LPS-beads in early 

endosomes (EEA1+) or in late endosomes (Rab7+) was assessed by intracellular staining and 

microscopic analysis (Figure 11A).  

The quantification of beads in compartments which were positive for EEA1 and/or positive 

for Rab7 revealed that in Bg-J BMM, the association and dissociation of EEA1 to 

phagocytised LPS-beads were similar to WT BMMs (Figure 11B). Most interestingly, the 

recruitment of Rab7 to LPS-beads was largely defective in Bg-J BMMs compared to WT 

BMMs. This very striking observation demonstrates that Lyst is specifically involved in the 

Rab7 recruitment during phagocytosis of LPS-beads. In this period of time no recruitment of 

Rab7 was observed to phagocytosed uncoated beads in WT BMMs (data not shown). This 

indicates that the Rab7 recruitment is TLR4 dependent. Despite defective Rab7 acquisition, 

phagosomes in Bg-J cells are not arrested in an early phagosomal state, as indicated by 

progressive acidification (see Section 9.1.1).  
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Figure 11. Impaired Rab7 recruitment to LPS-beads in Bg-J BMMs

(A, B) WT and Bg-J BMMs were exposed to LPS-coated beads (2 µm diameter). After 30 min of 
incubation, cells were fixed, permeabilised and stained for EEA1 and Rab7. Nuclei were 
counterstained with DAPI. (A) Fluorescent microscopic pictures, arrows indicate beads in EEA1

+
 (red), 

Rab7
+
 (green) or double positive (black) compartments. Bars, 5 µm. (B) Graph shows percentages of 

bead-containing phagosomes in WT and Bg-J cells that were EEA1
+
, Rab7

+
, or positive for both 

markers (double +). Number of evaluated bead-containing phagosomes: WT n=70 (5 overview 
images), Bg-J n=127 (8 overview images). Data are representative for at least three independent 
experiments. Bars SEM, Statistical Test MWU. ++ p ≤ 0.01, + p ≤ 0.05. 

 

9.1.3 Rab7
+
 endosomal compartments serve as platform for TRIF signalling 

The correlation of defective Rab7 recruitment and impaired TRIF signalling in Bg-J BMMs 

suggests that the Rab7+ compartment may be involved in TRIF-mediated signalling pathways. 

To test this hypothesis, WT BMMs were exposed to LPS-beads and the localisation of 

TRIF-mediated signalling at endosomal/phagosomal compartments was assessed in WT 

BMM by microscopic analysis. To this end, recruitment and phosphorylation of TANK-

binding kinase 1 (TBK1) was monitored at bead-containing phagosomes. TBK1 is a key 

mediator of the TRIF signalling pathway. It preferentially binds to activated TRIF (Fitzgerald 

et al., 2003; Sato et al., 2003) and is phosphorylated upon LPS stimulation (Solis et al., 
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2007). The spatial accumulation of TBK1 at an endosomal/ phagosomal compartment is 

indicative for the activated TRIF signalling complex.  

Phagocytosed LPS-beads at early time points (15 min) were preferentially located in EEA1+ 

compartments (Figure 12A, C, E, G). Barely any recruitment of TBK1 was observed at these 

EEA1+ early endosomal compartments (Figure 12A, E). Furthermore, at this early time point 

TBK1 was not phosphorylated (Figure 12C, G). At 30 – 60 minutes of stimulation, most of 

the phagocytosed LPS-beads were transferred into a Rab7+ compartment (Figure 12B, D, F, 

H). TBK1 was clustered at a high incidence around these Rab7+ LPS-beads-containing 

compartments (Figure 12B, F). Moreover, TBK1 clustered at the Rab7+ compartments was 

strongly phosphorylated at Serine 172, which is indicative for TBK activation (Figure 12D, 

H). These data indicate that upon LPS-stimulation, TBK1 is recruited to Rab7+ 

endosomal/phagosomal compartments, which thus serve as major sites for active TRIF/TBK1 

signalling.  

To investigate if TBK1 activation (= phosphorylation) is compromised in Lyst-mutant Bg-J, 

BMMs phosphorylation of TBK1 was investigated by immunofluorescence microscopy in 

WT and Bg-J BMMsat 30 minutes after administration of LPS-coated beads. As readout, 

the average cellular fluorescence intensity of p-TBK1 staining was analysed (Figure 13A, B). 

Stimulation with LPS coated beads induced a significant phosphorylation of TBK1 in WT 

BMMs. Compared to WT cells, LPS-bead-induced phosphorylation of TBK1 was 

significantly lower in Lyst-mutant Bg-J BMMs. In the control, stimulation with uncoated 

beads displayed comparable background levels of p-TBK1 staining between WT and Bg-J 

BMMs. These findings indicates that Lyst-mediated trafficking of LPS-beads into Rab7+ 

compartments (see Section 9.1.2) is required for assembly and activation of the multiprotein 

TRIF signalling complex (TRIF signalosome).  
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Figure 12. The Rab7+ compartment serves as a platform for active TRIF 
signalling  

(A-D) WT BMM  were exposed to LPS-coated beads (2 µm diameter). After 15 min (A, C) and 30 
min (B, D) of incubation, cells were fixed, permeabilised and stained for (A) EEA1 and TBK1, (B) 
Rab7 and TBK1, (C) EEA1 and p-TBK1, and (D) Rab7 and p-TBK1. Nuclei were counterstained with 
DAPI. Arrows indicate EEA1+ or Rab7+ beads. Enlargements show EEA1+ or Rab7+ phagosomes. 
Bars, 5 µm. (E-H) Graphs show quantification (in %) of bead-containing phagosomes that were 
positive for the indicated markers. Number of evaluated bead-containing phagosomes: (E) n=66; (F) 
n=103; (G) n=37; (H) n=84. Bars SEM. +++ p ≤ 0.001; + p ≤ 0.05. 
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Figure 13. Reduced phosphorylation of TBK1 in Lyst-mutant Bg-J bone 
marrow-derived macrophages 

(A) WT and Bg-J BMDs were exposed to LPS-coated beads. After 30 min of incubation, cells were 
fixed and stained for phosphorylated (p)-TBK1. Nuclei were counterstained with DAPI. p-TBK1 
staining is shown in pseudo-colour to highlight signal intensity. Bars, 5 μm. (B) Graph shows cellular 
p-TBK1 staining intensity (mean fluorescence intensity, arbitrary units) in WT and Bg-J cells stimulated 
for 30 min with LPS-coated beads and in unstimulated control cells. Data are representative for at 
least three independent experiments with > 60 cells being analysed. Bars SEM; statistical test: MWU 
test; +++ p ≤ 0.001. 
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9.1.4 The importance of Rab7
+
 endosomal compartments for TRIF signalling  

To show whether Rab7 is functionally required for TRIF-signalling, Rab7 protein expression 

levels were reduced by siRNA interference in WT BMMs(Figure 14). 

A pronounced reduction in Rab7 protein levels was achieved by the treatment of cells with 

Rab7 specific siRNA compared to the scrambled control (Figure 14A). Interestingly, IRF3 

phosphorylation after stimulation with LPS (60 min) or poly(I:C) (60 min) was significantly 

reduced in Rab7 knock down BMMsFigure 14A, B). This indicates that the Rab7+ 

compartment is of critical importance for the activation of the TRIF-mediated signalling 

pathway. TRIF-independent Erk-phosphorylation was normal in Rab7-siRNA treated 

BMMs upon stimulation with LPS and TRL2 ligand Pam3CSK4, indicating that cell 

signalling was not generally impaired in these cells (Figure 14A, C).  

These results show the indispensable role of Rab7+ for the TRIF-mediated signalling pathway. 

This is the first time that the endosomal TLR4 signalling pathway has been functionally 

linked to the Rab7 compartment on an endogenous protein expression level. 
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Figure 14. Rab7 is required for TRIF-mediated activation of IRF3 

(A-C) WT BMMs transfected with siRNA against Rab7 or scrambled control siRNA were stimulated 
for the indicated times with LPS (100 ng/ml), poly(I:C) (pI:C; 10 μg/ml) or Pam3CSK4 (P3C4; 100 
ng/ml). Whole cellular lysates were analysed by immunoblotting for p-IRF3, p-Erk1/2, IRF3, actin and 
Rab7. Densitometric analysis of immunoblots from at least 3 independent experiments showing the 
ratio of arbitrary units of p-IRF3 band intensities to total IRF3 (B) and p-Erk to total actin (C) (arbitrary 
units; n ≥ 3). Bars indicate SEM. 
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9.1.5 Generation of LYST-mutant human THP1 cells 

Enlarged lysosome-related organelles are a classic diagnostic feature of CHS and are 

associated with severe immunological defects in patients with this syndrome (Kaplan et al., 

2008). However, it is currently unknown whether the immuno-regulatory function of Lyst on 

endocytotic TLR3 and TLR4 signalling pathways is conserved in the human system. 

To address the relevance of Lyst for human TLR signalling pathways, LYST-mutant human 

monocytic THP1 cells were generated by utilising the newly developed CRISPR/Cas9 

genome editing technology (Cong et al., 2013; Doudna and Charpentier, 2014; Hsu et al., 

2014). To reduce the risk of off-target effects, a double nicking strategy was applied (Mali et 

al., 2013; Ran et al., 2013), in which a pair of single-guide RNA (sgRNA)-Cas9nickase 

complexes was utilised to generate two adjacent DNA single-strand breaks (= nicks) on 

opposite DNA strands. Two parental cell lines were used for mutagenesis studies, the human 

monocytic THP1 cell line and the THP1-Blue™ ISG (THP1-ISG; InvivoGen) reporter cell 

line. THP1-ISG cells carry an interferon regulatory factor (IRF)-inducible secreted embryonic 

alkaline phosphatase (SEAP) response element to monitor IRF activity. 

Two different mutational approaches were performed (Figure 15). In both approaches the 

WD40 domain of human LYST was specifically targeted, as mutations within this region 

have been described in patients with CHS (Lozano et al., 2014) and the beige-J mutation in 

Lyst-mutant mice also affects the WD40 domain (Trantow et al., 2009). WD-repeats of the 

WD40 domain commonly assemble to beta-propeller structures (Stirnimann et al., 2010). 

Seven WD-repeats were predicted in Lyst and are assumed to form a seven-bladed beta-

propeller (Nagle et al., 1996). In Lyst-mutant Bg-J mice, only an isoleucine is missing in the 

7th blade (WD-repeat) of the predicted beta-propeller. Mutations in one of the seven blades 

can disturb the three dimensional assembly of the whole beta-propeller, leading to a 

dysfunction of the protein. The first mutational approach was to induce a minor mutation in 

the predicted 4th WD-repeat (WD4) of the WD40 domain located in exon 49 (Figure 15). For 

mutagenesis, two CRISPR/Cas9-EGFP nicking constructs were simultaneously transfected 

into THP1 or THP1-ISG cells targeting the gene regions in exon 49 as indicated in Figure 

18A. The second mutational approach was to induce a large deletion in the C-terminus of 

human LYST, including the functional PH-like, BEACH and WD40 domain, spanning from 

exon 35 to exon 53 (Figure 15). For mutagenesis THP-ISG, cells were simultaneously 

transfected with 4 different CRISPR/Cas9-EGFP nicking constructs targeting gene regions in 
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exon 35 and 53 as indicated in Figure 17A. EGFP-positive THP1 (-ISG) cells were single 

cell-sorted into a 96-well plate for cell cloning 24 h after transfection. 

Cell clones from the second approach (Figure 15) were analysed by three PCR reactions to 

test deletions of exon 35 to exon 53 of LYST (LYST(ex35-53); Figure 16). Amplification 

products in the PCR reactions, with specific primer pairs for exon 35 or exon 53, indicated the 

presence of LYST alleles with no deletion. Alleles lacking exon 35 to 53 were identified by 

combining the forward primer for exon 35 with the reverse primer for exon 53. The LYST 

locus [1q42.1-q42.2] is present in 3 copies in THP1 cells, reflecting the special cytogenetic 

features of this cell line (Adati et al., 2009; Odero et al., 2000). One of four tested THP1-ISG 

clones carried deletions of exon 35 to 53 in two alleles (clone 3). In the remaining third allele, 

a frameshift was introduced in exon 35 (Figure 17B), which likely resulted in non-functional 

LYST protein similar to Lyst-mutant murine beige cells. Additional THP-ISG LYST(ex35-53) 

clones were stored as a backup. 

Mutations in exon 49 of LYST (LYST(ex49)) were identified by sanger sequence analysis 

(SeqLab/Microsynth) of PCR-products from exon 49 to exon 50. THP1 and THP1-ISG 

LYST(ex49)-mutant clones in which all three overlapping sequence-signals displayed a region 

that did not match to the WT sequence were further analysed. PCR-products of these clones 

were cloned into pcDNA3.1+ vectors and were transfected into DH5 E. coli. Plasmids of 

multiple single bacterial clones were sent for Sanger sequence analysis to identify the 

sequence of all three LYST copies. For the THP1 cell line, two clones were successfully 

generated (clone 8.3 and clone 12.1; Figure 18B). Two clones were also generated of the IRF- 

reporter cell line THP1-ISG (clone 5 and clone 7; Figure 18C), which carried mutations in all 

three alleles. Most indel mutations caused a frameshift or affected a region of at least 18 bp. 

These severe mutations in a critical region make a proper assembly of the beta-propeller very 

unlikely and should result in a similar phenotype as that observed in murine Lyst-mutant Bg-J 

cells. 

Both mutational approaches were thus successful. However due to their higher similarity to 

the Lyst-mutation in Bg-J mice, only THP1 and THP1-ISG LYST(ex49)-mutants were utilised 

for further investigations. 
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Figure 15. CRISPR/Cas9-mediated genome editing of the human LYST locus 

Schematic representation of the human LYST locus. Shown in the enlargement of the exons, red: 
coding sequence; grey: predicted protein domains; blue arrows: primer pairs; green: target sequences 
for Cas9n-mediated double nicking. Mutational approach 1) mutation in exon 49; 2) deletion of exon 
35  exon 53. 
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Figure 16. Identification of deletions from exon 35 to exon 53 in LYST in THP1-
ISG LYST(ex35-53) mutants 

LYST(ex35-53) deletion mutants were identified by three PCR reactions. The reactions, using specific 
primer pairs for exon 35 (E35) or exon 53 (E53), identified alleles with no large deletion. Alleles lacking 
exon 35 to 53 were identified by combining the forward primer for exon 35 with the reverse primer for 
exon 53 (E35-539). Arrows indicate predicted PCR product size. 

 

 

 
Figure 17. CRISPR/Cas9-mediated genome editing to delete exon 35 to exon 53 
in human LYST 

(A) Strategy for CRISPR/Cas9n-mediated double nicking (red arrows) in exon 35 and exon 53 of 
human LYST. Target sequences (blue) and protospacer-adjacent motifs (PAMs) (red) and the 
distance of CRISPR/Cas9n-induced nicks are indicated. (B) THP1-ISG(ex35-53) clone 3 carries 
deletions of exon 35 to 53 in two alleles. Sequence analysis of the PCR reaction spanning exon 35 
and exon 36 in LYST of the remaining allele is shown. 

5'..TATCCAACCTCATGGCAGTTGGATCCAACAGAAGGGCCAAATCGAGAGAGGAGA..

3'..ATAGGTTGGAGTACCGTCAACCTAGGTTGTCTTCCCGGTTTAGCTCTCTCCTCT..

5'..GCCACCATTTGTACACAGCAAACAGTGATGGGACCGTGATTGCCTGGTGTCGGA..

3'..CGGTGGTAAACATGTGTCGTTTGTCACTACCCTGGCACTAACGGACCACAGCCT..

THP1-ISG 3 (35-53)
5'..TATCCAACC-----------------------------AAATCGAGAGAGGAGA..

target 35BPAM

target 35T PAMBamHI

36 bp 5' overhang
+2 bp offset

- 29 bp

target 53BPAM

target 53T PAM

40 bp 5' overhang

+6 bp offset

A)

B)

exon 35

exon 53

exon 35
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Figure 18. CRISPR/Cas9-mediated genome editing to mutate the WD40 domain 
in exon 49 of the human LYST-gene 

(A) Strategy for Cas9n-mediated double nicking (red arrows) in exon49 of human LYST. Target 
sequences (blue) and protospacer-adjacent motifs (PAMs) (red) and the distance of Cas9n-induced 
nicks are indicated. Sequence analysis shows indel mutations for all 3 alleles of LYST in THP1 clone 
8.3 and clone 12.7 (B), as well as THP1-ISG clone 5 and clone 7 (C). (B, C) Red dashes indicate 
deleted bases, red letters show inserted or substituted bases, and numerals indicate total number of 
deleted/inserted base pairs. 
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9.1.6 Optimisation of THP1 cell differentiation 

The activation of the TRIF dependent TLR4 pathway requires the internalisation of TLR4. 

This internalisation process is CD14 dependent. (Zanoni et al., 2011). Undifferentiated THP1 

cells express only very low levels of CD14 and respond only poorly to poly(I:C) and LPS via 

the TRIF dependent pathway. Thus, for enhanced sensitivity to TLR ligands, monocytic 

THP1 cells were differentiated into CD14-expressing macrophage-like cells (Huber et al., 

2015; Park et al., 2007; Schwende et al., 1996). THP1 cells were differentiated by the Phorbol 

12-myristate 13 acetate (PMA) treatment and THP1-ISG cells by treatment with 1,25-

dihydroxyvitamin D3 (Calcitriol). The protocols were optimised by measuring CD14 surface 

expression via FACS, as well as by microscopic analysis of macrophage-like cell morphology 

and adherence.  

The THP1 cells were adherent after treatment with 100 nM PMA overnight (Figure 19C). 

Exchanging the medium and resting the cells for 2 – 3 days resulted in a large, adherent, 

mostly round shaped morphology (Figure 19C) and low CD14 surface expression (Figure 

19A, B) of the THP1 cells. At the day of differentiation, cells showed a low TNF response 

upon LPS and poly(I:C) stimulation, suggesting a weak activation of the TRIF-mediated 

pathway (data not shown). After 5 – 6 days of resting, most of the cells had changed to a rod-

shaped morphology (Figure 19C), showing an high CD14 surface expression (Figure 19A, B), 

and exhibiting a strong TNF response upon poly(I:C) or LPS stimulation (data not shown). 

Longer resting times or additional medium exchange had no beneficial effects, since the cells 

started to detach and lost their CD14 surface marker.  

The THP1-ISG cell line displayed an inadequate increase of CD14 expression upon PMA 

treatment (data not shown). However, incubation with 100 nM Calcitriol for 3 – 4 days 

induced a decent CD14 surface expression (Figure 20A, B) and adherent growth. 

In summary, through optimisation of the CD14 expression in THP1 and THP1-ISG cell lines, 

the TRIF-mediated response to TLR4 and TLR3 ligands was strongly increased. Thus, 

differentiated CD14+ LYST(ex49)-mutant and unmodified (WT) THP1 and THP1-ISG cell 

lines were used to investigate the role of LYST for the endosomal TRIF pathway.  

 



-  Results - 

- 75 - 

 

 
Figure 19. Differentiation of premonocytic THP1 cells into a macrophage-like 
phenotype by Phorbol 12-myristate 13 acetate treatment 

THP1 cells were treated overnight with 100 nM Phorbol 12-myristate 13 acetate (PMA). After 
treatment, the cell culture medium was exchanged and cells were rested for the indicated times. 
Progress of differentiation was controlled by analysing CD14 surface expression (FACS A, B) and 
morphology (microscopy C). (A) FACS analysis of CD14 surface expression of THP1 cells which were 
not treated (n.t.) or treated with PMA after 3 and 6 days of resting. Gate indicates CD14

+
 cells. (B) 

Graph shows the percentage of CD14
+
 THP1 cells at the indicated time points. Bars indicate SEM. (C) 

Microscopic analysis of THP1 cells: not treated (n.t.), after PMA treatment (d0), after 3 days (d3), and 
after 6 days (d6) of resting.  
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Figure 20. Differentiation of premonocytic THP1-ISG cells into a CD14 
expressing phenotype by 1,25-dihydroxyvitamin D3 treatment 

THP1-ISG cells were treated with 100 nM 1,25-dihydroxyvitamin D3 (Calcitriol) for the indicated time 
points. Progress of differentiation was controlled by CD14 surface expression (FACS A, B). (A) FACS 
analysis of CD14

+
 surface expression of THP1-ISG cells which were not treated (n.t.) or treated with 

Calcitriol for 1.6 days (d1.6) and 4 days (d4). Gate indicates CD14
+
 cells. (B) Graph shows percentage 

of CD14
+
 THP1-ISG cells at the indicated time points. Bars SEM. 

 

 

9.1.7 THP1 cells mutated in exon 49 of LYST display enlarged lysosome-related 

compartments 

To investigate if the mutation of LYST at the WD4 domain has reminiscent effects observed in 

beige mice and Chediak Higashi Syndrome patients, THP1 WT and LYST(ex49)-mutant cells 

were differentiated into macrophage-like cells by PMA treatment. After intracellular staining 

for Lamp1, the size of the Lamp1-positive lysosome-related compartment was analysed by 

microscopic examination (Figure 21). Differentiated LYST(ex49)-mutant THP1 cells 

displayed enlarged lysosome-related structures, a cellular phenotype reminiscent of that in 

cells from CHS patients.  

These data indicate a loss of functional LYST protein in LYST(ex49)-mutant THP1 cells, thus 

verifying that the LYST(ex49)-mutant THP1 cells are a valid tool to study the role of human 

LYST in TLR function. 
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Figure 21. Enlarged Lamp1 compartments in THP1 LYST(ex49)-mutant cells 

WT and LYST(ex49)-mutant human THP1 cells were differentiated into macrophage-like cells. 
Following fixation and permeabilisation, cells were stained with anti-human Lamp1 (Sigma) and DAPI. 
Representative individual and overlay fluorescence images were obtained on an Olympus IX81 
microscope. Subsequent image analysis and pseudo-colour processing was performed using iVision 
(BioVision Technologies) software. BF: bright field; Bars, 10μm.  
 

 

9.1.8 Mutation of human LYST results in reduced TRIF-mediated cytokine responses 

To validate the immuno-regulatory role of Lyst on the endosomal TRIF signalling pathway in 

the human system, WT and LYST(ex49)-mutant THP1 cells were stimulated with LPS or 

poly(I:C). Induction of INF was analysed as a specific readout for the activation of the 

TRIF/IRF3 pathway. Analysis by quantitative RT-PCR revealed that stimulation with LPS 

and poly(I:C) resulted in a reduced induction of INF mRNA in LYST(ex49)-mutant THP1 

clones compared with WT cells (Figure 22C). 

In addition to INF induction, TNF production is also affected by the TRIF pathway. Thus, 

to assess TNF production, WT and LYST(ex49)-mutant THP1 were stimulated with LPS and 

poly(I:C) in the presence of the Golgi inhibitor Brefeldin A. Brefeldin A blocks cytokine 

secretion, resulting in an accumulation of de novo produced TNF in the ER. The amount of 

total cellular TNF production was then determined by intracellular staining and FACS 

analysis. The stimulation with LPS and poly(I:C) resulted in impaired TNF production in 

LYST(ex49)-mutant THP1 clones (Figure 22A) compared with WT controls. 
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As a positive control, WT and LYST(ex49)-mutant THP1 cells were stimulated with 

PMA/Ionomycin, which induces a strong and TLR-independent activation of the cells. 

Similar induction of IL8 mRNA was observed upon stimulation with PMA/Ionomycin in WT 

and LYST(ex49)-mutant THP1 (Figure 22B). Thus, LYST(ex49)-mutant THP1 cells can be 

activated similarly to WT THP1 cells, demonstrating that signalling is not generally affected 

by the LYST-mutation. However, the results indicate that the TRIF mediated signalling 

pathway is specifically disturbed in LYST(ex49)-mutant THP1 cells. 

 

 
Figure 22. Impaired TLR3 and TLR4 signalling of LYST(ex49)-mutant THP1 cells 

(A) Differentiated CD14
+
 WT and LYST(ex49)-mutant THP1 cells were stimulated for 4h with the 

indicated reagents in the presence of Brefeldin A. Flow cytometric analysis shows intracellular TNFα 
expression on CD14

+
 cells. WT (black line); LYST(ex49)-mutant clones 8.1 (red lines) and 12.7 (blue 

lines). (B) Differentiated CD14
+
 WT and LYST(ex49)-mutant THP1 cells (clones 8.3 and 12.7) were 

stimulated for 2h with PMA/Ionomycin or left untreated. IL8 mRNA levels were measured by 
quantitative real-time PCR. Data are representative for at least two independent experiments. (C) 
Differentiated CD14

+
 WT and LYST(ex49)-mutant THP1 cells (clones 8.3 and 12.7) were stimulated 

for 2h with 20 ng/ml LPS, 10 μg/ml poly(I:C) (pI:C), or left untreated. IFN1 mRNA levels were 
measured by quantitative real-time PCR. The expression level of unstimulated WT THP-1 cells was 
set as 1.  
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To validate these findings, the TLR-induced activation was investigated in LYST(ex49)-

mutant THP1-ISG clones, which carry an interferon responsive factor (IRF)-inducible SEAP 

reporter construct. WT and LYST(ex49)-mutant THP1-ISG were differentiated into a CD14+ 

phenotype by treatment with Calcitriol (Figure 23A). Differentiated cells were then stimulated 

overnight with LPS, poly(I:C), and Pam3CSK4, and IRF activity was assessed by measuring 

secretion of SEAP into the culture supernatant. In order to compare stimulus-specific 

induction of SEAP activity, the SEAP background levels of unstimulated cells were 

subtracted from the stimulated conditions. In LYST(ex49)-mutant THP1-ISG clones, the 

activation of the interferon-stimulated genes (IRF-SEAP reporter activity) was significantly 

reduced in response to LPS and poly(I:C), but was normal in response to stimulation with 

Pam3CSK4, which is TRIF-independent (Figure 23B).  

Together, these data indicate that specific control of TRIF dependent TLR3- and TLR4-

mediated signalling pathways by Lyst is also conserved in the human system. Defects in these 

important innate immune pathways likely contribute to the severe immune deficits in patients 

with CHS. 

 

 
Figure 23. Impaired TLR3- and TLR4-mediated IRF activation of LYST(ex49)-
mutant THP1-ISG cells 

(A) FACS analysis CD14 surface expression of Calcitriol treated WT and LYST(ex49)-mutant THP1-
Blue-ISG cells: undifferentiated (undiff) WT, day 4 of Calcitriol treatment WT + LYST(ex49)-mutant 
clone 5 and clone 7. (B) Differentiated WT and Lyst-mutant (clone 5 and clone7) THP1-Blue-ISG cells, 
which carry an interferon regulatory factor (IRF)-inducible SEAP reporter construct, were stimulated 
overnight with LPS (1 µg/ml), poly(I:C) (pI:C; 20 µg/ml), or Pam3CSK4 (100 ng/ml), and the IRF 
response was assessed by determining the SEAP activity from cell culture supernatants. 
Supernatants from Pam3CSK4 treated cells were diluted threefold. Data are pooled from four 
independent experiments.  
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9.2 The role of Lyst in mast cell function and allergic reactions 

Section 9.1 demonstrates that Lyst influences the innate immune response by regulating 

endocytotic processes. However, as a membrane trafficking regulator, Lyst may also affect 

immune responses by regulating exocytic pathways. Mast cells are important immune cells, 

whose function is critically dependent on the release of pre-stored mediators from secretory 

granules. Lyst has been implicated in the formation and exocytosis of secretory granules. 

Thus, to investigate the role of Lyst during exocytic processes, mast cell function and allergic 

reactions were studied in Lyst-mutant Bg-J mice. 

 

9.2.1 Enhanced acute phase of passive systemic anaphylaxis in Lyst-mutant Bg-J mice 

To evaluate whether Lyst regulates MC-dependent allergic reactions in vivo, a passive 

systemic anaphylactic (PSA) reaction was induced in wild type (WT) and Lyst-mutant Bg-J 

mice. The mice were systemically sensitised with DNP-IgE and were challenged by DNP-

HSA injection 24 hours later. DNP-HSA crosslinks the DNP-IgE bound to FcR1, resulting 

in mast cell activation and release of the pre-stored and early mediators. These systemically 

secreted mediators cause the typical symptoms of an acute anaphylactic reaction. A classic 

parameter of the severity of this reaction is the drop in body temperature. Thus, the change in 

body temperature was assessed by rectal measurements during the first 90 min of the 

anaphylactic response (Figure 24A). 

As a negative control, mice were challenged with PBS, which induced almost no temperature 

response. DNP-HSA injection resulted in an immediate temperature drop in WT and Bg-J 

mice. In WT mice, a maximal temperature drop of 4.3 °C was observed at 15 minutes. After 

70 minutes, WT mice had almost recovered from the early anaphylactic response. In 

comparison, the temperature response of Bg-J mice was similar over the first 15 minutes but 

then continued to decrease. After 25 minutes, Bg-J mice reached their maximal decrease in 

body temperature ( of 5.5 °C). Thus, a substantially greater drop in body temperature 

occurred in Bg-J mice than in WT mice. Moreover, the recovery phase in Bg-J mice was 

shifted by 10 minutes, compared to WT mice, as Bg-J mice recovered only after 85 minutes.  

Together, these findings clearly show an enhanced and prolonged temperature drop in Bg-J 

mice compared to WT mice, indicative of an enhanced acute anaphylactic reaction in Bg-J 

mice.  
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The enhanced acute phase of PSA in Lyst-mutant Bg-J mice was further validated by 

analysing the mast cell-mediated permeabilisation of the blood vessels. This was evaluated by 

the extravasation of the dye Evans blue into the tissue (Cochrane and Müller-Eberhard, 1968). 

The amount of Evans blue in the tissue correlates with the permeabilisation of the blood 

vessels. PSA was induced in DNP-IgE sensitised mice by injection of DNP-HSA in 1 % 

Evans blue PBS (EB-PBS). As a negative control, mice were stimulated with plain EB-PBS. 

The permeabilisation of the blood vessels was assessed by the extravasation of the Evans blue 

into the ear after 60 minutes. Evans blue extracted from the ear was quantified by 

spectrophotometry. 

In the WT and Bg-J EB-PBS control, a weak background level of Evans blue was detected 

(Figure 24C). In stimulated WT mice, no additional Evans blue extravasation was observed. 

In marked contrast, in stimulated Bg-J mice, a clear colouring of the ear was observed. 

Spectral analysis of the extracted samples showed a pronounced extravasation of the dye only 

in stimulated Bg-J mice (Figure 24B). This finding supports the observed enhanced drop in 

body temperature in Bg-J mice (Figure 24A). Together, these data provide strong 

experimental evidence for enhanced acute phase of PSA in Lyst- mutant Bg-J mice. 
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Figure 24. Enhanced acute phase of passive systemic anaphylaxis in Lyst-
mutant Bg-J mice 

WT and Bg-J mice were injected i.v. with 2 µg DNP-IgE and challenged 24 hours later with 200 µg 
DNP-HSA (AG) or control treated. In (A), antigen was diluted in PBS. In (B) and (C), antigen was 
diluted in PBS + 1% Evans blue. (A) PSA was monitored by measuring the rectal temperature several 
times following antigen administration. Figure shows pooled data from three independent experiments 
with a total of 10 stimulated WT and Bg-J mice, as well as 3 WT and Bg-J mice for PBS control. 
Statistical test 2 WAYS ANOVA. (B) Spectrophotometric analysis of Evans blue extravasation in the 
ear. Figure shows one experiment, each dot represents one mouse. Statistical test Mann Whitney U. 
(C) Evans blue dye extravasation into the ear at 60 min upon PSA induction. Figure shows one 
representative ear of a stimulate WT and one ear of a stimulated Bg-J mouse. Bars indicate SEM. + p 
≤ 0.05; ++ p ≤ 0.01; +++ p ≤ 0.001.  
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9.2.2 Lyst differentially controls the acute vs. the second phase of the anaphylactic 

response 

To confirm enhanced mast cell-mediated allergic reactions in Bg-J mice, a second 

experimental setup was employed. In this model, passive cutaneous anaphylaxis (PCA) was 

induced in WT and Bg-J mice to investigate the local allergic reaction. Mice were locally 

sensitised with DNP-IgE injected i.d. into the ear and challenged by systemic application of 

DNP-HSA 24 hours later. The secreted early mast cell mediators induce extravasation of 

plasma from the blood vessels causing swelling of the ear. To evaluate the acute allergic 

reaction, ear swelling was determined by measurement of ear thickness with a micrometer 

thickness gauge before and at various intervals after the challenge.  

The i.d. injection of IgE or PBS induced a slight swelling of the ear, due to the injury of the 

tissue (Figure 25). The DNP-HSA challenge induced a rapid and pronounced swelling of the 

IgE sensitised ears but not of PBS-treated control ears in WT and Bg-J mice. Most 

importantly, Bg-J mice exhibited significantly enhanced swelling of the ears compared to WT 

mice. Maximum swelling was measured at 30 minutes after the challenge and was slightly 

increased in Bg-J mice ( ear swelling: 96 µm) compared to WT mice ( ear swelling: 68 

µm). The receding of the swelling between 30 minutes and 1h was more pronounced in WT 

mice, and consequently swelling of the ears was significantly more severe in Bg-J mice. 

Between 1h and 4h after challenge, the receding of the swelling was more pronounced in Bg-J 

mice. The swelling was almost vanished to a similar level in WT and Bg-J mice at 4h after 

challenge and barely changed until 6h. 

Thus, the data from the PCA model indicate a stronger immediate allergic response in Bg-J 

mice, which is in line with the enhanced temperature response that was observed in the PSA 

model (chapter 9.2.1). 
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Figure 25. Enhanced acute phase reaction during passive cutaneous 
anaphylaxis in Lyst-mutant Bg-J mice 

WT and Bg-J mice were injected i.d. with 50 ng DNP-IgE or control treated and challenged 24 hours 
later with 100 µg DNP-HSA (AG). PCA was monitored by measuring the ear swelling before i.d. 
injection and several times following antigen administration. Figure shows difference in ear swelling. 
Statistical test 2 WAYS ANOVA. Pooled data of three independent experiments with a total of 20 
stimulated WT ears and 18 Bg-J ears as well as 4 WT and 2 Bg-J ears for PBS control. Bars indicate 
mean ± SEM. + p <0.05; ++ p< 0.01. 

 

The secreted newly synthesised mast cell mediators recruit blood-borne leukocytes to 

infiltrate the reaction site, causing the late phase allergic reaction (Solley et al., 1976). 

Particularly mast cell-derived TNF induces neutrophil influx at the reaction site (Wershil et 

al., 1991). To assess the severity of the late phase reaction, the number of infiltrating Gr1+ 

cells was analysed by FACS at 6 hours after challenge.  

Resident dendritic cells (Gr1-, CD11c+; Figure 26A) were analysed as preparation control and 

were found to be at similar levels in stimulated ears and PBS control, as well as in WT and 
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Figure 26. Reduced second phase reaction during passive cutaneous 
anaphylaxis in Lyst-mutant Bg-J mice 

WT and Bg-J mice were injected i.d. with 50 ng DNP-IgE or control treated and challenged 24 hours 
later with 100 µg DNP-HSA (AG). (A) FACS analysis to investigate the cell infiltration during the late 
phase allergic reaction in the PCA model at six hours after DNP-HSA challenge. Upper panel 
represents a PBS control ear; lower panel represents an ear from a WT mouse after PCA. Cells were 
gated for Gr1 and CD11c surface expression. Infiltrating cells Gr1

+
, CD11c

-
; resident cells Gr1

-
, 

CD11c
+
. (B) Resident DCs (Gr1

-
, CD11c

+
) and (C) infiltrating cells (Gr1

+
, CD11c

-
) at 6h after DNP-

HSA challenge in percent. Each dot represents one ear. Statistical test Mann Whitney U. (B) (C) 
Pooled data of three independent experiments with a total of 20 stimulated WT ears and 18 Bg-J ears 
as well as 4 WT and 2 Bg-J ears for PBS control. Bars indicate mean ± SEM. + p <0.05; ++ p< 0.01. 

 

9.2.3 Reduced blood concentration of mast cell mediators in Bg-J mice during passive 

systemic anaphylaxis 

The observed enhanced acute allergic reaction in Bg-J mice during PSA (see Section 9.2.1) 

and PCA (see Section 9.2.2), suggested that higher secretion levels of mast cell mediators 

may be responsible for the stronger response. To this end, blood concentration of the early 

mast cell-specific mediator mast cell protease 1 (MCP-1) was detected during PSA. WT and 

Bg-J mice were systemically sensitised with 2 µg DNP-IgE one day prior antigen 

stimulation. MCP-1 serum levels were assessed 10 minutes after challenge by sandwich 

WT Bg-J WT Bg-J
0

1

2

3

4 +

PBS + AG IgE + AG

G
r1

+
,C

D
1
1
c

-
in

fi
lt

ra
te

s
 [

%
]

WT Bg-J WT Bg-J
0

1

2

3

4

PBS + AG IgE + AG

G
r1

- ,C
D

1
1
c

+
re

s
id

e
n

t 
[%

]

CD11c

G
r1

in
fi

lt
ra

te
s

resident

PBS + AG

IgE + AG

A)

B)

C)



-  Results - 

- 86 - 

 

ELISA (Figure 27A). In PBS controls of sensitised WT and Bg-J mice, a low and similar 

concentration of MCP-1 was measured. However, the induction of MCP-1 after the DNP-

HSA challenge was unexpectedly significantly diminished in Bg-J mice (MCP-1: 27 ng/ml) 

compared to the WT mice (MCP-1: 56 ng/ml).  

MCP-1 has so far not been directly linked to the temperature response and is only 

representative for the degranulation of mucosal type mast cells (Schwartz, 1994). The mast 

cell mediator histamine has been suggested to be a major mediator for the temperature 

response during the acute allergic reaction (Makabe-Kobayashi et al., 2002). Therefore, 

concentrations of released histamine in the blood plasma were assessed by competitive 

ELISA. Due to the fast turnover of histamine, EDTA–plasma was gained 2 minutes after 

challenge. Histamine levels of PBS controls from IgE sensitised WT and Bg-J mice were 

below 500 nM (data not shown). Stimulation with DNP-HSA induced high levels of blood 

histamine in WT mice (histamine: 9.1 µM) but only modest induction of blood histamine 

levels in Bg-J mice (histamine: 4.3 µM) (Figure 27B). These data are reminiscent of the 

reduced levels of MCP-1 observed in Bg-J mice after DNP-HSA challenge. 

Taken together, compared to WT mice, in Bg-J mice approximately 50% of histamine and 

MCP-1 were detected in the blood after a systemic FcR1-mediated allergic mast cell 

response. The decreased concentration of these mast cell mediators was unexpected and is 

counterintuitive to the enhanced acute phase of anaphylaxis in Bg-J mice, suggesting at least 

two independent mechanisms by which these allergic responses are induced.  
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Figure 27. Reduced blood concentration of early mast cell mediators during 
passive systemic anaphylaxis in Lyst-mutant Bg-J mice 

WT and Bg-J mice were injected i.v. with 2 µg DNP-IgE and challenged 24 hours later with 200 µg 
DNP-HSA (AG) or control treated. (A) Blood was gained 10 minutes after challenge by cardiac 
puncture. Mast cell protease 1 (MCP-1) concentration in the serum was assessed by ELISA. (B) Blood 
was gained two minutes after challenge by cardiac puncture. EDTA-plasma was acetylated and 
acetylated histamine concentration was assessed by competitive ELISA. (A) (B) Data is pooled from 
three independent experiments. Statistical test Mann Whitney U. Bars indicate SEM. + p <0.05; +++ p 
< 0.001.  

 

9.2.4 Normal in vivo degranulation of peritoneal mast cells in Bg-J mice during PSA 

Reduced concentrations of mast cell mediators in Bg-J mice (see Section 9.2.3) could be 

caused by decreased numbers of mast cells. However, previous publications on mast cells in 

Bg-J mice have not reported any changes in numbers, nor a development of Bg-J mast cells in 

the tissue (Chi and Lagunoff, 1975; Chi et al., 1978; Galli et al., 1993). Furthermore, 

unpublished histological investigations have also not shown any alterations in the number or 

distribution of Bg-J mast cells in the tissue (Dr. Zane Orinska, Research Center Borstel, 

personal communication). Hence, as there are no indications that Bg-J mice have decreased 

numbers of mast cells, Lyst-mutant Bg-J mast cells might alternatively be impaired in 

degranulation. Mast cells allocate to all vascularised tissues of the body, as well as to the 

peritoneum. These peritoneal mast cells were utilised as a representative mast cell population 

to determine the degree of degranulated mast cells during PSA. A well-described temporary 

marker for mast cell degranulation is the surface expression of lysosomal associated 

membrane protein 1 (Lamp1), which can easily be assessed by FACS analysis. Thus, cells 

were harvested from the peritoneum at 10 minutes after PSA induction (see Section 9.2.1) and 

analysed by FACS. Peritoneal mast cells (PMCs) were identified by FcR1+ and CD117+ 
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surface expression (Figure 28A). Degranulated PMCs were determined by Lamp1 surface 

expression (Figure 28C). 

 

 
Figure 28. Normal degranulation of peritoneal mast cells in Lyst-mutant Bg-J 
mice during PSA 

WT and Bg-J mice were injected i.v. with 2 µg DNP-IgE and challenged 24 hours later with 200 µg 
DNP-HSA (AG) or control treated. Peritoneal cells were harvest 10 minutes after challenge by lavage 
and were analysed by FACS. (A) FACS analysis of peritoneal lavage cells to identify mast cells by 

CD117 and FcR1 surface expression. Gate indicates peritoneal mast cells (CD117
+
; FcR1

+
). (B) 

Percentage of peritoneal mast cells in the lavage of untreated WT and Bg-J mice. (C) FACS analysis 
of peritoneal mast cells for Lamp1 surface expression as marker for degranulation. Gate indicates 
Lamp1+ (=degranulated) mast cells. (D) Percentage of degranulated Lamp1

+
 peritoneal mast cells. 

Data is pooled from three independent experiments. Statistic Mann Whitney U test. Bars indicate 
SEM. 
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PMCs were detected in WT and Bg-J mice (percentage of Lamp1+ PMCs: WT 37.1 % vs. Bg-

J 35.1 %) (Figure 28D). 

In summary, the histological data kindly communicated by Dr. Zane Orinska and this study’s 

findings indicate similar mast cell numbers in WT and Bg-J mice. Furthermore, comparable 

numbers of PMCs degranulate in WT and Bg-J mice during PSA. These findings indicate that 

mast cell distribution and sensitivity to FcR1-triggering are similar between WT and Bg-J 

mice.  

 

9.2.5 Normal in vitro degranulation of WT and Bg-J bone marrow-derived mast cells 

Numbers of degranulating mast cells were similar between WT and Bg-J mice during PSA 

(cf. Section 9.2.4), however different quantities of mediators could be released on a per-cell 

basis. Thus, mediator release was directly assessed by functional in vitro studies using WT 

and Bg-J bone marrow-derived mast cells (BMMCs).  

Intracellular staining and confocal microscopy showed enlarged Lamp1+ subcellular 

compartments (Figure 29A) and enlarged histamine-containing granules (Figure 29B) in Bg-J 

BMMCs, a diagnostic feature of the Lyst mutation in CHS. Differentiation of WT and Bg-J 

BMMCs appeared normal, as indicated by equal surface expression of the maturation markers 

T1/ST2, FcR1, and CD117 (Orinska et al., 2010) analysed by FACS (Figure 29C). Mast cell 

degranulation was induced by sensitisation of BMMCs with DNP-IgE and subsequent 

stimulation with DNP-HSA. Degranulation of BMMCs was assessed by Lamp1+ surface 

expression, which was analysed by FACS 10 minutes after challenge (Figure 29D). 

Interestingly, in degranulated (= Lamp1+) Bg-J BMMCs, the mean fluorescence intensity of 

Lamp1 at the cell surface was decreased in all experiments (data not shown). However, the 

percentage of degranulated cells was comparable between WT and Bg-J BMMCs and 

increased similarly in WT and Bg-J cells with increasing concentrations of DNP-HSA (Figure 

29D).  

In summary, Bg-J BMMCs show enlarged granules, a diagnostic feature for CHS, and exhibit 

normal sensitivity to FcR1 stimulation.  
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Figure 29. Lyst-mutant Bg-J bone marrow-derived mast cells have enlarged 

granules and exhibit normal sensitivity to FcR1-stimulation. 

(A)(B) Confocal microscopy images of bone marrow-derived mast cells (BMMCs). Left: DIC image, 5 
µm scale bar; right: fluorescence image showing intracellular staining for Lamp1 (A) or histamine (B). 
(C) WT and Bg-J BMMCs were analysed for surface expression of maturation markers by FACS. IL-

33-receptor (T1/ST2), Fc-receptor1 (FcR1), SCF membrane receptor tyrosine kinase 1 c-Kit 

(CD117), fluorescence intensity (FI). (D) WT and Bg-J BMMCs were sensitised with 0.2 µg/ml DNP-
IgE overnight and challenged with DNP-HSA or control treated. Degranulation was assessed by FACS 
10 minutes after challenge by analysing the percentage of Lamp1 surface expression. Pooled data 
from nine different Bg-J and WT BMMCs cultures investigated in three independent experiments. 
Statistical test 2 WAYS ANOVA. Bars indicate mean ± SEM. 
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While the percentage of degranulated Bg-J and WT BMMCs upon the FcR1 challenge was 

similar, the experiments described above allow no conclusions about the amount of secreted 

mediators. Therefore, FcR1-stimulated mediator-release was quantified in the following 

experiments.  

During degranulation, mast cells release a large variety of pre-stored proteins with enzymatic 

function. A classic marker for mast cell degranulation is the enzyme -hexosaminidase. The 

percentage of mast cell degranulation was calculated using the ratio between released -

hexosaminidase in the culture supernatant and remaining -hexosaminidase in the whole cell 

lysate (wcL). BMMCs were sensitised and challenged as described above. The amount of -

hexosaminidase was assessed by hydrolysis of p-nitrophenyl-N-acetyl--D-glucosamine and 

spectral detection of the cleavage product.  

In whole cell lysates of unstimulated WT and Bg-J BMMCs, similar levels of -

hexosaminidase activity were detected (Figure 30A), indicating that the total content of -

hexosaminidase is comparable between WT and Bg-J BMMCs. Challenging IgE-sensitised 

WT and Bg-J BMMCs with increasing concentrations of DNP-HSA showed classic 

degranulation curves that were similar between the two genotypes (Figure 30B). Raising 

DNP-HSA concentrations from 0 to 33 ng/ml resulted in a proportional increase in the 

amount of -hexosaminidase released into culture supernatants. Stimulation with 100 ng/ml 

DNP-HSA induced a maximum release of -hexosaminidase (~ 66 %) in both WT and Bg-J 

BMMCs. Higher DNP-HSA concentrations (300 and 900 ng/ml) resulted in a decrease in -

hexosaminidase release (~ 63 % and ~ 48 %, respectively). Taken together, at tested antigen 

concentrations ranging from 0 - 900 ng/ml, WT and Bg-J BMMCs secreted comparable 

amounts of -hexosaminidase. 

As an additional parameter, the release of the critical mast cell mediator histamine to culture 

supernatants of WT and Bg-J BMMCs was assessed. BMMCs were sensitised and challenged 

with DNP-HSA as described above. After challenge, histamine release was measured by 

competitive ELISA of acetylated supernatants. Reminesecent of the -hexosaminidase assay, 

BMMCs released histamine in typical dose-response curves after DNP-HSA challenge, and 

showed no significant difference between WT and Bg-J BMMCs (Figure 30C). Histamine 

release was directly dose-dependend on DNP-HSA concentrations in the range from 5 to 100 

ng/ml. Maximal histamine release (WT: 155 ng / 10^6 BMMCs; Bg-J: 152 ng / 10^6 

BMMCs) was observed at 100 ng/ml DNP-HSA and was decreased at 1000 ng/ml DNP-HSA.  
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In addition to granule-associated mediators, lipid-derived mast cell mediators also have a 

significant impact on the immediate allergic reaction. For example, mast cell-derived 

prostaglandin D2 (PGD2) causes vasodilatation and bronchoconstriction. Therefore, FcR1-

mediated production of PGD2 was analysed in WT and Bg-J BMMCs. PGD2 levels were 

assessed by ELISA 20 minutes after DNP-HSA challenge in culture supernatants. Stimulation 

of IgE-sensitised WT and Bg-J BMMCs with DNP-HSA induced a strong production of 

PGD2 (Figure 30D). No significant differences in PGD2 production were observed between 

WT and Bg-J BMMCs (two different DNP-HSA concentrations were tested).  

In summary, Bg-J BMMCs display normal sensitivity to FcR1-challenge. Furthermore, 

release of all three different mast cell mediators that have been analysed was also normal in 

Bg-J BMMCs. These data suggest that enhanced PSA (see Section 9.2.2) in Bg-J mice is not 

due to enhanced degranulation or enhanced production of prostaglandin by mast cells. 
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Figure 30. Normal release of early mast cell mediators from Lyst-mutant Bg-J 
bone marrow-derived mast cells 

WT and Bg-J bone marrow-derived mast cells (BMMCs) were sensitised with 0.2 µg/ml DNP-IgE 

overnight and challenged with DNP-HSA or control treated. (A) Total -hexosaminidase activity of 

unstimulated BMMCs whole cell lysates (n=27; 12 independent experiments). (B) FcR1-mediated -

hexosaminidase release. Mast cell degranulation was assessed by comparing -hexosaminidase 
activity in supernatants and whole cell lysates 10 minutes after DNP-HSA challenge (n=6; 3 

independent experiments). (C) FcR1-mediated histamine release was assessed in culture 
supernatants 10 minutes after DNP-HSA challenge (n=4; 2 independent experiments). (D) 
Prostaglandin D2 (PGD2) concentration in culture supernatants 20 minutes after DNP-HSA challenge 
(n=4; 2 independent experiments). Statistical test students’ t test (A) and 2 WAYS ANOVA (C-D). Bars 
indicate mean ± standard error. 
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9.2.6 Lyst-mutant Bg-J bone marrow-derived mast cells exhibit impaired cytokine 

secretion 

The second phase reaction during passive cutaneous anaphylaxis was impaired in Bg-J mice 

(see Section 9.2.2). As the second phase reaction is induced by infiltrating immune cells, 

which are recruited by mast cell-derived cytokines, WT and Bg-J BMMCs were tested for 

their ability to secrete cytokines. To this end, WT and Bg-J BMMCs were sensitised with 

DNP-IgE and stimulated with DNP-HSA 24 h later. The secretion of the late mast cell-

derived mediators TNF and IL-6 into culture supernatants was measured by ELISA at four 

hours after challenge (Figure 31A, B). Strong secretion of newly synthesised TNF and IL-6 

was detected in supernatants of DNP-HSA stimulated BMMCs, but not in the untreated 

controls. However, in Bg-J BMMCs the secretion of TNF and IL-6 was clearly reduced 

compared to WT BMMCs. This finding is consistent with previous experiments in our lab.  

To dissect whether reduced cytokine levels in supernatants from Lyst-mutant cells were due to 

defects in exocytic processes or due to impaired de novo cytokine production, WT and Bg-J 

BMMCs were stimulated via FcR1 in the presence of the Golgi Inhibitor Brefeldin A, which 

blocks protein secretion. Total cellular cytokine production was subsequently examined by 

intracellular flow cytometry. Stimulating WT and Bg-J BMMCs with DNP-HSA induced a 

dose-dependent production of TNF(Figure 32A, C) and IL-6 (Figure 32B, D). However, no 

significant difference in total intracellular cytokine production was observed between WT and 

Bg-J BMMCs. 

Thus, Bg-J BMMCs display normal de novo cytokine synthesis, but show defects in cytokine 

secretion. As secretory processes are mediated by tightly regulated vesicle trafficking events, 

this observation is in line with the reported role of Lyst in the regulation of membrane 

trafficking. Furthermore, the reduced cytokine secretion is probably the reason for the 

impaired cell infiltration during the late phase of passive cutaneous anaphylaxis in Bg-J mice. 
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Figure 31. Impaired secretion of cytokines in Lyst-mutant Bg-J bone marrow-
derived mast cells 

WT and Bg-J bone marrow-derived mast cells (BMMCs) were sensitised overnight with 0.2 µg/ml 

DNP-IgE and challenged with DNP-HSA or control treated. TNF (A) and IL-6 (B) secretion into cell 
culture supernatants was assessed 4 h after challenge by ELISA. Data are representative for two 
independent experiments (n=4).  
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Figure 32. Normal de novo synthesis of cytokines in Lyst-mutant Bg-J bone 
marrow-derived mast cells 

WT and Bg-J bone marrow-derived mast cells (BMMCs) were sensitised overnight with 0.2 µg/ml 

DNP-IgE and were challenged with DNP-HSA or control treated. The Golgi Inhibitor Brefeldin A was 

supplemented during the stimulation, to block protein secretion. TNF (A, C) and IL-6 (B, D) 
production was assessed 4 h after challenge by intracellular FACS analysis. (A, B) Gates indicate de 
novo synthesised cytokines. (C,D) Normalised intracellular cytokine production as indicated in A and 
B. The geometric mean (total) of the unstimulated conditions was averaged per experiment and 
utilised for blank reduction. Averaged Geometric mean fluorescence intensity (GeoMFI) from each 

experiment of TNF+
 or IL-6

+
 cells of the 20 ng/ml DNP-HSA stimulation was set as 100%. GeoMFI 

(total) from each stimulation condition was referred to this range. Plots show pooled data of (C) n=10 
and (D) n=6. 

0 5 10 20 20
0

20

40

60

80

100

120 WT

Bg-J

TNF+
total GeoMean

DNP-HSA [ng/mL]

re
la

ti
v
e
 T

N
F


 p
ro

d
u

c
ti

o
n

n
o

rm
a
li

z
e
d

 G
e
o

M
e
a
n

 [
%

]

C) D)

A) WT Bg-J 

m
o

d
e

TNF

TNF+

10 ng/ml

20 ng/ml

unst.

B) WT Bg-J

m
o

d
e

IL-6

IL6+

10 ng/ml

20 ng/ml

unst.

0 5 10 20 20
0

20

40

60

80

100

120 WT

Bg-J

IL-6
+

total GeoMean

DNP-HSA [ng/mL]

re
la

ti
v
e
 I
L

- 
6
 p

ro
d

u
c
ti

o
n

n
o

rm
a
li
z
e
d

 G
e
o

M
e
a
n

 [
%

]

DNP-HSA [ng/ml] DNP-HSA [ng/ml]

re
la

ti
v
e

 T
N

F


 p
ro

d
u

c
ti

o
n

n
o

rm
a

li
z
e

d
 G

e
o

M
F

I 
[%

]

re
la

ti
v
e

 I
L

-6
 p

ro
d

u
c

ti
o

n
n

o
rm

a
li

z
e

d
 G

e
o

M
F

I 
[%

]



-  Results - 

- 97 - 

 

9.2.7 Similar passive systemic anaphylaxis in Kit
W-sh/W-sh

 mice reconstituted with WT or 

Bg-J BMMCs 

The in vitro analysis of bone marrow-derived mast cell cultures is a well-established and 

powerful experimental tool to study mast cell effector functions, however, as a cell culture 

system it does not reflect all aspects of the more complex physiological in vivo situation. 

Thus, to directly evaluate whether enhanced systemic anaphylaxis in Bg-J mice depends on 

loss of functional Lyst in mast cells or on mast cell-independent (= tissue-mediated) effects, 

mast cell-deficient Kit
W-sh/W-sh mice were reconstituted with WT and Bg-J BMMCs. Eight 

weeks after transfer, when the transferred cells were fully differentiated in vivo, the mice were 

subjected to passive systemic anaphylaxis (PSA). To this end, they were sensitised with 

DNP-IgE and were challenged 24 hours later by DNP-HSA injection. PSA was then 

assessed by monitoring changes in body temperature (Figure 33). Normal (i.e., not 

reconstituted) Kit
W-sh/W-sh mice were utilised as a negative control. In these control mice, no 

drop in body temperature was detected after sensitisation and antigenic challenge. However, 

in Kit
W-sh/W-sh mice reconstituted with WT or Bg-J BMMCs, DNP-HSA injection resulted in 

an immediate drop in body temperature. In mice reconstituted with WT BMMCs, a maximal 

temperature drop was observed at 20 minutes ( 2.05 °C). After 60 minutes, mice 

reconstituted with WT BMMCs had almost recovered from the early anaphylactic response. 

The temperature response of mice reconstituted with Bg-J BMMCs was very similar to mice 

reconstituted with WT BMMCs. They also reached the maximal drop in body temperature 

between 15 - 20 minutes ( 1.93 °C). Although the recovery phase of mice reconstituted with 

Bg-J BMMCs appeared to be minimally delayed compared to mice reconstituted with WT 

BMMCs, no statistically significant difference could be detected between the two groups. 

Thus, the temperature responses during PSA in Kit
W-sh/W-sh mice reconstituted with WT 

BMMCs or Bg-J BMMCs were statistically comparable. 

Reconstitution efficiency was controlled by analysing the frequency of mast cells in the 

spleen (Gr1-, ST2+, CD117+, FcR1+) and peritoneum (CD117+, FcR1+) 60 minutes after 

challenge by FACS. In the peritoneal lavage of Kit
W-sh/W-sh mice reconstituted with either Bg-J 

BMMCs or WT BMMCs, similar frequencies of mast cells were observed (data not shown). 

Although only very low frequencies of mast cells were observed in the spleen of reconstituted 

Kit
W-sh/W-sh mice, the frequencies were higher upon reconstitution with Bg-J BMMCs than 

with WT BMMCs (WT: 0.047 % ± 0.003 SEM; Bg-J: 0.144 % ± 0.020 SEM; MWU test p < 

0.03). Despite slightly higher numbers of mast cells, Kit
W-sh/W-sh mice reconstituted with Bg-J 
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BMMCs show normal temperature responses (Figure 33A). This preliminary observation 

suggests that the enhanced early allergic reaction in Bg-J mice (see Sections 9.2.1 and 9.2.2) 

is a mast cell independent phenotype. 

 

 
Figure 33. Passive systemic anaphylaxis in KitW-sh/W-sh mice reconstituted with 
WT or Bg-J BMMCs 

Kit
W-sh/W-sh

 mice were systemically reconstituted with WT or Bg-J BMMCs. Untreated control and 

reconstituted Kit
W-sh/W-sh

 mice were injected i.v. with 2 µg DNP-IgE and challenged 24 hours later with 
200 µg DNP-HSA. PSA was monitored by measuring the rectal temperature several times following 
antigen administration. Data are expressed as means ± SEM from one experiment with 4 mice per 
group (1 non-reconstituted Kit

W-sh/W-sh
 mouse is shown as control). Statistical test 2 WAYS ANOVA. 

 

9.2.8 Enhanced anaphylactic response of Bg-J mice to a mixture of mast cell mediators 

Unlike Bg-J mice (see Section 9.2.1), Kit
W-sh/W-sh mice reconstituted with Bg-J BMMCs (see 

Section 9.2.6) do not exhibit enhanced anaphylactic responses compared to WT controls. This 

suggests a tissue-dependent effect due to increased sensitivity of Bg-J mice to mast cell-

derived early mediators. One of the predominant mast cell-derived allergic mediators is 

histamine. Thus, to evaluate tissue responsiveness of WT and Bg-J mice to this important 

mast cell mediator, mice were directly challenged by a retrobulbar injection of histamine. As 

readout for the ‘allergic’ response, changes in body temperature were assessed by rectal 

measurements (Figure 34A). 

The maximal drop in body temperature was observed after 20 minutes in WT ( of 2.16 °C) 

and Bg-J mice ( of 2.17 °C), and both strains of mice had almost recovered at 60 minutes 

after challenge. The almost perfect overlap of the temperature responses of WT and Bg-J mice 
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strongly indicates a normal sensitivity of Bg-J mice to histamine. Upon FcR1 stimulation, 

mast cells released a multitude of other allergic mediators in addition to histamine. Therefore, 

the response of WT and Bg-J mice to pre-stored and lipid-derived mast cell mediators was 

investigated in a more general approach. To this end, WT BMMCs were sensitised with IgE 

and stimulated with DNP-HSA in vitro. The cell culture supernatant, containing a mixture of 

early mast cell-derived mediators, was harvested 20 minutes after stimulation. WT and Bg-J 

mice were then immediately challenged with this mast cell mediator-containing supernatant 

by retrobulbar injection and changes in body temperature were assessed by rectal 

measurements (Figure 34B). 

WT control mice that were challenged with normal medium showed no temperature response. 

However, the administration of cell culture supernatant containing early mast cell-derived 

mediators induced a pronounced temperature drop in WT and Bg-J mice. The maximal 

temperature drop was observed after 25 minutes in WT ( of 3.16 °C) and Bg-J mice ( of 

3.60 °C). Matching the average temperature response areas of WT and Bg-J mice challenged 

with the same supernatant revealed a significantly enhanced sensitivity of Bg-J mice to early 

mast cell-derived mediators (Figure 34C). In detail, in Bg-J mice the overall temperature 

response was six times notably increased and three times similar compared to WT mice 

challenged with the same supernatant. These data indicate that Bg-J mice respond normally to 

histamine, but compared to WT mice, they exhibit stronger responses to mast cell mediator-

containing supernatant from stimulated BMMCs.  

To conclude, this study demonstrates that the immediate allergic reaction is enhanced in Bg-J 

mice. However, extensive in vitro and in vivo investigation indicated normal mast cell 

responses in Bg-J mice. The enhanced anaphylactic reaction is due to an enhanced mast cell 

independent, tissue-mediated response to a mixture of early mast cell-derived mediators. The 

causative mast cell-derived mediator has not yet been identified, but histamine can be 

excluded. Moreover, while granule exocytosis was normal in Lyst-mutant Bg-J mast cells, 

secretion of de novo synthesised cytokines was impaired. Impaired mast cell-derived cytokine 

secretion in Bg-J mice might be the cause for the reduced cell infiltration during the late 

anaphylactic response.  
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Figure 34. Physiological response of Bg-J mice to early mast cell mediators 

(A) WT and Bg-J mice were challenged with 5.4 µmol histamine by retrobulbar injection and the 
anaphylactic response was monitored by measuring the rectal temperature. Pooled data from three 
independent experiments with a total of 12 WT and 13 Bg-J mice. Statistical test 2 WAYS ANOVA. (B) 

WT bone marrow-derived mast cells were challenged via FcR1 cross linkage in vitro. After 20 
minutes of stimulation, cell culture supernatant was harvested and immediately injected (retrobulbar) 
into WT and Bg-J mice. The anaphylactic response was monitored by measuring the rectal 
temperature several times following mediator administration. Pooled data from five independent 
experiments with a total of 11 WT and 13 Bg-J mice and, as control, 2 WT mice injected with normal 
cell culture medium. Shading indicates area under the curve (AUC) utilised for matching the 
integrative temperature responses in (C). (C) Integrative temperature response areas (AUC) matched 
by the particular cell culture supernatant. * number of individuals averaged in this data point. Statistical 
test Wilcoxon sign rank test. Bars indicate SEM. + p < 0.05. 
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10 Discussion 

In my thesis, I investigated how regulation of membrane trafficking, as a fundamental 

principal of cell biology, shapes immune receptor signalling and innate immune responses. In 

my study, I utilised Lyst-mutant Bg-J mice as a model to investigate (1) how the membrane 

trafficking regulator Lyst controls endosomal trafficking and intracellular TLR-signalling 

pathways, and (2) how Lyst affects secretory processes and mast cell-mediated allergic 

reactions.  

 

10.1 The role of Lyst in innate immune cell signalling 

Receptor signalling occurs not only at the plasma membrane, but can also be activated at 

intracellular compartments after receptor internalisation or upon binding of receptors to 

intracellular ligands. Thus, an emerging paradigm in cell signalling research is that membrane 

trafficking can control receptor signalling events (Sorkin and von Zastrow, 2009). Recent 

studies have indicated that signalling induced via TLRs, which recognise pathogens and 

trigger inflammatory responses, is also regulated by membrane trafficking events (Barton and 

Kagan, 2009; Kagan, 2012; Sorkin and von Zastrow, 2009). Previous studies in our lab, both 

in vitro and in vivo, have revealed that mutation of Lyst causes an impaired activation of the 

endolysosomal TLR3- and TLR4-mediated TRIF/IRF3 signalling pathway. Although most 

molecular components involved in TLR signalling are characterised, still little is known about 

the precise subcellular localisation of intracellular TLR signalling. In my thesis I identified 

the so far elusive signal transducing organelle and characterised Lyst-mediated regulation of 

endosomal/phagosomal trafficking and its influence on TRIF-dependent TLR signalling. 

My data demonstrate that TLR4-mediated TRIF signalling occurs at Rab7+ late endosomal 

compartments and that Rab7 itself is crucial for TLR3- and TLR4-mediated TRIF signalling. 

Strikingly, dysfunction of Lyst causes reduced formation of Rab7+ phagosomal compartments 

and thus results in impaired activation of the downstream signalling molecules involved in the 

TRIF-mediated TLR4 signalling pathway. Thus, my study demonstrates that Lyst affects 

endosomal TLR signalling by interfering with specific checkpoints of endosomal/phagosomal 

trafficking. 

In my thesis, uptake of bacteria and phagosomal acidification was found to be normal in Lyst-

mutant macrophages. This indicates that Lyst is not required for the initial phagocytic uptake 

of bacteria, which is consistent with previous work in different species including humans, 
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mice, dictyostelium, and drosophila (Harris et al., 2002; Mahoney et al., 1980; Rahman et al., 

2012). The observed normal phagosomal acidification in Lyst-mutant macrophages is in line 

with earlier work in mauve (Lyst homologue) mutant drosophila cells (Rahman et al., 2012). 

Furthermore, whole bacteria also engage other TLRs besides TLR4 and thus could induce 

additional TRIF-independent endocytotic trafficking pathways. In prior studies in our research 

group, these TRIF-independent pathways were shown to be normal in Lyst-mutant cells. 

Therefore, LPS-coated beads were used in the current study as surrogate bacteria to 

specifically address TLR4-mediated endosome/phagosome maturation. Different modes of 

phagosome maturation have been observed in macrophages and dendritic cells, constitutive 

phagosomal pathways and TLR signal-dependent inducible pathways (Blander and 

Medzhitov, 2004). However, phagosomal acidification is a common feature of phagosome 

maturation and the assessment of acidification might not resolve distinct phagosomal 

maturation pathways in Lyst-mutant cells.  

Besides phagosomal acidification, a key feature during endosomal/phagosomal maturation 

and cargo transport is the loss of early endosomal markers, such as EEA1, and acquisition of 

the late endosomal marker Rab7 (Rink et al., 2005). My data show that Lyst interferes with 

specific checkpoints of phagosomal trafficking. I showed that in Lyst-mutant macrophages the 

association of Rab7 was largely reduced at phagocytosed LPS-beads whereas the association 

of EEA1 was normal. The reduced numbers of Rab7+ late endosomal compartments 

containing LPS-beads in Lyst-mutant macrophages indicates that Lyst is essential for the 

formation and stabilisation of the Rab7+ late endosomal compartment. I also observed that in 

WT macrophages LPS-coated beads were guided into Rab7+ compartments far more 

efficiently than plain beads, which indicates an active cellular process induced by immune 

recognition of LPS. The loss of EEA1 and normal phagosomal acidification in Lyst-mutant 

cells indicate specific defects in Rab7 recruitment. This suggests that in Lyst-mutant cells 

phagosomal cargo skips or passes the Rab7+ compartment quickly and is transported into 

lysosomes (see model in Figure 35). This idea is further supported by prior work by Kypri et 

al., who have shown that the Lyst orthologous in Dictyostelium (LvsB) localises to Rab7+ 

vesicles and controls Rab14 (Kypri et al., 2013, 2007). This suggests that Lyst regulates late 

endosomal trafficking directly via Rab7 or indirectly via Rab14. It has also been shown that 

active Rab14 on the phagosomal membrane blocks fusion with lysosomes (Kuijl and Neefjes, 

2009). Furthermore, LvsB has been suggested to be a negative regulator of vesicle fusion 

(Falkenstein and De Lozanne, 2014). Therefore, it could be that Lyst stabilises signal 
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transducing Rab7+ compartments by preventing further fusion steps with lysosomal 

compartments. 

Importantly, my findings further show that the multiprotein signalling complex required for 

active TRIF signalling (= TRIF-signalosome) localises to Rab7+ phagosomes in an LPS-

dependent manner. In particular, I could directly visualize accumulation and activation (= 

phosphorylation) of TBK-1, a key mediator of the TRIF/IRF3 pathway (Fitzgerald et al., 

2003), occurs predominantly at Rab7+
 phagosomal compartments containing LPS-beads. In 

addition, my thesis shows that dysfunction of Lyst causes reduced activation of TBK-1. 

Together, these data suggest that complete assembly and activation of the TRIF-signalosome 

requires Rab7+
 endosomal/phagosomal compartments as signalling platform to mediate IRF3-

phosphorylation. The relatively late timing of TRIF-mediated IRF3 activation also points to a 

late endosomal/lysosomal compartment for IRF3-activation, as maximal TRIF-mediated IRF3 

phosphorylation was observed between 45 and 60 min At this time point, 

phagosomal/endosomal vesicles have already passed the EEA1+ early stages and progressed 

to Rab7+ late stages. Furthermore, by utilising siRNA-mediated gene knock-down in primary 

macrophages, I demonstrated that Rab7 itself is crucial in TLR3- and TLR4-mediated TRIF 

signalling. Together, these data obtained from primary immune cells indicate that IRF3 

activation does not occur at early endosomal stages as proposed in previous overexpression 

studies (Kagan et al., 2008; Palsson-McDermott et al., 2009), but specifically occurs at Rab7+ 

late endosomal compartments.  

The findings of the current study together with prior research data (Kagan et al., 2008; 

Palsson-McDermott et al., 2009; Tanimura et al., 2008) lead to a hypothetical model, in 

which TLR3- and TLR4-mediated TRIF signalling is influenced by membrane trafficking 

(Figure 35). In my study dysfunction of Lyst disturbs membrane trafficking pathways 

required for TRIF-dependent TLR3, -4 signalling and consequently results in reduced 

activation of IRF3. My findings and data from overexpression studies, carried out by Kagan et 

al. (2008) and Tanimura et al. (2008), suggest a sequential and compartment-dependent 

acquisition of the molecular components involved in the TRIF-signalosome. Tanimura et al. 

(2008) have shown that overexpressed TRAM can associate to activated TRL4 at the plasma 

membrane, suggesting to be the first step of the signalosome assembly required for TRIF 

signalling. Further overexpression studies from Kagan et al. (2008) and Palsson-McDermott 

et al. (2009) have proposed from indirect evidence that the intracellular TLR4/TRIF complex 

can form at Rab5+ early endosomal compartments. In this thesis utilising primary 
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macrophages I could directly visualise that the activation (= phosphorylation) of endogenous 

TBK-1, an essential downstream signalling event in the TRIF pathway, occurs at Rab7+ late 

endosomal compartments. The correlation of activation and subcellular localisation of the 

TLR4-mediated TRIF-dependent signalling cascade, suggests a stepwise control of 

localisation and association of adaptor proteins involved in formation of the signalosome. 

Furthermore, it seems that Lyst either facilitates TRIF-dependent signalling via Rab7 

recruitment, or prevents TRIF-dependent signalling shutdown by blocking the fusion of the 

Rab7+ compartment to lysosomes (see model in Figure 35).  

How Lyst controls Rab7 recruitment during phagosomal maturation/trafficking in innate 

immune cells, is currently unclear. No clear molecular functions of Lyst have been reported 

so far. Nevertheless, Lyst has been predicted to contain conserved protein domains that have 

been associated with specific functions. The pleckstrin homology (PH) domain reportedly 

associates with biological membranes via phosphoinositide binding and association to other 

PH domain containing proteins (Lemmon, 2005; Lemmon et al., 2002). Thus Lyst might 

influence the localisation of TLR sorting adaptors, which have been shown to be controlled by 

the interaction with phosphoinositides (Bonham et al., 2014). Moreover, it has been proposed 

that Lyst acts as an anchoring scaffold for molecules controlling membrane trafficking 

processes (Cullinane et al., 2013) via the predicted WD40 domain (Stirnimann et al., 2010) 

and ARM/HEAT repeats (Nagle et al., 1996). Furthermore, Lyst might regulate membrane 

trafficking by its proposed interaction with HRS protein, which acts on SNARE complexes 

and thereby influences vesicle fusion (Tchernev et al., 2002). Also, The WD40 domain in 

Lyst might be involved in controlling Rab7, since the specific Lyst-mutation in Bg-J mice 

affects the WD40 domain and, as shown in my thesis, results in dysregulation of Rab7.  

Finally, by utilising CRISPR/Cas9 mediated genome editing, I could demonstrate that the 

immunoregulatory function of LYST is conserved among humans and mice. This is indicated 

in my thesis by a reduced TLR3- and TLR4-mediated TRIF-dependent cytokine response in 

LYST-mutant human macrophage-like cells. My findings further show that in LYST-mutant 

human macrophage-like gene reporter cells the TRIF-mediated activation of genes regulated 

by IRF-dependent promoters are also reduced. As TRIF signalling is critical for host defence 

(Hyun et al., 2013), defects in this important TLR signalling pathways might contribute to the 

frequent and severe infections observed in patients with Chédiak-Higashi syndrome (CHS).  

Previous data by our research group have shown that dysfunction of Lyst results in impaired 

pro-inflammatory responses and protects from endotoxin induced septic shock. Similar 
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observations have been reported for dysfunction/knock-out of TRIF (Hyun et al., 2013), 

which supports the idea of Lyst regulating TRIF-dependent immune responses. TRIF-

dependent inflammatory responses are involved in anti-viral and anti-bacterial defence 

mechanisms triggered by TLR3 and TLR4 activation, but can also cause immunopathology 

and organ damage (Hyun et al., 2013). It was reported that TLR3 signalling contributes to the 

initiation of a proper immune response against Epstein-Barr virus (EBV) (Iwakiri et al., 2009) 

and that EBV infection seems to trigger the life-threatening lymphoma-resembling 

‘accelerated phase’ of CHS (Certain et al., 2000; Rubin et al., 1985). Therefore, it can be 

speculated that the impaired TLR3/TRIF-mediated anti-viral immune responses in CHS 

patients might facilitate EBV infections that in consequence trigger the ‘accelerated phase’.  

To gain deeper insights into the physiological function of Lyst, I used a CRISPR/Cas9 based 

knock-in approach to insert an EGFP and a FLAG tag at the C-terminus of the endogenous 

Lyst protein in a macrophage like cell line (data not shown). This Lyst-EGFP-FLAG 

expressing cell line could be utilised as an elegant experimental tool in future investigations to 

analyse the subcellular localisation of Lyst monitoring the EGFP-fluorescence signal by 

microscopy. In addition, the introduced FLAG-epitope could be utilised for co-immune 

precipitation experiments of Lyst and could help to identify interaction partners.  

Together, my findings obtained from the analysis of endogenous protein levels, give novel 

insights into the complex relationship between TLR signalling and endolysosomal trafficking. 

I provide evidence that late endosomal Rab7+ compartments are crucial as a signalling 

platform for optimal TRIF-dependent TLR3, -4 signalling. This study shows that regulation of 

membrane trafficking controls the assembly of multiprotein signalling complexes and thereby 

affects the induction of inflammatory responses. 
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Figure 35. Hypothetical model of Lyst’s influence on endosomal TRIF-
signalling 

Lipopolysaccharides (LPS) bind to the TLR4/MD2 complex. It has been shown that TRAM can 
associate to TLR4 at the plasma membrane (Tanimura et al., 2008). LPS induced TLR4/TRAM/TRIF 
complexes are localised at the early endosome (Kagan et al., 2008). The result of the current research 
demonstrates an activation and association of the downstream signalling protein TBK-1 at the Rab7

+
 

late endosomal compartment. Normal cargo trafficking into lysosomes but not into stable Rab7
+
 

compartments in Lyst-mutant bone marrow-derived macrophages suggests that a dysfunction of Lyst 
results in reduced TRIF-mediated signalling by unspecific TLR4 trafficking into lysosomes. (1) 
Dysfunction of Lyst might cause impaired recruitment of Rab7, resulting in direct trafficking of the 
cargo, most probably into lysosomes, skipping the late endosomal compartment. (2) Alternatively, 
unspecific trafficking of the active TRIF signalosome from the Rab7

+
 late endosomal compartment into 

lysosome is inhibited by functional Lyst in an unknown mechanism.  
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10.2 The role of Lyst in mast cell-mediated anaphylaxis  

Mutation of Lyst results in enlarged lysosomal-like granules in mast cells (Galli et al., 1993), 

suggesting that Lyst influences mast cell function. Lytic granule exocytosis is a key feature of 

mast cells, and is highly regulated by manifold membrane trafficking processes. Therefore, 

Lyst-mediated regulation of exocytotic processes and their relevance in vivo was investigated 

in well-established mast cell-related models of anaphylaxis. 

My findings show that Lyst differentially controls the two phases of anaphylaxis. The acute 

phase of anaphylaxis was significantly enhanced in Lyst-mutant Bg-J mice, whereas the 

second phase of the allergic reaction was reduced. Extensive in vivo and in vitro 

investigations to identify the underlying mechanism surprisingly revealed normal FcR1-

mediated mast cell degranulation and normal release of allergic mediators in Lyst-mutant mast 

cells. My data rather indicate that Lyst influences the acute phase of anaphylaxis in a mast 

cell-independent manner by negatively regulating the sensitivity to mast cell-derived 

mediators. My findings further indicate that the secretion of de novo synthesised cytokines of 

Bg-J mast cells is impaired, which could be the reason for the observed reduced immune cell 

infiltration during the second phase of the allergic reaction in Lyst-mutant Bg-J mice. 

In my thesis, I provide solid evidence that the acute phase of anaphylaxis is enhanced in Lyst-

mutant Bg-J mice. This observation was validated in two different experimental models, in 

passive systemic anaphylaxis and passive cutaneous anaphylaxis. In passive systemic 

anaphylaxis, Lyst-mutant Bg-J mice displayed enhanced drops in body temperature as well as 

enhanced plasma extravasation as measured by Evans blue extravasation. In passive 

cutaneous anaphylaxis, plasma extravasation was measured by ear swelling and was also 

found to be enhanced in Bg-J mice. The enhanced acute anaphylactic reaction in Lyst-mutant 

Bg-J mice initially suggested that dysfunction of Lyst might cause an increased release of 

mast cell-derived mediators.  

To test this hypothesis, mast cell mediator release during passive systemic anaphylaxis was 

investigated by measuring the concentration of mast cell-derived mediators in the blood. In 

my study, the blood concentrations of the mast cell-derived mediators histamine and MCP1 

were unexpectedly decreased in Lyst-mutant Bg-J mice during the acute phase of anaphylaxis. 

These surprising findings argue against the idea of increased mediator release of Lyst-mutant 

Bg-J mast cells. The reduced concentration of histamine and MCP1 in the blood might be due 

to reduced numbers of mast cells in Bg-J mice or an impaired mediator release of Lyst-mutant 
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Bg-J mast cells. However, numbers and distribution of mast cells were normal in Lyst-mutant 

Bg-J mice (Dr. Zane Orinska, Research Center Borstel, personal communication and own 

findings). To directly address mediator release by Lyst-mutant mast cells, I performed 

extensive in vivo and in vitro studies on FcR1-mediated cellular responses. 

In these experiments, Lyst-mutant Bg-J mast cells showed normal degranulation of pre-stored 

mediators and normal release of lipid derived mediators. In particular, I found normal ratios 

of degranulated (= Lamp1+) mast cells in the peritoneum of WT and Bg-J mice after the 

induction of passive systemic anaphylaxis. In vitro investigations of bone marrow-derived 

mast cells (BMMCs) form WT and Bg-J mice revealed similar percentages of degranulated (= 

Lamp1+) cells after FcR1 challenge. Furthermore, I found that Bg-J BMMCs release normal 

amounts of pre-stored histamine and -hexosaminidase, as well as lipid derived PGD2. The in 

vitro analysis of BMMCs is a well-established experimental tool, however, as a cell culture 

system it does not reflect all aspects of the more complex physiological in vivo situation. 

Thus, to specifically evaluate the role of Lyst in mast cell-dependent anaphylactic responses 

in vivo, I reconstituted mast cell-deficient Kit
W-sh/W-sh with WT or Bg-J BMMCs. In this 

model, Kit
W-sh/W-sh mice that had been reconstituted with WT mast cells or Bg-J mast cells 

displayed comparable temperature responses during passive systemic anaphylaxis. In 

summary, these data largely exclude that the enhanced acute phase of anaphylaxis in Lyst-

mutant Bg-J mice is dependent on mast cells. The normal degranulation of Lyst-mutant Bg-J 

mast cells observed in my study is in line with earlier electron microscopic investigations by 

Dvorak et al. (1987), who have also reported a normal FcR1-mediated degranulation of 

BMMCs from Bg-J mice. The normal degranulation of Bg-J mast cells, however, is 

contradictive to increased histamine release of peritoneal mast cells of Lyst-mutant DA
bg/bg 

rats that has been reported by Jippo-Kanemoto et al. (1993). The Lyst-mutation in DA
bg/bg rats 

affects a different region in Lyst as the mutation in Bg-J mice, which might explain the 

phenotypical differences in mast cell granule exocytosis in these different animal models. 

This idea is supported by Gil-Krzewska et al. (2015), who have reported that different 

mutations in LYST display different phenotypic defects in human NK cells. The study of Gil-

Krzewska et al. (2015) has shown that mutations in the N-terminal ARM/HEAT repeats in 

LYST correlate with impaired lytic granule exocytosis in NK-cells from CHS patients. 

Furthermore, their study has indicated that NK-cells from CHS patients carrying mutations in 

and downstream of the BEACH domain of LYST were normal in granule exocytosis but 

displayed impaired granule trafficking to the immunological synapse (Gil-Krzewska et al., 
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2015). My findings together with these prior studies suggest that degranulation of mast cells 

is not influenced by the Bg-J mutation in Lyst which affect the C-terminal WD40-domain, but 

might be controlled by a more N-terminal region of Lyst.  

The normal degranulation and PGD2 secretion of Bg-J mast cells observed in my thesis 

suggests that the enhanced acute phase of anaphylaxis and the reduced blood concentration of 

mast cell-derived mediators in Bg-J mice are caused by a mast cell independent (tissue 

dependent) phenotype. Decreased blood concentrations of histamine and MCP-1 during acute 

anaphylaxis in Bg-J mice could be due to the enhanced plasma extravasation, which might in 

consequence results in an increased retention of early mast cell-derived mediators in the 

tissue.  To investigate the tissue dependent anaphylactic response, I challenged WT and Bg-J 

mice with cell culture supernatant containing a mixture of early mast cell-derived mediators. 

In these experiments, Lyst-mutant Bg-J mice displayed a significantly larger drop in body 

temperature than WT mice when they were challenged with the same cell culture supernatant. 

Interestingly, direct administration of histamine, which is a main mediator for acute 

anaphylactic reactions, resulted in comparable temperature responses in WT and Bg-J mice. 

These findings indicate that Lyst negatively regulates the sensitivity to a specific mast cell-

derived mediator. However, this so far uncharacterised mediator is not histamine. The 

enhanced permeabilisation of blood vessels in Bg-J mice during the acute phase of 

anaphylaxis points to a mediator that most probably regulates vascular permeability, like 

lipid-derived mediators (Serhan et al., 2008) or serotonin (Marshall, 2004). 

Pre-stored and lipid-derived mediators of mast cells mediate the acute phase of anaphylaxis, 

which is then followed by a delayed second phase of the allergic reaction. This second phase 

is induced by infiltrating immune cells, which are recruited by mast cell-derived cytokines 

(Metcalfe et al., 1997). It was reported by Wershil et al. (1991) that pronounced infiltration of 

neutrophils during passive cutaneous anaphylaxis is mainly driven by mast cell-derived 

TNF. The data of my thesis show that functional Lyst is required for the infiltration of 

immune cells during the second phase of the allergic reaction. This is indicated by a reduced 

infiltration of immune cell in Lyst-mutant Bg-J mice during the second phase of passive 

cutaneous anaphylaxis. A possible explanation for this observation is that dysfunction of Lyst 

might cause intrinsic defects in chemotaxis of the infiltrating cells. However, Clawson et al. 

(1978) have shown that chemotaxis of Lyst-mutant neutrophils is normal. The study by 

Clawson et al. (1978) further indicates that other ex vivo studies, which reported defects in 

chemotaxis of Lyst-mutant neutrophils (Clark and Kimball, 1971; Gallin et al., 1974; 
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Nishimura et al., 1989), were due to experimental artefacts. Data provided by our research 

group have also shown normal TNF-induced recruitment of Bg-J cells to the peritoneum. 

Together the in vivo data of our research group and the study of Clawson et al. (1978) indicate 

that the reduced cell infiltration during the second phase of allergic reactions in Bg-J mice is 

not due to defects in chemotaxis. As infiltrating immune cells are recruited by mast cell-

derived cytokines, I hypothesised that Lyst might influence secretion of de novo synthesised 

cytokines in mast cells. I found that Lyst regulates the secretion of the cytokines TNF and 

IL-6 in mast cells, which was also suggested by earlier experiments in our research group. 

Taken together, my findings suggest that dysfunction of Lyst causes impaired cytokine 

secretion in mast cells, which in turn leads to reduced recruitment of immune cells during the 

second phase of the allergic reaction.  

Interestingly, I found that synthesis of cytokines appeared to be normal in Lyst-mutant Bg-J 

mast cells, indicating that the defect is only in the process of cytokine secretion. This is in 

contrast to findings in Lyst-mutant macrophages where a defect in secretion of cytokines has 

not been observed. It is generally thought that continuous TNF secretion in macrophages 

and mast cells is regulated in a similar manner (Blank et al., 2014). However, other mast cell 

specific subcellular compartments that are regulated by Lyst may interfere with this cytokine 

secretion pathway. Unlike macrophages, mast cells are able to store TNF in cytoplasmic 

granules. In rodents this has been shown to be dependent on N-terminal glycosylation of 

TNF (Olszewski et al. 2006). It has been suggested that the predicted ConA-like lectin 

domain in Lyst might bind to carbohydrates and thereby regulate sorting of glycosylated 

proteins in the secretory pathway (Burgess et al., 2009). If Lyst influences vesicular sorting of 

TNF, this could explain the reduced TNF secretion in Lyst-mutant Bg-J mast cells. Own 

preliminary data in an overexpression model in WT and Lyst-mutant Bg-J BMMCs, suggest 

that Lyst prevents an unspecific trafficking of TNF into Rab9+ compartments (data not 

shown). In further experiments with Lyst-mutant Bg-J BMMCs I have neither observed an 

accumulation nor an enhanced extracellular enzymatic degradation of cytokines (data not 

shown). These findings suggest that in Lyst-mutant Bg-J mast cells vesicular trafficking of 

newly synthesised cytokines is dysregulated and results in intracellular degradation of the 

cytokines. 

Together, my findings indicate that Lyst negatively regulates IgE-mediated anaphylactic 

responses in vivo in a mast cell-independent manner. My study further shows that Lyst 

influences the sensitivity to a specific mast cell-derived mediator, which is not histamine but 
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may regulate vascular permeability. My data also suggest that functional Lyst is required for 

cytokine secretion in mast cells and thereby influences cell infiltration during the second 

phase of the anaphylactic response.  

In summary, my study provides novel insights into the complex relationship between 

membrane trafficking and important cellular functions of the innate immune system. Lyst as a 

broadly expressed and highly conserved regulator of membrane trafficking exhibits different 

functions in different immune cells. I could demonstrate that Lyst affects endocytotic TLR3 

and TLR4 signalling by regulating specific checkpoints during phagosomal maturation. In 

particular, I could show that Lyst controls the TLR4-dependent trafficking into Rab7+ late 

endosomal compartments and that, these organelles serve as a platform for the assembly of 

the active TRIF-signalosome. These findings indicate a basic cellular mechanism in which 

receptor signalling is also regulated by the transport of receptor-signalling complexes to 

specialised subcellular compartments. Furthermore, my findings suggests that the response to 

immune-cell-derived mediators in vivo is also influenced by Lyst-dependent membrane 

trafficking. Together, my study indicates that a higher level of regulation of cell signalling 

and inflammatory responses is mediated by the control of membrane trafficking. Thus, a 

better understanding of this novel regulatory mechanism may help to develop new therapeutic 

strategies for immune disorders.  
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