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1. Introduction 

Filariasis remains a major health concern and socioeconomic burden in many low-

middle income countries in tropical regions of the world. Filariae infect over one 

billion people and impose heavy livestock productivity losses. Infections are induced 

by these thread-like worms, which are transferred by blood feeding vectors such as 

mosquitoes (Taylor et al., 2010). Currently, it is estimated that 893 million people in 

49 countries worldwide are exposed to these helminth species (Ramaiah & Ottesen, 

2014). The most common filarial diseases are lymphatic filariasis (LF) and 

onchocerciasis in man and Onchocerca ochengi in cattle. LF is elicited by 

Wuchereria bancrofti, Brugia malayi or Brugia timori in man whereas onchocerciasis 

(also called river blindness) is caused by Onchocerca volvulus (Taylor et al., 2010). 

In addition, there are Loa loa and Mansonella species which are truly neglected 

tropical diseases since clinical symptoms are minimal. Mass drug administration 

programmes exist throughout the world targeting the transmission stage termed 

microfilariae, but this does not cure the infection or prevent new ones (WHO, 2011). 

An important aspect of filarial infections is the requirement of Wolbachia, an 

endosymbiont whose depletion via antibiotics causes infertility and death of adult 

worms (Bouchery et al., 2013). Although, filarial worms elicit chronic infections, most 

individuals present only asymptomatic to mild conditions showing that such helminths 

are masters in avoiding, modulating and suppressing host immunity.  

The immune system defends the mammalian body against various antigens and 

pathogens and consists of complex immunological mechanisms, which lead to 

specific immune responses and immunity. The so called inflammasome is an 

assembly of large intracellular multiprotein complexes that control the inflammatory 

response and coordinate antimicrobial host defenses (Broz & Dixit, 2016). There are 

different types of inflammasomes, triggered by various PAMPs and DAMPs. Each 

inflammasome unit comprises different components and generates different 

cytokines and pro-inflammatory molecules (Tizard, 2018). In this thesis, I focus on 

the role of the central adaptor molecule of the inflammasome cascade called the 

ASC-protein (apoptosis-associated speck-like protein containing a caspase 

recruitment domain (CARD)) during filarial infections (Broz & Dixit, 2016). 
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Filarial infections which are pathogenic to man, are not viable in immunocompetent 

murine strains; thus, researchers use the rodent model Litomosoides sigmodontis (L. 

sigmodontis) to study worm biology and decipher host-parasite immune interactions. 

In this study, I addressed whether lack of ASC in L. sigmodontis infected BALB/c 

mice alters the outcome of infection or host responses. In short, it was researched 

whether worm burden, fertility and patency (release of microfilaria (Mf), the 

transmission life-stage) were altered in ASC-deficient mice. Immune responses by 

the host were observed in the absence of ASC and compared to those seen in WT 

BALB/c control mice. These observations were analyzed at different time points of 

the worm development; such as day 10, day 30, day 72 and day 90 post infection. At 

each time-point, different parasitological parameters, such as worm burden, lifestage 

and microfilaria counts were analyzed. In addition, immunological parameters, 

including differentiation of immune cells via FACS- or cytospin-technique, analysis of 

cytokine- or chemokine-levels via ELISA or luminex technology, cell sorting for filarial 

specific T-cell assays and regulatory T-cell suppression assays in vitro were 

examined. In addition, a microfilaria survival experiment in non-infected ASC-/- and 

WT BALB/c mice over 40 days was performed to determine if clearance of the 

transmission life-stage is altered in the absence of ASC. 

Especially for inflammasome activation in filarial infections there are no published 

studies using either pre-clinical or clinical scenarios. This lack of knowledge is 

rationale for the present thesis and therefore it was investigated, how inflammasome 

activation or lack, thereof, could alter the outcome of filarial infections. 
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2. Literature overview 

2.1. Components of the Immune System 

The immune system defends the mammalian body against various antigens and 

pathogens and consists of complex immunological mechanisms, which lead to 

specific immune responses and immunity.The primary function of the immune system 

in living organisms is to protect the body from foreign substances, cells, tissues and 

pathogenic products or organisms.It is very important that the immune system is able 

to distinguish between the body´s own cells (“self”) and proteins and foreign 

molecules (“non-self”), so it can react in the right way (Kuby et al., 2007). For the 

effective protection of the organism the immune system has to respond in the correct 

manner and intensity since an immune response of an under-stimulated system 

could allow a pathogen to go undetected. In contrast, an over-stimulation could result 

in a more dangerous inflammatory response compared to the original stimulus (Kuby 

et al., 2007; Tracey, 2002). Three major barriers protect the body against microbial 

invasion: physical barriers, innate immunity and adaptive immunity. Innate immunity 

is the first cellular-based line of defence. Adaptive immunity backs it up and improves 

with experience, so that it presents a greater barrier to invasion (Tizard, 2018). 

 

2.1.1. Innate Immunity 

In general, innate immunity is a combination of different defence mechanisms , such 

as proteins and tissues but also multiple cell types, including macrophages, 

granulocytes, mast cells, natural killer cells (NK) or dendritic cells (DCs). Some of 

these innate mechanisms start acting immediately when pathogens penetrate the 

physical barriers. Others are activated during infection and then return to baseline 

levels after the infection is resolved (Kuby et al., 2007; Murphy & Weaver, 2018). The 

recognition of pathogens (pathogen associated molecular patterns, PAMPs) and 

tissue damage (damage associated molecular patterns, DAMPs) takes place via 

special receptors, which are called pattern recognition receptors (PRRs). Different 

cell types express certain PRRs selectively and PRRs trigger different signal paths, 

depending on the ligand binding, and start mechanisms of action. (Medzhitov, 2001) 
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PRRs can be soluble (collectins and complement), within vesicles (TLR3, 7, 8, 9), 

cytoplasmatic (NOD-like, RIG-1 and DNA receptors) or membrane bound (TLR1, 2, 

4, 5, 6 and Lectins) (Akira et al., 2001; Akira, 2004; Kawai et al., 2010). The innate 

immune system consists ofa cellular and a humoral subsystem. The cellular 

subsystem contains different immune cell types like neutrophils, macrophages, mast 

cells, lymphoid cells (natural killer cells), basophils and eosinophils, which destroy 

the antigens in the process of inflammation. In addition, there is the humoral system 

that contains the complement system, natural antibodies, acute-phase proteins, 

antimicrobial peptides and soluble lectins (Kuby et al., 2007; Tizard, 2018). 

 

2.1.1.1 The Toll-like receptor system 

Toll-like receptors (TLRs) are the most well-studied family of PRRs. They are found 

on macrophages, neutrophils, mast cells and dendritic cells, but also on T- and B-

cells of the adaptive immune system (see 2.1.2.) or on non-immune cells, such as 

epithelial cells. Mammals possess 10 to 12 different TLRs, for example TLR4 binds 

lipopolysaccharides from Gram-negative bacteria and TLR2 binds peptidoglycans 

and lipoproteins from Gram-positive bacteria (Akira et al., 2001; Akira & Takeda, 

2004; Kawai & Akira, 2010). The stimulation of different TLRs by PAMPS leads to the 

activation of certain signalling pathways which induce transcription factors. For 

example, some TLRs use MyD88 as an adapter protein to activate transcription 

factors, such as nuclear factor kappa-B (NF-ĸB) and IRF3 (see figure 2.1). The 

activation of these transcription factors initiates inflammatory responses, for example 

NF-ĸB activates the gene-expression for IL-1, IL-6 and TNF-α (tumor necrosis factor-

alpha), whereas IRF3 activates IFN-β (interferon-beta) (Kawai & Akira, 2010; 

Medzhitov, 2001; Tizard, 2018). These molecules are messenger substances, 

released by CD4+ T-helper cells, cytotoxic CD8+T-cells, phagocytes or dendritic cells. 

Some cytokines are produced as inactive preliminary stages (e.g. IL-1 and IL-18), 

activated by an enzyme (e.g. caspase-1) and have a pro- and an anti-inflammatory 

effect (Schütt & Bröker, 2011). 
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Figure 2.1: Binding of a PAMP to a toll-like receptor generates a signaling cascade with activation of the 

transcription factors NF-kB and IRF3. A gene activation for the major cytokines IL-1, IL-6 and TNF- follows. IRF3 

activates the gene for IFN- (Tizard, 2018). 

 

2.1.2. Adaptive Immunity 

When the barriers of innate immunity are overwhelmed by pathogens, an adaptive 

immune response is induced. These secondary defences are triggered by maturation 

and presentation of pathogen specific antigens by antigen-presenting cells (APC) 

and the release of cytokines and chemokines by B- and T-lymphocytes. This defense 

system can recognize and destroy specific pathogens and the development of a 

immunological memory (memory B- and T-cells) leads to a long-lasting protection 

against these pathogens. When the host has a recurrent infection, it can be 

destroyed more effectively (Elgueta et al., 2010; McKinstry et al., 2010). The adaptive 

immune system consists of two branches: one directed against extracellular and the 

other one against intracellular pathogens. Both branches depend on the use of 

lymphocytes (B-cells and T-cells). B-cells (B = bursa fabricii) produce antibodies 
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against extracellular antigens, whereas T-cells (T= thymus) react on intracellular 

pathogens, which are presented by MHC-molecules (major histocompatibility 

complex) for example on antigen presenting cells, such as dendritic cells (DC) 

(Banchereau and Steinman, 1998). Some of the activated B- and T-cells differentiate 

into memory B- and T-cells. These lymphocytes are responsible for a long lasting 

immunity after the contact with a certain pathogen or after a vaccination (Vitetta et 

al., 1991). 

 

2.1.2.1. Antibody-mediated Immunity 

The humoral immune response works through the release of antibodies, called 

immunoglobulins (Ig), produced by B-lymphocytes (B-cells). These immunoglobulins 

are highly specific and bind only to the antigen that stimulates their production. They 

bind to extracellular pathogens, like viruses or bacteria, leading to their destruction by 

cytotoxicity of natural killer cells, degranulation of mast cells, basophils and 

eosinophilsand phagocytosis through macrophages.  In addition, antibody binding 

marks pathogens also for phagocytic cells of the innate immune system like 

neutrophils, eosinophils and monocytes (Anderson et al., 1990; Stone et al., 2010; 

Titus et al., 1987). Antibodies are divided into different classes, which differentiate in 

structure, effector function and their distribution in the organism. There are 5 classes 

of immunoglobulins: IgM, IgD, IgG, IgA and IgE. IgM is the first antibody, which is 

secreted in the progress of an immune response and it is very effective in triggering 

complement activation. IgG is the dominant immunoglobulin class in sera, in man, it 

is divided into 4 subclasses (IgG1 to IgG4) and blocks the binding of the antigen to its 

target. IgE is only present in small amounts in sera, because mast cells and activated 

eosinophils embody a specific receptor for IgE, which binds the antibody with high 

affinity. This plays a major role in the defense against parasites, especially worms, 

and in allergic reactions (Murphy & Weaver, 2018; Schütt & Bröker, 2011). 
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2.1.2.2. Cell-mediated Immunity 

There are several types of T-cells: cytotoxic T-cells (CTL), which can destroy cells, T-

helper cells, which provide signals that activate the adaptive immune response, and 

regulatory T-cells (Treg), which regulate the immune responses. In addition, there 

are NKT-cells, which on the one hand are able to destroy virus-infected cells or tumor 

cells through their NK-cell receptors and on the other hand, they can also eliminate 

infected cells by detecting foreign lipids via their T-cell receptor. However, they have 

no memory (Berke, 1994; Germain, 1994; Henkart, 1985). Additionally, there are 

 T-cells, whose activation and functions are still not fully understood and which are 

less common than  T-cells in man. T-cells can recognize infected cells by 

production of cytokines and chemokines. In addition, they can detect cytolysis of 

infected target cells and interaction with other cells, such as epithelial cells, 

monocytes, dendritic cells, neutrophils, and B-cells (Woodland, 2015). Naïve T-cells 

need two signals for activation: the binding of the T-cell receptor (TCR) to a specific 

MHC/peptide-complex and co-stimulating signals mediated by APCs. The 

differentiation to cytotoxic T-cells has to be strictly regulated. Through antigen 

detection, CD8+CTLs are activated and can kill infected or abnormal cells. After 

killing one cell, they detach themselves from the cell and attack other target cells. 

CD4+ T-helper cells are also essential for an effective cytotoxic T-cell response. They 

promote the proliferation of CD8+T-cells and their differentiation to CTLs through IL-2 

release, a T-cell growth factor. CD4+ T-cells can be divided into various sub 

populations (Finlay & Cantrell, 2012). Th1 cells are designated by the expression of 

T-bet transcription factor control intracellular compartments, such as vesicles and 

cytoplasm. They produce IFN-γ and TNF-α and activate macrophages. Th2 

(GATA3+) cells are known for activation during helminth and ectoparasitic infections. 

They produce of IL-4, IL-5 and IL-13, and also activate and recruit eosinophils 

(Kanhere et al., 2012). Th9 cells are a more recently discovered subpopulation of T-

helper cells, which mainly express IL-9 and are especially found in inflammatory 

diseases, including allergic diseases. In addition, they play an important role in 

parasitic infections like Schistosoma mansoni (Angkasekwinai, 2019; Pinto et al., 

2017). Th17 cells, with the lineage marker ROR2/RoR (in man and mouse 
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respectively) control extracellular bacteria and fungi. They indirectly mobilize and 

activate neutrophils and monocytes through IL-17 family members (see figure 2.2) 

(Minami et al., 2010; Zhu, 2018). 

 

Figure 2.2: Function of toll-like receptors in adaptive immunity. PAMPs are recognized by TLRs, which are 
expressed on antigen-presenting cells. These TLRs upregulate the expression of co-stimulatory molecules and 
major histocompatibility complex class II (MHC II) molecules. This leads to activation of T-cells and differentiation 
into T-helper (Th) 1 effector cells through IL-12, induced by TLRs. A Th2-response is also induced (Medzhitov, 

2001). 

 

Treg play a central role in preventing autoimmune diseases, such as type one 

diabetes and limiting chronic inflammatory diseases, such as asthma. However, they 

also suppress antitumor immunity (Schmidt et al., 2012; Vignali et al., 2008). 

Traditionally, Tregs have been characterized as CD4+CD25hiT-cells, but they can 

also be identified with the transcription factor forkhead box P3 (FOXP3), which is 

needed for their development and controls the expression of multiple genes that 

mediate their activity (Sakaguchi et al., 2006). Treg cells can suppress through 

inhibitory cytokines, cytolysis, metabolic disruption and through modulation of 

dendritic-cell (DC) function (see figure 2.3) (Schmidt et al., 2012; Vignali et al., 2008). 
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Figure 2.3: Mechanisms used by Treg cells. Tregs can suppress conventional T-cells (Tcons) by different 
mechanisms. They can generate adenosine, which is immunosuppressive, or transfer cAMP to Tcons. 

Furthermore, they can suppress for example, TCR-induced NF-b signalling. In addition, Tregs can produce 

cytokines, like IL-10, TGF- and IL-35, and induce cell death via granzymes or perforin. Tregs are also known to 
suppress Tcons indirectly by downregulating specific molecules on dendritic cells (DCs) (Schmidt et al., 2012). 

 

2.2. Filariasis 

Filariasis is a major health problem in tropical regions (especially in Africa) since 

these infections are chronic and can persist in human for years. These long-term 

infections are produced through suppression of host immunity (Taylor et al., 

2010).There are nine different diseases in man, which result from infection with 

parasitic nematodes, called filariae (super-family of filarioidea). These long, filiform 

(thread-like) worms inhabit the tissues and body cavities of their hosts. Depending on 

the species, filariasis manifests itself primarily in the lymphatic system or in 

superficial or deeper connective tissue. The transmission stage from host to vector is 

called microfilaria, or stage one larvae. These microfilaria are engulfed by vector 

hosts during a blood meal which include mosquitos, blackflies and midges. The 

family of filariidae includes only parasites of veterinary importance, whereas the 
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family of onchocercidae encloses all important human pathogen parasites (Lucius et 

al., 2018). 

Due to the pathology that is induced, the most commonly known filarial diseases are 

lymphatic filariasis (LF) and onchocerciasis. LF is elicited by Wuchereria bancrofti 

(W. bancrofti), Brugia malayi (B. malayi) or Brugia timori (B. timori) and can lead to 

severe limb-based pathology such as elephantiasis or hydrocele. Onchocerciasis is 

caused by Onchocerca volvulus (O. volvulus) and colloquially called river blindness 

due to its effects in the eyes (Taylor et al., 2010). 

 

2.2.1. Lymphatic filariasis 

Lymphatic filariasis is still a major public health problem in tropical regions.In 1997, 

the World Health Assembly decided to eliminate lymphatic filariasis and in 2000, the 

World Health Organization (WHO) set up the “Global Programme to Eliminate 

Lymphatic Filariasis” (GPELF) with the target to eliminate LF by 2020 (“Global 

Programme to Eliminate Lymphatic Filariasis: Progress Report, 2011.,” 2012). 

Currently, approximately 68 million people worldwide are infected with LF and require 

preventive chemotherapy to stop the spread of this infection (see figure 2.4) 

(Ramaiah & Ottesen, 2014). 
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Figure 2.4: Distribution of lymphatic filariasis and status of preventive chemotherapy in endemic countries in 
2016 (WHO, 2016).  

 

2.2.1.1. Life-cycle of Wuchereria bancrofti 

The life-cycle of filaria, in this case W. bancrofti (which is responsible for over 90% of 

infections with LF), is bound to mosquitoes (culicidae) as the intermediate host. Adult 

worms produce sheathed microfilaria, which accumulate in lymph nodes and in 

adjoining lymphatic vessels from where they penetrate into blood vessels. In most 

cases, microfilaria circulate in the blood in the night, so that nocturnal culicidae ingest 

them with their blood meal. Inside the mosquito, Microfilaria discard their sheaths, 

penetrate the mosquito´s gut and migrate into the thoracic muscles. The first molting 

to the L2-larvae takes place after two days. After another two weeks the molting to 

the L3-larvae occurs. These infectious larvae migrate into the labium of the mosquito 

and can be transferred via the proboscis into the skin of the human. Through the 

lymphatics, the L3-larvae migrate into the lymph nodes of the inguinal area and the 

legs, where they develop into adult worms (see figure 2.5). The prepatent period 

before the emergence of microfilaria in the blood is around 9 months. Adult worms 

can live several years demonstrating the worm’s ability to remain undetected and 

create a regulated environment with the host (Hoerauf et al., 2011). 
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Figure 2.5: Life-cycle of Wuchereria bancrofti.The vector mosquito takes a blood meal on a human and 
transfers infective L3-larvae into the skin. They develop into adults in the lymphatics and microfilaria are 
produced. These microfilaria then migrate into the peripheral blood circulation, where they can be taken up by 
another mosquito during a blood meal. In the mosquito, microfilaria penetrate the midgut and migrate to thoracic 
muscles, where they develop from L2- to L3-larvae. L3-larvae migrate to the mosquito’s head and proboscis, from 
where they will be transferred into human skin with the mosquitos next blood meal (CDC, 2013). 

 

2.2.1.2. Clinical manifestations of lymphatic filariasis 

The infection of lymphatic filariasis can be divided into asymptomatic, acute and 

chronic symptoms. Most patients are asymptomatic, showing no external signs of 

infection. These asymptomatic patients contribute the transmission of the parasite. 

The asymptomatic infections still cause damage to the lymphatic system and alter 

the body's immune response. Interestingly, asymptomatic patients have very high 

microfilaria levels, whereas patients displaying signs of pathology are usually free of 

Mf (Arndts et al., 2012; Ritter et al., 2019; Simonsen et al., 2014; WHO, 2016). The 

acute phase is marked with acute dermatolymphangioadenitis (ADLA) and acute 

filarial lymphangitis (AFL) (Simonsen et al., 2014). Dilatation of lymphatic vessels, 

which is induced by adult worms and decreases the function of the lymphatics, 
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causes ADLA and has been linked to secondary microbial infections, like bacterial 

and fungal infections. This pathology is determined by pain, tenderness, local 

swelling and warmth, accompanied by fever, nausea and vomiting (Dreyer et al., 

1999; Pfarr et al., 2009). The chronic phase is characterized by lymphedema (which 

can lead to elephantiasis) or hydrocele (swelling of the scrotal area) (see figure 2.6), 

involving dilatation of the lymphatic vessels and extravasation of fluid from the 

vessels into surrounding tissue (Hoerauf et al., 2011). This pathology is mainly 

caused by adult worms, which are tangled up in lymph nodes or adjoining lymphatic 

vessels and often leads to a stigmatization and huge socio-economic problems of 

affected patients. Rare phases of LF include chyluria (presence of chyle in the urine) 

and tropical pulmonary eosinophilia (TPE) (Eichler, 2008). 

 

 

Figure 2.6: Clinical manifestations of lymphatic filariasis. A swelling of the scrotal area, called hydrocele (on 
the left). Lymphedema (in the middle), which can lead to elephantiasis (on the right) (Simonsen et al., 2014). 
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2.2.2.Onchocerciasis 

Like lymphatic filariasis, onchocerciasis (also called river blindness) occurs mainly in 

tropical regions. More than 99% of infected people live in countries in sub-Saharan 

Africa. Onchocerciasis is also found in Latin America (Brazil and Venezuela) (see 

figure 2.7). Through the work of the “Onchocerciasis Control Programme” (OCD), 

between 1974 and 2002, river blindness was brought under control in West Africa 

(WHO, 2017). 

 

Figure 2.7: Distribution of onchocerciasis and status of preventive chemotherapy in endemic countries in 2017 
(WHO, 2017). 

 

2.2.2.1. Life-cycle of Onchocerca volvulus 

Onchocerciasis results of an infection with O. volvulus. The natural intermediate 

hosts are black flies (Simulium spp.). The life cycle of O. volvulus is very similar to W. 

bancrofti: black flies take up microfilaria during a blood meal on infected humans. 

The microfilaria develop into infectious L3-larvae in the gut of the flies and migrate 

into the proboscis. With the next blood meal, L3-larvae are transmitted into the 

human. The larvae migrate to the subcutaneous tissue, moult twice and adults are 

found encapsulated in subcutaneous nodules. Adults again produce microfilaria, 

which are found in the skin (see figure 2.8). Adults can live up to 15 years in the 

human body (Lucius et al., 2018; Simonsen et al., 2014; WHO, 2017). 
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Figure 2.8: Life-cycle of Onchocerca volvulus. The blackfly vector host takes a blood meal and transfers 
infectious L3-larvae into subcutaneous tissues of the human. They develop into adults and form subcutaneous 
nodules. Adults produce microfilaria, which are found in the skin and very occasionally in peripheral blood, urine 
and sputum. With another blood meal, blackflies ingest microfilaria. Inside the blackfly microfilaria penetrate the 
midgut and migrate to the thoracic muscles, where they develop from L2- to L3-larvae. These L3-larvae migrate to 
the blackfly´s head and proboscis, from where they will be transferred to the human again (Center for Disease 
Control, 2019). 

 

2.2.2.2. Clinical manifestations of Onchocerciasis 

The most prominent clinical manifestations of onchocerciasis are subcutaneous 

nodules (onchocercomata). These nodules are granulomatous reactions around the 

adult female worms. In older nodules or because of dead worms, calcification can 

occur. The encapsulated worms do not cause many clinical symptoms, apart from 

discomfort (Simonsen et al., 2014). In contrast to LF, pathology of river blindness is 

linked to microfilaria. Migration of microfilaria, through the skin and in the eyes, can 

elicit the formation of dermatitis or keratitis (see figure 2.9), and the latter can lead to 

blindness. Nevertheless, individuals usually remain in an asymptomatic state. 
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Studies have identified three groups of individuals living in endemic areas. The first 

are people who have lived over 5 years in the community without becoming infected 

and which are called “endemic normal”. The second group are people with 

generalized onchocerciasis, who have the infection but show no overt signs of 

pathology. Finally, there are those presenting dermatological manifestations of the 

disease, which include depigmentation, leopard skin, hanging groin or Sowda, which 

refers to individuals presenting the infection only on one side of the body. These 

hyperactive groups affect <5% of infected humans. Moreover, whereas generalized 

onchocerciasis groups present high worm loads, high Mf-loads in the skin and a 

consistently immune state with higher levels of IgG4, IL-10 and Treg, hyperactive 

individuals have few parasites and present stronger IgE, Th17 cells and IL-4 

(Hoerauf et al., 2011; Katawa et al., 2015). 

 

Figure 2.9: Clinical manifestations of onchocerciasis. Subcutaneous nodules, called onchocercomata (on the 
left). Migration of microfilaria, through the skin and in the eyes, cause forms of dermatitis and keratitis (in the 
middle and on the left). The severe keratitis is the reason why onchocerciasis is also called river blindness 

(Simonsen et al., 2014). 

 

2.2.3. Treatment of filarial infections 

As described earlier, there are different treatment programmes to eliminate filarial 

infections, called mass drug administration (MDA), such as the “Global Programme 

to Eliminate Lymphatic Filariasis” (GPELF) and the “Onchocerciasis Control 

Programme” (OCD) accomplished by the WHO. The overall concept of these 

programmes is to break transmission of the infection and this is classified as 
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successful when the number of Mf positive individuals is under 1%. In general, there 

are three chemotherapeutics used: diethylcarbamazine (DEC), ivermectin (IVM) and 

albendazole (ALB), which all lead to death of microfilaria in peripheral blood and skin 

(Hoerauf et al., 2011). Diethylcarbamazineis effective for the reduction of acute and 

chronic cases of microfilaraemia for at least one year. It is not used in areas where 

onchocerciasis is co-endemic to lymphatic filariasis, because it induces strong local 

inflammation in patients with ocular microfilaria, attributable to microfilarial death 

(Hoerauf et al., 2011; Taylor et al., 2010). Ivermectin is an anthelmintic drug against 

onchocerciasis and highly effective and well tolerated against microfilaraemia in 

lymphatic filariasis, but most adult worms are not killed so that they can release 

microfilaria again. Thus, ivermectin should be given for the whole adult worms´ 

lifespan, in order to break transmission. Albendazole is a broad-spectrum 

anthelmintic, which is effective against nematodes, cestodes and flatworms. It 

decreases microfilaraemia for 6 to 12 months. Whereas reduction time with a 

combination of DEC or IVM increases in comparison with single treatment of DEC or 

IVM (Hoerauf et al., 2011; Taylor et al., 2010). Edi et al. showed, that a triple-drug 

therapy, using DEC + IVM + ALB, is very efficient for clearing Wuchereria bancrofti 

microfilaria. All LF-infected individuals were amicrofilaremic 7 days post treatment 

and 87% remained up to 12 months after treatment. This therapy was well tolerated 

by the participants and there were no serious adverse effects (Edi et al., 2019). 

Another important drug is doxycycline (DOX), which targets Wolbachia (family of 

Rickettsiales), bacterial endosymbionts that live in the worms, and treatment results 

in long-term sterility, macrofilaricidal activity and eventually death of adult worms 

(Taylor et al., 2010). Wolbachia are intracellular bacteria of arthropods, which are 

found in Onchocercidae. The symbiosis between Wolbachia and filaria is mutualistic, 

as both partners seem to benefit from the association. Studies have investigated that 

depletion of Wolbachia is associated with inhibition, sterilization and death of the 

adult worms (Bouchery et al., 2013). Recent studies showed effects against 

Wolbachia through minocycline (MIN), another broad-spectrum tetracycline like DOX. 

The clinical data suggested that MIN may be more effective than DOX. Additional 

antibiotics, like rifampicin, Tylosin A and ABBV-4083, have also been identified with 
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anti-Wolbachia-activity and even known molecules, such as moxidectin, flubendazole 

and oxfendazole, could be re-evaluated as new therapies against filariasis (Bakowski 

& McNamara, 2019; Hawryluk, 2020; Hübner et al., 2019). 

 

2.3. Rodent specific model of filariasis: Litomosoides sigmodontis 

Litomosoides sigmodontisis a rodent filarial that is used in pre-clinical studies to 

study aspects of parasite development, immunology and drug treatment. It belongs to 

the same family as W. bancrofti and Brugia species, which parasitize man. The 

pathogens of lymphatic filariasis and O. volvulus are strictly host-specific for humans, 

therefore L. sigmodontis infections in immune-competent laboratory mouse strains 

are very important to research in this field (Lucius et al., 2018). Its natural host is the 

cotton rat (Sigmodon hispidus). Infective third stage larvae (L3) are transmitted by 

tropical rat mites (Ornithonyssus bacoti). In immunocompetent BALB/c mice, L. 

sigmodontis can complete the entire life-cycle and results in patent infections with 

circulating microfilaria (Hübner et al., 2009). This is in contrast with C57BL/6 and 

C3H mouse strains, which eliminate worms after a period of time (Pfaff et al., 2000). 

 

2.3.1. Life-cycle in BALB/c mice 

The life-cycle of L. sigmodontis is similar to the life-cycle of human filarials, like 

Wuchereri bancrofti. Microfilaria of L. sigmodontis in peripheral blood are taken up by 

O. bacoti while having a blood meal. Inside the mite, microfilaria moult into L2-larvae 

and after 12 to 14 days into infectious L3-larvae. With the next blood meal, the larvae 

are transmitted to the rodent, here the BALB/c mouse strain (day 0). These L3-larvae 

migrate through the lymphatic system into the pleural cavity. 8 days post infection 

these larvae start moulting into L4-larvae, which develop into adult worms after 

another 20 days (Hübner et al., 2009; Petit et al., 1992). Around 40-60% of L. 

sigmodontis-infected BALB/c mice become patent and can result in the circulation of 

microfilaria in peripheral blood after 50 - 55 days post infection and can be taken up 

by mites again (see figure 2.10) (Hoffmann et al., 2000). Levels of peripheral Mf 

numbers peak around day 70 post-infection and then begin to recline. (Rodrigo et al., 
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2016). Female adult worms release microfilaria in reduced numbers until infections 

are cleared around day 120 post infection.  

     ´     

 

     
 
Figure 2.10: Life-cycle of Litomosoides sigmodontis in BALB/c mice. Adult worms live in the pleural cavity of 
the rodent. They produce microfilaria (d50 to 55 p.i.), which migrate into the peripheral blood, where they can be 
taken up by the tropical rat mite (O. bacoti) via a blood meal. Inside the mite, microfilaria develop from L2- to L3-
larvae. The infectious L3-larvae can be transferred into the subcutaneous tissues of the rodent during another 
blood meal (infection day = d0). The L3-larvae migrate to the pleural cavity and develop from L4-larvae (d8 p.i.) to 
adult worms (d28 p.i.) to complete the cycle (modified from Kochin et al., 2010). 

 

2.3.2. Mouse strain dependency 

C57BL/6 and C3H laboratory mouse strains eliminate adult L. sigmodontis worms 

after a period of time without entering into patency, whereas BALB/c mice are fully 

susceptible to this infection and complete the full life cycle (Layland et al., 2015; Petit 

et al., 1992; Pfaff et al., 2000; Rodrigo et al., 2016). The reason for these differences 

is unclear. Adult worms are significantly larger in BALB/c mice when compared to 

those isolated from C57BL/6 mice and in this strain, worms are eliminated around 

day 35 p.i.; just following the moulting phase into adulthood (Finlay & Allen, 2020). In 

contrast, BALB/c mice start to produce Mf by day 56 p.i. Nevertheless, between day 

90 and day 120 p.i., Mf counts are reduced and worm numbers also begin to decline 
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in BALB/c mice (see figure 2.11). C57BL/6 mice are able to eliminate adult worms 

rapidly from the bloodstream, whereas BALB/c mice take months to fully clear 

transplanted Mf. This indicates that C57BL/6 mice are more resistant to all life-cycle 

stages of L. sigmodontis (Finlay & Allen, 2020). To understand how the parasite 

regulates the host immune system infection studies are performed using, different 

genetic mouse strains, especially those with gene-deficient or depleted cell types, 

pathways or cytokines. 

 

Figure 2.11: Overview of L. sigmodontis development in susceptible BALB/c and resistant C57BL/6 mice. 
The mice are infected with L. sigmodontis on d0. L3-larvae appear in the pleural cavity normally after d4 post 
infection. There they moult into L4-larvae around d8 p.i. and develop into adults on d28 to 30 p.i. Around d35 p.i. 
the worms start to die in resistant C57BL/6 mice, whereas they continue to survive in BALB/c mice. Between d35 
and d60 p.i., adults become sexually mature and undergo embryogenesis. Beginning around d56p.i. female 
worms produce microfilaria, which are detectable in the peripheral blood. From d90 p.i. onward worms are killed 

and blood microfilaraemia is reduced (Finlay & Allen, 2020). 

 

2.3.3. Immune evasion mechanisms of L. sigmodontis 

As described in section 2.1., the immune system is able to differentiate between the 

body´s own cells (self) and foreign molecules (non-self), so that it can defend the 

body against microbial pathogens. During infections with filarial helminths, it is very 

important for the parasite´s own survival to escape the host immune system without 

killing the host. Therefore, helminths have generated different strategies to evade 

and down-modulate the host immune system. The main concept of immune 

modulation is to suppress Th1 and Th2 responses and this is partially accomplished 
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by inducing suppressive cell subsets like regulatory T-cells and activated 

macrophages, which are able to suppress both. In addition, it is considered that the 

number of dendritic cells is down-regulated by infectious L3-larvae (Hoerauf et al., 

2005; Semnani et al., 2004). 

As described in 2.3.2., different laboratory mice strains respond differently toL. 

sigmodontis infections. This also becomes clear on the immunoregulatory level. 

Looking at early immunoregulation in BALB/c mice, there is a weaker accumulation 

of immune cells, especially B- and T-cells, macrophages and eosinophils in the 

pleural cavity when compared to cells isolated from infected C57BL/6 mice 

(Campbell et al., 2018; Finlay & Allen, 2020). The immune response in BALB/c mice 

is mostly based on a Th2 response with eosinophilia and B-cell mediated production 

of IgG1 and IgE. Moreover, when compared to infected C57BL/6 mice, BALB/c mice 

present less macrophage proliferation and as mentioned above, regulatory T-cells 

also limit T-cell responses and worm killing (Finlay & Allen, 2020). For late-stage 

worm killing, Th1 and Th2 responses play an important role. For example, IFN-γ 

supports neutrophilia and granuloma formation, whereas IL-5 and eosinophils are 

required for worm elimination. In addition,B1- and NK-cells support worm 

development in BALB/c strains (see figure 2.12) (Finlay & Allen, 2020;  Hoerauf et 

al., 1995; Korten et al., 2002). 

Furthermore, it was demonstrated that overexpression of IL-10-producing 

macrophages enhances patency by significantly reducing the number of IL-5-

producing CD4+ T-cells in L. sigmodontis (Specht et al., 2012). Also, effects of 

antibodies produced against the L3-larvae, as well as antigens associated with larval 

moulting and antibodies to microfilarial sheath, have been documented. In addition, 

effector cells such as eosinophils and basophils, cytokines such as IL-4, IL-5, and 

TNF-α to reduce larval development and promote microfilarial clearance, have been 

described (Kwarteng & Ahuno, 2017). Nevertheless, not all immune mechanisms are 

fully understood and the precise mechanism as to how C57BL/6 mice clear infections 

is unclear. Evidence from Layland et al., showed that RAG2IL-2R-/- C57BL/6 mice 

developed a complete patent infection. Indeed, these mice lacking B-, T- and NK-
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cells produced longer, free-living worms in exceedingly high numbers with massive 

Mf production (Layland et al., 2015). Thus, indicating that the mechanism for 

clearance resides in these populations, early work has indicated that IL-4 plays a role 

(Specht et al., 2012) but although lack of IL-4R/IL-5 in BALB/c mice increases lung 

pathology and parasite load, mice still clear infection at later time-points (Ritter et al., 

2017). 

 

Figure 2.12: Immune response to L. sigmodontis infection. Immune mechanisms in BALB/c mice are 
characterized by immuneregulation and delayed worm killing. In comparison with C57BL/6 mice, in BALB/c mice 
there is a weaker accumulation of immune cells in the pleural cavity around d40. The immune response is mostly 
based on Th2 response with eosinophilia and B-cell production of IgG1 and IgE. In BALB/c mice, there is less 
macrophage proliferation and regulatory T-cell accumulation and also limited T-cell responses and worm killing. 
For late-stage worm killing, Th1 and Th2 responses play an important role. IFNγ supports neutrophilia and 
granuloma formation and IL-5 and eosinophils are required for worm killing. In addition, B1- and NK- cells support 
worm killing (Finlay & Allen, 2020). 
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2.4. The Inflammasome and IL-1β 

The inflammasome is an assembly of large intracellular multi-protein complexes that 

control the inflammatory response and coordinate antimicrobial host defenses. It 

results in the binding of PAMPs and DAMPs to NOD-like receptors (NLR). The 

inflammasome activates caspase-1 and caspase-11, two proteolytic enzymes. 

Caspase-1 generates the active forms of IL-1 and IL-18, whereas caspase-11 

triggers cell death by pyroptosis (a lytic form of cell death) (Broz & Dixit, 2016; 

Martinon et al., 2002). In general there are more than four inflammasome complexes, 

which were shown to play a role for immunity (e.g. NLRP1, NLRP3, NLRP4, AIM2, 

NLRP6, NLRP10). These types are all triggered by different PAMPs and DAMPs, 

contain different components and generate different cytokine and pro-inflammatory 

molecules. Inflammasome-mediated responses are important in regulating immune 

responses and metabolic processes, as well as in controlling microbial infections 

(Tizard, 2018). Mutations in NLRs can result in the uncontrolled emergence of 

inflammasomes, whereby patients suffer from fever and inflammation of different 

organs. This is called auto-inflammation syndrome (Martinon & Tschopp, 2004). 

Dysregulated inflammasome activation is also linked to cancer, metabolic and 

neurodegenerative diseases (Broz & Dixit, 2016). 

The interleukin-1 family contains different cytokines, most important are IL-1α and IL-

1β. IL-1α is attached to the cell surface and acts on cells that directly contact with 

macrophages. IL-1β is secreted by macrophages, dendritic cells, fibroblasts, 

endothelial cells, keratinocytes and hepatocytes. It acts on nearby cells, is important 

for promoting inflammation and coordinates innate and adaptive immune responses. 

Like IL-1α, IL-1β has an effect on the activation of T-cells, macrophages and 

endothelium, such as fever and inflammation. During infections IL-1β circulates in the 

bloodstream and is, responsible for sickness behavior, which is associated with TNF-

α (Broz & Dixit, 2016; Garlanda et al., 2013; Sims & Smith, 2010). 
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2.4.1. Activation and Structure of the Inflammasome 

There are several different inflammasome activators including several viral, bacterial, 

fungal and protozoan pathogens. In addition, uric acid crystals, ATP, pore-forming 

toxins, aluminum salts, asbestos and silica all trigger inflammasome activity (Broz & 

Dixit, 2016; Ritter et al., 2010). The activation of the inflammasome occurs through 

five receptor proteins: nucleotide-binding oligomerization domain (NOD), leucine-rich 

repeat (LRR)-containing protein and the NLR family (NLRP1,-3 and -4) for the so 

called canonical pathway and caspase-11 for the non-canonical pathway (Broz & 

Dixit, 2016; Tschopp et al., 2003). 

Currently, the activation of the NLRP3-inflammasome is the pathway that is best 

understood. Basically, two signals are required: Signal 1 is the TLR-mediated 

response triggered by PAMPs/DAMPs, which causes a priming of NF-B and thereby 

an accumulation of pro IL-1 and pro IL-18 (Broz & Dixit, 2016; Shao et al., 2015). 

Signal 2 leads to the formation of the inflammasome complex and is induced by 

various stimuli, such as ATP, which is receptor mediated, or silica and uric acid 

crystals, which promote phagocytosis. The receptor triggered activation leads to the 

production of potassium efflux and reactive oxygen species (ROS), whereas 

phagocytosis leads to lysosomal rupture and the release of Cathepsins (Broz & Dixit, 

2016; Shao et al., 2015). Both mechanisms activate the NLRP3-inflammasome and 

lead to the cleavage of pro-caspase-1 into active caspase-1, which then cleave pro-

IL-1 and pro-IL-18 into their bioactive forms. In the end IL-1 and IL-18 are secreted 

and support inflammatory response (see figure 2.13) (Murphy & Weaver, 2018; 

Tschopp et al., 2003). 
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Figure 2.13: Activation of the NLRP3-inflammasome. Two different signals can lead to the activation of the 

inflammasome. Signal 1 is triggered by PAMPs and DAMPs and leads through the priming of NFB to the 

accumulation of pro IL-1 and pro IL-18. Signal 2 is induced for example by receptor mediated stimuli or 
phagocytosis. The activated NLRP3-inflammasome catalyzes the conversion from pro caspase-1 into active 

caspase-1, which in turn splits pro IL-1 and pro IL-18 into their bioactive forms (Shao et al., 2015). 

 

2.4.2. Biological effects of IL-1β 

IL-1 family members foster the activity of cells of the innate immune system. IL-1 

can be secreted by multiple immune cells, such as DCs, monocytes, macrophages, 

mast cells, neutrophils, B- and T-cells, endothelial or epithelial cells. It is an important 

cytokine for the induction of inflammation and Th1/Th2 immune responses.IL-1 

represents a link in translating innate immune responses into adaptive immune 

response (Garlanda et al., 2013; Sims & Smith, 2010). IL-1βcan stimulate T-cell 

functions and can also act as a growth factor for B-cell proliferation and thymocytes. 

It is however, considered unlikely to play an essential role in thymic growth and 
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thymic function(Dinarello, 2009).Because of the potency and function, the biological 

activity of IL-1β is strictly regulated. 

Most autoimmune diseases are caused by overreaction or unbalanced regulation of 

the immune system. Auto-inflammatory diseases are often induced by dysfunctional 

activation of capase-1, which leads to increased secretion of IL-1β (Dinarello, 2009). 

High levels of IL-1β and auto-inflammatory diseases have also been associated with 

NLRP3 mutations. A mutation in the NLRP3-inflammasome can be connected with 

hereditary fever syndromes. Here, monocytes spontaneously release IL-1β and this 

release is increased after stimulation with lipopolysaccharide. A treatment with IL-1 

inhibitors such as anakinra, canakinumab or rilonacept, alleviate the disease. 

Anakinra, for example, is an IL-1 receptor antagonist, which blocks the activity of 

both IL-1β and IL-1α (Sims & Smith, 2010). 

Han et al. showed that patients with severe persistent allergic rhinitis had increased 

levels of IL-1. Their results demonstrate that IL-1β can be a biomarker for active 

allergic diseases, such as allergic rhinitis, asthma, and atopy. Moreover, their finding 

suggests that IL-1 should be investigated as a therapeutic target (Han et al., 2019). 

IL-1β also plays a central role during bronchial asthma development, where it 

promotes eosinophil infiltration and inflammation in the lung, characterized by 

neutrophil and macrophage infiltrates (Kips, 2001; Lappalainen et al., 2005). IL-1β 

increases mucin production and the thickness of conducting airways. In addition, it 

causes fibrosis and lymphocytic aggregates in the airways (Lappalainen et al., 2005). 

It also seems that the NLRP3-inflammasome activation has an influence on allergic 

airway inflammation (Besnard et al., 2011; Ritter et al., 2014). The role of IL-1β and 

the NLRP3 inflammasome in asthma development is still unclear and requires further 

investigation. Liu et al. performed in vitro studies in which they were able to inhibit the 

development of Th2/Th17 cells by using the IL-1 receptor antagonist anakinra. 

There are no clinical studies yet examining the use of this agent in asthmatic 

patients, but anakinra reduced airway neutrophilia in an asthma mouse model (Ather 

et al., 2011; Liu et al., 2017). 
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2.4.3. Inflammasome activation in parasite infections 

The modulation of the host immune system by helminths is an essential aspect of 

their survival, but the function of host inflammasome activation during helminth 

infection remains unclear. Helminth antigen, products and helminth-induced tissue 

damage all have the capacity to activate NLRP3-dependent inflammasomes. This 

activation results in persistence of the parasite in the host (see figure 2.14) (Celias et 

al., 2020). Indeed, studies have been shown that Schistosoma mansoni and 

Schistosoma japonicum soluble egg antigen (SEA) directly activates the NLRP3-

inflammasome and promotes IL-1secretion (Ritter et al., 2010; Liu et al., 2019). The 

Schistosoma mansoni SEA component binds to Dectin-2 and triggers the Syk kinase 

signaling pathway to activate the NLRP3-inflammasome.This triggering was further 

shown to suppress Th1, Th2 and Th17 immune responses and reduce liver 

pathology (Ritter et al., 2010; Liu et al., 2019). In other studies, NLRP3-deficient 

C57BL/6 mice, infected with Trichuris muris or Nippostrongylus brasiliensis, showed 

reduced worm burden, as a result of the restriction of Th2 response (Alhallaf et al., 

2018; Chenery et al., 2019). Trichuris muris also activates the NLRP3-

inflammasome, which up-regulates IL-18 secretion and thereby suppresses innate 

and adaptive immune responses (Alhallaf et al., 2018). During Fasciola hepatica 

infection, the molecules F. hepatica-derived cathepsin L3 (FhCL3) and F. hepatica 

helminth defense molecule 1 (FhHDM1) have been shown to have opposite effects. 

Whereas, FhCL3 induces inflammasome activation, FhHDM1 prevents this by 

inhibiting lysosomal acidification (Alvarado et al., 2017; Celias et al., 2019). In brief, 

during helminth infections, NLRP3-inflammasome activation is essential for 

regulating the Th2 response, restricting immunity against parasites and thereby 

allowing chronic infection (Celias et al., 2020). Especially for inflammasome 

activation in filarial infections, there are no published studies using either pre-clinical 

or clinical scenarios and therefore, in the present thesis, it was investigated how 

filarial infections influence inflammasome activation (see 2.5.). 
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Figure 2.14: Inflammasome activation by helminths. PAMPs and DAMPs from helminth infections are 
recognized by toll-like receptors or C-type lectin receptors. This leads to the activation of NF-kB, which regulates 

the transcription of NLRP3, pro-IL-1 and pro-IL-18 and the oligomerization of the NLRP3-inflammasome. The 

formation of Caspase-1 generates biologically active IL-1 and IL-18. These are secreted into the extracellular 
space and promote Th2 response constriction, parasite survival and fibrosis induction (Celias et al., 2020). 
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2.5. Aims of this thesis 

Helminths, which infect over one billion humans, typically cause chronic infections by 

escaping and suppressing host immunity. The AG Layland at the University Hospital 

Bonn is interested in deciphering host-helminth-interactions, with a specific focus on 

regulatory T-cells and how the lack of certain innate signalling components or 

pathways alters adaptive immune responses in the host, outcome of infection and on 

the helminth itself (like worm development, fecundity and infection intensity) (Ludwig-

Portugall & Layland, 2012;Ritter et al., 2017). Earlier work on TLR-signalling 

pathway, using the rodent specific model of filariasis, Litomosoides sigmodontis, 

revealed that lack of either TLR2, TLR4 or TRIF can influence those parameters 

(Rodrigo et al., 2016; Wiszniewsky et al., 2019). For example, using TLR2‐ and 

TLR4‐deficient BALB/c mice Rodrigo et al. were able to show that regulatory and 

adaptive immune responses were altered in TLR2‐/‐mice, whereas TLR4‐/‐ mice had 

100% patency. 

In this thesis, I addressed the other central branch of innate signalling and investigate 

lack of the central inflammasome adaptor molecule ASC in infected BALB/c mice. 

Using the L. sigmodontis model, I wanted to determine, whether worm burden, 

fertility, patency and the host immune response are affected in the absence of ASC. 

Furthermore I wanted to find out if this relates to a specific stage of the worm, for 

example differences between larval stages and adults. In addition, I intended to seek 

out whether microfilaria survive longer in the absence of ASC and whether the filarial 

suppressive characteristics of Treg cells of infected ASC-/- BALB/c mice are as 

efficient as those of infected WT BALB/c mice. Overall, this thesis aims to address 

whether lack of the central inflammasome adaptor molecule ASC in infected BALB/c 

mice also alters the outcome of infection or host responses. 
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3. Material and Methods 

3.1. Material 

3.1.1. Equipment 

See appendix A on page 109 

3.1.2. Antibodies and Proteins 

See appendix B on page 111 

3.1.3. Chemicals, Reagents and Kits 

See appendix C on page 111 

3.1.4. Buffer, Media and Solution 

See appendix D on page 113 

3.1.5. Software 

See appendix E on page 115 

3.1.6. Example of Treg isolation protocol and gating Strategies for Treg 

analysis 

See appendix F on page 116 

 

3.2. Methods 

3.2.1. Parasitological investigations 

3.2.1.1. Mouse strains 

Wild type (WT) BALB/c mice (Mus musculus) and ASC knockout (-/-) BALB/c mice 

were housed at the Institute of Medical Microbiology, Immunology and Parasitology 

(IMMIP) within the University Hospital of Bonn. ASC-/- BALB/c mice were a gift from 

the group of Jürg Tschopp from the University of Lausanne, Switzerland. The 

littermates were bred in IMMIP under SPF conditions in accordance with German 
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animal protection laws and EU guidelines 2010/63/E4 and had access to food and 

water ad libitum. All animal experiments were performed at the University Hospital 

Bonn between 2014 and 2016 and were approved by the Landesamt für Natur, 

Umwelt und Verbraucherschutz, Nordrhein-Westfalen, Germany (TVA-84-

02.04.2014.A301). 

Genotyping of the ASC-/- mice was analyzed by polymerase chain reagent technique 

(PCR) with using following primers: ASC-/- Primer 1,  5`-

CTAGTTTGCTGGGGAAAGAAC-3` (mutant), ASC-/- Primer 2,  5`-

CTAAGCACAGTCATTGTGAGCTCC-3` (WT common), ASC-/- Primer 3,  5`-

AAGACAATAGCAGGCATGCTGG-3´ (WT). For DNA extraction, little pieces of 

mouse tails were excised and incubated in 180 µl DirectPCR-Tail solution and 20 µl 

Proteinase K overnight at 55°C. The next day, this solution was incubated for 45 min 

at 85°C and centrifuged for 10 sec at 1300 rpm.The supernatant was transferred into 

a new tube and stored at -20°C ready for genotyping via PCR. The ASC-/- genotyping 

PCR was performed in a Primus PCR cycler. A 25 µl reaction consists of: 24 µl 

master mix (18.8 µl nuclease free water, 2 µl 10x Buffer, 0.1 µl dNTP (10 mM), 1 µl 

Primer 1 (10 µM), 1 µl Primer 2 (10 µM), 1 µl Primer 3 (10 µM), 0.1 µl Taq-

Polymerase) and 1 µl extracted mouse DNA. Amplification steps were performed 

using the following protocol: 94°C for 15 min, followed by 3 cycles at 94°C for 15 sec, 

60°C for 40 sec and 72°C for 30 sec, followed by 36 cycles at 94°C for 15 sec, 57°C 

for 25 sec and 72°C for 40 sec, followed by 72°C for 5 min and finally 8°C until the 

end. The samples were put on an agarose gel (2%) with a 100 base pair (bp) marker 

and an electrophoresis at 120 V and 300 mA for around 30 min was performed. The 

mutant allele is visible at 260 bp and the WT allele at 450 bp. 

 

3.2.1.2. Litomosoides sigmodontis infection 

Infections with Litomosoides sigmodontis were performed using a natural method 

(Hübner et al., 2009). The mice were infected with larvae of the third stage (L3-

larvae) of L. sigmodontis through the bite of their natural intermediate host, the 

tropical rat mite Ornithonyssus bacoti. Infections in mites occurred after engulfing 
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microfilaria (Mf) of L. sigmodontis during a blood meal on infected jirds (Meriones 

unguiculatus) (>2000 Mf/ml blood). After one night on the jirds, the mites were kept in 

animal bedding collected in an Erlenmeyer-flask. For infections, 8 to 14 week old 

naive WT and ASC-/- BALB/c mice (both genders) were placed over night in a plastic 

cage with the bedding including the mites. The transmission of L3-larvae took place 

during the blood meal on infection day (d0). After the blood meal, mites were 

transferred from the mouse to the bedding. On the next day, the bedding was 

removed and the mice were kept in an empty cage over soapy water overnight so 

that disengaged mites fell into water. For one week, the bedding had to be changed 

every day to remove remaining mites. Parasitological and immunological 

investigations were analyzed on day 10 post infection (d10 p.i.), d30 p.i., d70 p.i. and 

d90 p.i. 

 

3.2.1.3. Recovery of helminths from infected mice 

Infected WT and ASC-/- BALB/c mice were first sedated through inhalation of 

Forene® to take retro-orbital blood for bloodsmears to differentiate immune cells, for 

microfilarial screening and to produce sera for immunological investigations. 

Afterwards, animals were sacrificed with an overdose of inhaled Forene® and the 

spleen was taken with sterile scissors and tweezers. The spleens were cut in two and 

one was transferred into a tube with trizol and the other was snap frozen in liquid 

nitrogen. The latter were stored at -80°C until required. Next, mice were opened with 

sterile scissors and tweezers from the abdomen to the sternum. The cut was 

expanded so that it bordered the deepest ribs without damaging the diaphragm. 

Holding the tip of the sternum with the tweezers, a small hole was made in the middle 

point of the upper border of the diaphragm. Using a sterile Pasteur pipette, the 

pleural cavity was washed with 10 ml of sterile 1x PBS. This pleura wash was passed 

through a gaze filter in a 15 ml falcon to collect the worms found in the cavity. The 

collected worms were analyzed for gender, development stage and length. The first 

500 µl of pleura wash was taken for cytokine-analysis via ELISA and 10 µl for 

microfilarial screening. The remaining pleura wash was used to differentiate immune 
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cells via cytospins-technique and FACS-analysis. Finally, the chest was completely 

opened to pick up any residual worms and at the same time, the mediastinal 

lymphnodes (mLN), draining lymph nodes, were removed for cell culture and FACS-

analysis (Layland et al., 2015; Rodrigo et al., 2016). 

 

3.2.1.4. Microfilarial screening 

On analysis day, the infected mice were sedated by inhaling Forene® and retro-

orbital blood was taken. The same was done with the pleura wash taken on 

experimental day. In the microfilarial injection experiments with naïve WT and ASC-/- 

BALB/c mice and in the dynamic experiment, blood was taken from the Vena facialis 

over a time period of 40 days, respectively 90 days. In all cases, 10 µl blood was 

transferred in 300 µl Hinkelmann solution to determine the number of microfilariae. 

The samples were incubated for 30 min at room temperature (RT) and centrifuged for 

5 min at 1300 rpm. The supernatant was removed and Mf were counted in the 

sediment via microscopy (Al-qaoud et al., 1997; Layland et al., 2015). 

 

Figure 3.1: Stretched microfilaria in Hinkelmann solution (Archive AG Layland). 
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3.2.1.5. Determination of worm burden 

The collected worms in the gauze filters from individual mice were transferred into 

labelled petri dishes filled with 1x PBS. They were stored at 4°C overnight to 

decrease movement and therefore guarantee a better differentiation. For 

determination of gender and development stages, worms were transferred 

individually on a slide and analyzed based on following criteria. The differentiation 

between L4-larvae and adult worms is based on the buccal mouth capsule. The vulva 

can be seen in female worms of L. sigmodontis, whereas in female L4-larvae it is still 

covered with a cuticle. In the male worm, the inner spiculae can be seen, male L4-

larvae show primordial spiculae. The length of these worms was also measured. 

Nodes and encapsulated worms were counted, too. After analysis, worms were 

stored in formalin at room temperature (Layland et al., 2015). 

 

Figure 3.2: Anatomical characteristics to determine L. sigmodontis stage and gender. (A )L4-larvae with 
buccal capsule (cross). (B) Female L4-larvae with cuticle over vulva (star). (C) Male L4-larvae with primordial 
spiculae (arrow). (D) Female adult worm with fully developed vulva (red star). (E) Male adult worm with fully 

developed inside lying spiculae (red arrow) (Archive AG Layland). 

 

3.2.1.6. Isolation of microfilaria for injection experiments 

In order to carry out the microfilaria injection experiments on naive WT and ASC-/- 

BALB/c mice, Mf were isolated in advance from the blood of cotton rats (Sigmodon 
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hispidus) infected with L. sigmodontis. The whole blood sample was diluted 1:2 in 1x 

PBS, carefully transferred in a falcon, which was pre-filled with 3 ml of 30% and 3 ml 

25% gradient and centrifuged 30 min at 200 rpm at RT without break. After 

centrifugation, a white ring, which contained the Mf, between the gradients was 

visible. The ring was carefully transferred into a new falcon, washed two times with 

1x PBS and centrifuged 5 min at 1300 rpm at 4°C with break. The supernatant was 

removed, the Mf were re-suspended in 1 ml RPMI 1640-Medium without additions 

and counted in the Neubauer-chamber (Ajendra et al., 2014). The Mf were adjusted 

to 1x106/ml and re-suspended in Mf-freezing medium (RPMI 1640-Medium + 6% 

DMSO + 15% FCS). 1 ml aliquots were stored at -80°C. 

 

3.2.1.7. Microfilaria injection experiments 

Microfilaria of L. sigmodontis were isolated as described in 3.2.1.6. and thawed on 

ice. 50,000 Mf/mouse were injected intravenously in naïve WT and ASC-/- BALB/c 

mice. On injection day (d0), one hour post injection blood was taken for Mf screening, 

as well as on d6, d9, d13, d16, d20, d26, d30, d35 and d40. On d0, d6 and d30 sera 

was taken as described in 3.2.3.1. 

 

3.2.1.8. Production of Litomosoides sigmodontis-antigen 

L. sigmodontis-antigen (LsAg) was used for the stimulation of cell cultures or 

analyzing filarial-specific antibodies by ELISA. In short, L. sigmodontis-infected 

cotton rats were sacrificed with Forene® and recovery of adult worms was performed 

as described in section 3.2.1.3. Under sterile conditions, the collected worms were 

rinsed in 1x PBS to remove remaining tissue or blood. The worms were then 

transferred into a glass potter with 5 ml RPMI 1640-medium and homogenized for 20 

min. This solution was transferred into a falcon and centrifuged for 10 min at 

4,000rpm at 4°C. The supernatant was transferred into a new falcon to measure the 

antigen concentration via Bradford-Assay (Ziewer et al., 2012). The concentration 

was adjusted to 1 mg/ml, aliquoted and stored at -80°C until required. Endotoxin 
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tests were routinely carried out to ensure that batches were not contaminated. To 

test the stimulating effect of the LsAg, antigens were tested in two cell culture assay 

settings: 1) with bone marrow-derived dendritic cell (BMDCs) to observe TNF-α and 

IL-6 release, and 2) spleen cell cultures from infected mice with subsequent 

measurement of IFN-γ, IL-10 and IL-5 in the cell culture supernatant by Enzyme-

Linked Immunosorbent Assay (ELISA). 

 

3.2.1.9. Bradford Assay 

To measure antigen concentration within the LsAg, a bovine serum albumin (BSA) 

standard dilution row (diluted in PBS) was prepared with concentrations from 7.8125 

µg/ml up to 2000 µg/ml. 3 µl of each standard were pipetted into a separate well of a 

96-well flat-bottom ELISA plate in duplicates and 3 µl of different sample dilutions 

(1/50, 1/75 and 1/100) were also transferred into the plate in triplicates. Afterwards, 

300µl of Advanced Protein Assays (solution included in the “kit”) were transferred into 

standard and sample wells and the optical density was measured immediately using 

the SpectraMAX ELISA reader with wavelength correction (450 nm and 570 nm). 

Data were analyzed with SOFTmax Pro 3.0 software. 

 

3.2.2. Cellular investigations 

3.2.2.1. Cell counting in lymph nodes and lavages 

After obtaining the pleural wash, it was centrifuged for 5 min at 1300 rpm at 4°C. The 

supernatant was removed and the remaining pellet containing cells was re-

suspended in 5 ml FACS-buffer (1x PBS + 2% FCS). 10µl of this solution was 

transferred in 10 ml CASYton-solution and counted using the CASY cell counter. 

Individual mediastinal lymph nodes were homogenized with sterile tweezers in the 

wells of a 96-well-plate, transferred in 3 ml 1x PBS and filtered through a gauze to 

remove remaining tissue. This solution was also centrifuged 5 min at 1300 rpm at 

4°C, supernatant was removed and cells were re-suspended in 1 ml RPMI 1640-

Medium. 10 µl of mLN cells were counted like the pleura wash cells above. 
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3.2.2.2. Bloodsmears, cytospin-technique and cell staining 

Bloodsmears and the cytospin technique were used to differentiate immune cells 

within the sera and the pleura wash. 5µl of blood were dropped onto a microscope 

slide and a smear was prepared by pushing the blood along the slide by using 

another slide. Bloodsmears were dried at RT before further staining was carried out. 

For the pleural wash cells, a cytospin-chamber was prepared, created from chamber, 

slide and filter paper with four equal round openings to which the cells reach the slide 

later. Cells were adjusted to 1x106/ml and 50 µl was pipetted in the four openings of 

the chamber and centrifuged on the slide via impulse-centrifugation on to 300 rpm 

without break. Afterwards, the chamber was disassembled, remaining liquid was 

soaked up with the filter paper and the slide was dried at RT for further staining. 

Bloodsmears and cytospins were stained with the Diff-Quick-Staining Set. This set 

contains fixative solution (methanol), staining solution I (eosin) and staining solution II 

(azure). For cell fixation, the slide was dipped 5 times for one second into the fixative 

solution, afterwards 5 to 7 times for one second into staining solution I (for staining 

the acid components in red). In the last step, the slide was dipped three times into 

staining solution II (for staining the basic components blue), rinsed with water, air 

dried and finally covered with Entellan and a cover slip. For cell determination via 

microscope, the number of monocytes, lymphocytes, neutrophil and eosinophil 

granulocytes were counted in double approach (100 cells each) and the mean was 

determined. 

 

Figure 3.3: Different immune cells in blood smears. Two neutrophil granulocytes (left picture), one eosinophil 
granulocyte (middle) and one lymphocyte (right picture) between multiple erythrocytes (Archive AG Layland). 
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3.2.2.3. Flow cytometry 

The Fluorescent activated cell scan (FACS) was used to differentiate the cells of the 

adaptive immune system of pleura wash and mediastinal lymph nodes. This 

technique utilizes light for cell counting and analysis of expressed cell surface and 

intracellular molecules, to assess cell purity of isolated cells and to determine cell 

size. For determining cells via flow cytometry, the pleura wash and the cells of the 

mLN were centrifuged 5 min at 1300 rpm at 4°C. The supernatant was removed and 

the cell pellet was re-suspended in 5 ml FACS-buffer. The cells were counted in 

CASY cell counter and adjusted to 4x106/ml.  

 

3.2.2.3.1. Extracellular staining for flow cytometry 

For extracellular staining, different cell types were stained with specific mice- 

antibodies with different fluorochromes so that populations can be distinguished from 

each other simultaneously (Layland et al., 2015; Rodrigo et al., 2016). 100 µl of the 

cells adjusted above were transferred into a 96-well-plate for sample staining, 

individual staining as positive control and unstained controls. The plate was 

centrifuged 5 min at 1300 rpm at 4°C and the supernatant was discarded. 50 µl/well 

Fc-Block (CD16/CD32 antibody, diluted 1:500) was added and incubated 15 to 20 

min at 4°C in the dark. Fc-Block is used to block the Fc-receptors, which are found 

on different cell types like macrophages, dendritic cells or B-cells and which bind Fc 

parts of antibodies rather than their antigen specific Fab-domain. A washing step with 

150 µl/well of FACS-buffer and centrifugation followed. Cells were stained with 

fluorescently-marked monoclonal antibodies. The master mix consisted of CD4-APC 

and CD25-PE-Cy-7 antibodies and was incubated 20 to 30 min at 4°C in the dark. 

Single stainings were performed with 1 µl of the individual antibody and also 

incubated. Afterwards the cells were centrifuged and re-suspended in 100 µl PBS for 

measuring (Ajendra et al., 2014). 
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3.2.2.3.2. Intracellular staining for flow cytometry 

For intracellular staining, the Foxp3-Transcription Factor Staining Buffer Set was 

used, in accordance to the manufacturer’s protocol. Cells were re-suspended in 50 

µl/well 1x Fix/Perm solution and incubated at 4°C in the dark overnight. On the next 

day, cells were washed in 150 µl/well of 1x Permeabilization buffer. Cells were 

centrifuged again as previously described and supernatant was removed. For 

intracellular Foxp3-staining, cells were incubated again with 50 µl/well Fc-block for 15 

to 20 min at 4°C and immediately after, without a washing step, 50 µl/well of anti-

Foxp3-PE was added and incubated 30 min at 4°C. A last washing step followed and 

the cells were re-suspended in 200 µl/well FACS-buffer to analyze in the FACSCanto 

I flow cytometer with FlowJo v10 software (Layland et al., 2010). 

 

3.2.2.4. Cell sorting Techniques 

3.2.2.4.1. Magnetic separation of MHC Class II negative spleen cells 

MHC Class II negative cells were isolated using the mouse Anti-MHC Class II Micro 

Beads Kit from MiltenyiBiotec GmbH in accordance with the manufacturer’s protocol. 

Per 1x107 cells, lymphocytes from the spleen of L. sigmodontis (Ls)-infected and 

naïve mice were re-suspended in 90 µl of autoMACS buffer and 10 µl Anti-MHC II 

beads were added and incubated 15 min at 4°C. Afterwards, the cells were washed 

in autoMACS buffer and centrifuged 5 min at 1300 rpm at 4°C. Supernatants were 

removed and up to 108 cells were re-suspended in 500 µl of autoMACS buffer. The 

cells were separated using LS columns placed in the magnetic field of a MACS 

separator. The columns had to be primed with 3ml of running buffer. Next, the cells 

were added to the columns. The columns were washed three times with 3 ml of 

autoMACS buffer. Labeled MHC-cells were held in the column whereas unlabeled T-

cells, that had passed through directly, were collected in falcon tubes. All separated 

cells were washed and re-suspended in medium for counting. Purity of isolated cells 

was analyzed via FACS and revealed a cell purity of 95-97%. 
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3.2.2.4.2. Cell sorting of CD4+ T-cells 

Following removal of MHC II cells, see above section, the resulting untouched T-cell 

population was then stained with anti-CD4 APC-conjugated and anti-CD25 PE 

conjugated antibodies and isolated using the BD FACSAria III Cell Sorter. 

CD4+CD25lo and CD4+CD25hi T-cell subsets were then collected in fetal calf serum 

(FCS), washed twice in PBS and stored in media on ice until co-culture assays were 

performed. 

 

3.2.2.5. Cell Culture 

3.2.2.5.1. Bulk Cell Assays 

For bulk cell assays, 5x105 cells from mediastinal lymph nodes of Ls-infected WT or 

ASC-/- BALB/c mice were plated out onto a 96-well-round-bottom plate. Cultures were 

then left un-stimulated (as negative control) or stimulated with either 50 µg/ml LsAg 

or 5/1.25 µg/ml CD3/CD28 antibody (as positive control) in triplicates. These cell 

cultures were incubated at 37°C with 5% CO2. After 96 hours, the supernatant was 

removed and stored at -20°C until analysis of cytokine release via ELISA could be 

performed (Rodrigo et al., 2016). 

 

3.2.2.5.2. Preparation and cultivation of bone marrow-derived dendritic cells 

(BMDCs) 

Naïve BALB/c mice were sacrificed by inhaling Forene®. The hind limbs were 

opened and the muscles were separated from the bones using sterile scissors and 

tweezers. The bones were cut at the hip joint and the ankle and divided into lower 

and upper legs by removing the knee. The bone marrow was flushed out with sterile 

1x PBS by using a syringe and cannula. The collected bone marrow was 

homogenized and centrifuged 8 min at 1300 rpm at 4°C. The supernatant was 

removed and the pellet was re-suspended in 2 ml of ACT-buffer for 6 min at RT. After 

erythrocyte lysis, the suspension was filtered through a gauze, washed with 9 ml 1x 

PBS and centrifuged again. The supernatant was discarded, the cells were re-

suspended in culture medium and counted. 1x107 bone marrow cells were 
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transferred in 10 ml IMDM medium containing 20 µl GM-CSF and plated onto a petri 

dish. The BMDCs were cultured for 7 days at 37°C with 5% CO2. On day 3, fresh 10 

ml IMDM medium with GM-CSF was added. On day 6 the medium was changed by 

removing the whole liquid phase. It was centrifuged for 8 min at 1300 rpm at 4°C, the 

supernatant was discarded and remaining cells were re-suspended in 10 ml fresh 

IMDM medium with GM-CSF and transferred back to the same petri dish. On day 7, 

generated BMDCs were attached to the bottom of the petri dish. The supernatant 

was discarded and 5 ml 1x PBS was added to the plate. Cells were detached with a 

cell scraper and by flushing the plate several times with ice-cold 1x PBS. The 

BMDCs were collected in a falcon, centrifuged 5 min at 1300 rpm at 4°C, re-

suspended in IMDM medium without GM-CSF and counted as described in 3.2.2.1. 

(Ritter et al., 2010). 

 

3.2.2.5.3. T cell co-culture assays and analysis of Treg suppression 

To evaluate CD4+ T-cell responses co-culture assays were performed in 96-well 

round bottomed plates. BMDCs generated from naive WT or ASC-/- BALB/c mice 

(section 3.2.2.5.2.) were plated out at 5x104 cells/well and left to settle for 2 hours. 

FACS-sorted CD4+CD25lo T-cells from Mf positive or Mf negative Ls-infected WT 

BALB/c mice (day 70 p.i.) were then added (1x105/well) to the DCs and were left 

either non-stimulated or activated with LsAg (50 µg/ml) or CD3/CD28. After 72 

hours, the supernatant was removed and stored at -20°C until analysis on cytokine 

levels via ELISA could be performed.  

For Treg suppression assays, DCs generated from naïve WT BALB/c mice were 

plated at 5x104/well in 96 well round bottomed plates. Isolated CD4+CD25lo T-cells 

from Mf positive Ls-infected WT BALB/c mice (day 70 p.i.) were then added to the 

DC and left either un-stimulated or activated with LsAg (50 µg/ml). Due to the low 

number of Mf negative ASC-/- mice, the experimental design of the Treg suppression 

assays compared the ability of Treg from either infected ASC-/-Mf positive, WT Mf 

positive or WT Mf negative to suppress cytokines released from T-cells from WT Mf 
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positive mice. After 72 hours, levels of IL-2, IL-5 and IL-13 were measured in the 

resulting supernatant by ELISA. 

 

3.2.3. Immunological investigations 

3.2.3.1. Isolation of sera from murine blood 

In order to receive serum, blood was taken as described in 3.2.1.4 or during an 

ongoing experiment from the Vena facialis. The blood samples were stored at 4°C 

overnight to allow coagulation and centrifuged on the next day for 5 min at 1300 rpm 

at 4°C. The liquid phase was transferred into a new tube and centrifuged again. 

Afterwards, the resulting sera were transferred into a new tube and stored at -20°C 

for further analysis. 

 

3.2.3.2. Enzyme-Linked Immunosorbent Assay (ELISA) 

Cytokine- and immunoglobulin levels of murine pleura wash, supernatants of 

mediastinal lymph node cell cultures and murine sera were analyzed via ELISA. 

ELISA is an antibody-based method for the detection of different molecules, in this 

case cytokines and immunoglobulins. Generally, ELISA plates are coated with a 

specific capture antibody. A specific cytokine or immunoglobulins in the samples bind 

to the capture antibody and in the next step a specific detection antibody binds to the 

captured cytokine or immunoglobulin.  The detection antibody is linked with an 

enzyme, e.g. Horseradish peroxidase (HRP). After adding the developer, for example 

3,3´,5,5´-Tetramethylbezidine (TMB), the enzyme catalyzes a color change (in this 

case to blue). This reaction has to be stopped, otherwise saturation will occur. A pH-

change, caused by the stop solution, changes the color again (in this case to yellow). 

The OD values are measured via a spectrometer. 
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3.2.3.2.1 Cytokine-Sandwich-ELISA 

Sandwich-ELISAs were performed according to the manufacturer´s protocol 

(eBioscience: IL-1, IL-2, IL-13, TGF-β, IFN-γ; BD Bioscience: IL-5, IL-10). In brief, 

ELISA plates were coated with 50 µl/well of specific capture antibody, diluted in 

specific buffer, and incubated over night at 4°C. Plates were washed several times 

with washing buffer and blocked for one to two hours with blocking buffer. After a 

second washing step, plates were incubated with 50 µl/well standard and samples for 

2 hours at RT. Standard and samples were applied in duplicates, whereas the 

standard was pipetted as a decreased serial dilution. The washing steps were 

repeated and 50 µl/well of specific detection antibody was added and incubated for 

one to two hours at RT. After a further washingstep, the plates were incubated with 

50 µl/well Streptavidin-HRP (eBioscience) or Streptavidin-POD (BD Bioscience) for 

30 to 45 min at RT. After a following washing step, the plates were incubated with 

100µl/well developer which contains 3,3´,5,5´-Tetramethylbezidine (TMB) in the dark 

for about 15 min. After the color of the first 4 to 5 wells of the standard serial solution 

changed, the reaction was stopped by adding 100 µl/well 2N sulfuric acid (H2SO4). 

Finally, the optical density was measured using the SpectraMAX ELISA reader with 

wavelength correction (450 nm and 570 nm). Data were analyzed with SOFTmax Pro 

3.0 software. 

 

3.2.3.2.2. L. sigmodontis specific immunoglobulin-ELISA 

To analyze filarial-specific IgE and IgG1 ELISA, ELISA plates were coated with 50 

µl/well LsAg (10 µg/ml diluted in 1x PBS) and incubated at 4°C overnight. After 

washing several times with washing buffer, the plates were blocked with 150 µl/well 

blocking-solution for 2 hours at RT. Sera were diluted with 1x PBS/2% BSA and 10 µl 

of ProteinG-Agarose Beads were added. This solution was incubated for one hour at 

4°C on a shaker. Afterwards, the samples were centrifuged for 5 min at 1300 rpm at 

4°C and the supernatant was used for the ELISA. After the next washing step, 

50µl/well samples were added and incubated over night at 4°C. Samples were 

applied in duplicates. Another washing step followed. Then 50 µl/well specific 
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detection antibody (anti-IgE and anti-IgG1) was added and incubated 90 min at RT. 

After a next washing step, 50 µl/well Streptavidin-HRP was added and incubated 45 

min at RT. After a final washing step plates were incubated with 100 µl/well 

developer containing 3,3´,5,5´-Tetramethylbezidine (TMB) in the dark for about 15 

min. The reaction was stopped by adding 100 µl/well 2N H2SO4. The optical density 

was measured using the SpectraMAX ELISA reader with wavelength correction (450 

nm and 570 nm). Data were analyzed with SOFTmax Pro 3.0 software. 

 

3.2.3.2.3. Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex Kit 

The Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex Kit (eBioscience) is a 

fluorescent bead immunoassay, which is based on the principle of an ELISA. This 

Multiplex Kit was developed for measuring mouse IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-13, IL-17A, IL-21, IL-22, IL-27, TNF-α and IFN-γ at the same time and has the 

advantage that only small volumes of material are required. For analyzing cytokine 

levels in the pleural wash and sera, the multiplex was performed according to the 

manufacturer´s protocol. In brief, a pool of reconstituted standards was prepared and 

serially diluted. Afterwards, a bead mixture consisting of the different beads and the 

Biotin-conjugate mixture was prepared. Bead mixture and Biotin-conjugated mixture 

were pipetted to the samples, standards and blank controls and incubated for 2 hours 

at RT in the dark. Afterwards, samples were washed and 25 μl of Streptavidin-PE 

solution was added to each tube and incubated for another hour in the dark. After 

further washing steps, samples were re-suspended in 100 μl Assay buffer and the 

individual cytokine concentrations were measured using the FACSCanto I flow 

cytometer. Analysis was performed using the FlowCytomix Pro3.0 software. 
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3.2.4. Statistical Analysis 

Graphs were designed and statistics were performed using GraphPad Prism 5.0 

software. Statistical significances between different groups were tested with ANOVA 

and in cases of significance followed by a t-test when data were in a Gaussian 

distribution. If values were non-parametric, significance was first analyzed with the 

Kruskal-Wallis test followed by the Mann-Whitney test. P values of 0.05 or less were 

considered significant. 
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4. Results 

As described earlier, L. sigmodontis can develop a patent infection in WT BALB/c 

mice (Hoffmann et al., 2000; Petit et al., 1992). In these mice, the rodent filarial can 

complete its whole life cycle, from infective L3-larvae into the development of L4-

larvae and adult worms and finally the production of microfilaria (Hoffmann et al., 

2000; Hübner et al., 2009; Rodrigo et al., 2016). This chapter describes the findings 

of this thesis that show the significance of the central adapter molecule of the 

inflammasome (ASC) during infection with L. sigmodontis. It is divided into four 

sections: worm development and reproduction, local and systemic immune changes 

during infection and regulatory T-cell activity and suppression. 

 

4.1. Worm development and reproduction in ASC-deficient BALB/c mice 

The first section describes how worm development and reproduction are altered, 

when there is an absence of inflammasome signaling. In this thesis ASC-/- BALB/c 

mice were used to study the impact of changes in host immunity during a filarial 

infection in the absence of the central adapter molecule of the inflammasome (ASC). 

Simultaneously, I was interested in whether there would be any differences in how 

the filaria developed in infected ASC-/- BALB/c mice in terms of worm burden, worm 

development, fertility and patency, the release of the microfilaria and the 

transmission life-stage. In addition, it was investigated how the production and 

survival of microfilaria behaves in the absence of ASC. Therefore, different 

parameters, such as worm burden, worm length, numbers of encapsulated worms 

and nodules, microfilarial load and microfilarial survival on different days of infection 

were determined. Resulting infections were analyzed on days 10, 30, 70 and 90. 

These different days correspond to important time-points of development since 

around day 10 the L3-larvae moult into L4, around day 30 the L4-larvae moult into 

adults, day 70 is the peak of microfilarial output and around day 90 the infection is 

starting to end: many worms are still alive but they produce less microfilaria 

(Hoffmann et al., 2000; Hübner et al., 2009; Kochin et al., 2010; Petit et al., 1992). 
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4.1.1. In the absence of ASC, there are no differences in worm burden, but 

worms are longer and less encapsulated 

Data presented in this section was obtained from 2 to 3 independent infection studies 

with L. sigmodontis per time-point. Individual mice were analyzed for worm burden, 

gender, size and levels of encapsulation and nodules. 

 

Figure 4.1: While worm burden is comparable, there are longer and less encapsulated worms in ASC-/- 
mice. Worms were isolated from the pleural cavity of individual L. sigmodontis-infected mice. (A-D) Absolute 
numbers of worms from infected ASC-/- and WT BALB/c mice on d10, d30, d70 and d90 p.i. (E-G) Comparison of 
worm length separated according to their gender in ASC-/- and WT mice at d30, d70 and d90 p.i. (H-J) Numbers 
of encapsulated worms and nodules in ASC-/- and WT mice on d30, d70 and d90 p.i. Box and Whiskers represent 
mean ± SEM of data from individual mice of one (d10), two (d30 and d70) and three (d90)independent infection 
studies. Statistical significances between the indicated groups were either, obtained after an unpaired t-test or 
after Mann-Whitney test. 
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Encapsulation is a host response to remove the worms and is formed by the 

accumulation of cells around the worms containing mainly neutrophils and some 

eosinophils (Al-Qaoud et al., 2000). This can result in worms being fully covered 

termed nodules. Upon extraction from the thoracic cavity, worm stages and status 

(free-living to nodules) can be determined via microscopy. In terms of worm burden, 

there were no significant differences between ASC-/- and WT BALB/c mice at any of 

the studied time-points (Figure 4.1 A to D). However, on day 30 post infection, the 

female and male adult worms in ASC-/- mice were longer than in WT mice (Figure 4.1 

E) although this was not seen at later time-points (Figure 4.1 F and G). In turn, in 

infected WT BALB/c mice on day 30 and day 70 post infection, there were more 

encapsulated worms than in ASC-/- mice, indicating that in the absence of ASC 

signalling host responses to filariae were deviated (Figure 4.1 H and I). 

 

4.1.2. In the absence of ASC signalling, female L. sigmodontis worms have an 

elevated fecundity and Mf production 

On days 70 and 90 post infection, pleural wash and blood samples were obtained to 

determine microfilaria counts. Figure 3.2 shows a significantly higher number of 

microfilaria in the pleural wash on day 70 (A) but not day 90 (B). Increased Mf counts 

in blood were found on both day 70 (C) and day 90 (D) in ASC-/- mice. On day 70 p.i., 

74% of ASC-/- mice and 41% of WT mice were Mf positive. On day 90, 63% of ASC-/- 

mice and 37% of WT mice were Mf positive. Since we observed high Mf counts in 

ASC-/- mice, an additional dynamic screening of microfilarial load was performed over 

90 days. Here, it can be seen, that over the course of infection ASC-/- mice presented 

higher Mf counts although the time-point of initial production was not different to WT 

mice (Figure 4.2 E). Figure 4.2 (F) depicts how many microfilaria were produced by 

one female adult worm and here it is also evident that female adult worms developing 

in ASC-/- mice produced significantly more microfilaria than female adult worms in WT 

BALB/c mice. 
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Figure 4.2: Higher numbers of microfilaria and higher microfilaria production per female adult worm in 
ASC-/- mice. The microfilaria were counted in pleura wash and peripheral blood of L. sigmodontis-infected ASC-/- 
and WT mice. (A+B) Absolute numbers of microfilaria in pleural wash of ASC-/- and WT mice on d70 and d90 pi. 
(C+D) Absolute numbers of microfilaria in peripheral blood ofASC-/- and WT mice on d70 and d90 pi. (E) 
Microfilarial screening in peripheral blood of ASC-/- and WT mice over 92 days of infection. (F) Number of 
microfilaria per female adult worm in pleural wash and peripheral blood of ASC-/- and WT mice on d70 p.i. 
Symbols represent mean ± SEM of data from individual mice of two to three independent infection studies. 
Statistical significances between the indicated groups were either obtained after an unpaired t-test or after Mann-

Whitney test.  
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4.1.3. No differences in microfilarial survival over 40 days between ASC-/- and 

WT BALB/c mice 

Clearance assays using microfilaria are used to determine the strength of host 

responses in eliminating Mf and also to test potential drugs. Since there were higher 

numbers of Mf in ASC-/- mice, this assay was used to show that there were really 

more microfilaria in ASC-/- mice, not that they were just living longer and accumulate. 

Therefore, microfilaria were isolated in advance from the blood of cotton rats 

(Sigmodon hispidus), infected with L. sigmodontis, and 50,000 Mf/mouse were 

injected intravenously into naïve ASC-/- or WT BALB/c mice. Microfilaria were 

counted at the intervals depicted on Figure 4.3. No differences were observed in 

microfilarial survival over 40 days between ASC-/- and WT BALB/c mice 

strengthening the observation that worms are more fertile in the absence of ASC 

signalling.  

 

Figure 4.3: No differences in microfilarial survival between naïve ASC-/- and WT mice over 40 days. After 
intravenous injection of microfilaria in naïve ASC-/- and WT mice, the microfilaria were counted in peripheral blood 
from regularly taken samples. Symbols represent mean ± SEM of data from individual mice of two independent 
injection studies. 
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4.2. Local immune changes during L. sigmodontis infection 

The second section describes the differences in the local immune changes during L. 

sigmodontis infection between ASC-/- and WT BALB/c mice. Several parameters, 

such as the numbers of immune cells, different cytokines and filarial specific 

immunoglobulins in pleural wash were investigated on the days 10, 30, 70 and 90 

post infection. Additionally, the concentrations of different cytokines in cell cultures of 

draining mediastinal lymph nodes were investigated at the same time-points. As 

described earlier, third-stage larvae from L. sigmodontis, which are transmitted by the 

tropical rat mite, migrate through the lymphatic system into the pleural cavity. Inside 

the pleural cavity, they moult into L4-larvae, which then develop to adult worms 

(Hoffmann et al., 2000; Hübner et al., 2009; Petit et al., 1992). These adult worms 

remain in the pleural cavity until they die. Female adult worms produce microfilaria 

and induce local immune changes and pathology (Fercoq et al., 2019, 2020; 

Frohberger et al., 2019; Ritter et al., 2017). 

 

4.2.1. Higher percentage of eosinophil granulocytes, but less macrophages in 

pleural wash of ASC-/-BALB/c mice 

To differentiate and determine the percentage of immune cells in the pleural wash of 

L. sigmodontis-infected ASC-/- and WT BALB/c mice, the cytospin-technique was 

performed on samples collected on days 10, 30, 70 and 90 post infection. With this 

technique, immune cells of the pleural wash were spinned down onto a microscope 

slide, stained with the DiffQuik-staining kit and counted via microscopy. On day 30 

post infection, ASC-/- mice had a higher percentage of eosinophil granulocytes, but 

less macrophages (Figure 4.4 B), although it was not seen on earlier (Figure 4.4 A) 

or later time-points (Figure 4.4 C and D). 
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Figure 4.4: More eosinophil granulocytes, but less macrophages in pleural wash of ASC-/- mice on day 30 
post infection. The immune cells of the pleural wash of L. sigmodontis-infected ASC-/- and WT BALB/c mice 
were spun down onto a microscope slide via cytospin-technique, stained and counted via microscope. The 
percentages of immune cells in pleural wash on days 10 (A), 30 (B), 70 (C) and 90 (D) post infection are shown. 
Symbols represent mean ± SEM of data from individual mice from one (d10), two (d30 and d70) and three (d90) 
independent infection studies. Statistical significances between the indicated groups were either obtained after an 
unpaired t-test or after Mann-Whitney test. 

 

4.2.2. Comparable cytokine levels in pleural wash of infected WT and ASC-

deficient BALB/c mice 

To evaluate the local immunological and inflammatory reaction in L. sigmodontis 

infected ASC-/- in comparison to WT mice and naïve ASC-/- and WT BALB/c mice, 

levels of different cytokines, specific for Th1, Th2 and Th17 immune response, as 

well as cytokines activated by the inflammasome, were measured in pleural wash via 

the Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex Kit. There were no 

significant differences in cytokine levels between the infected groups (Figure 4.5 A to 

C and Figure 4.6 A and B), as well as in other Th1, Th2 and Th17 specific cytokines 
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(see table 1 in appendix G). It is interesting that IL-1 is not reduced in ASC-/- BALB/c 

mice (Figure 4.6 B). This probably means that the IL-1 production is ASC 

independent. But it could be shown that IFN- and IL-1 levels are reduced in 

infected compared to naive mice (Figure 4.5 A and Figure 4.6 A). This indicates that 

L. sigmodontis suppresses Th1 immune response. Whereas, the Th2 specific 

cytokine IL-13 is elevated in infected compared to naive mice. (Figure 4.5 B). 

 

Figure 4.5: Comparable cytokine levels between the infected groups, but reduced IFN- and elevated IL-13 

levels upon infection. Amounts in pg/ml of IFN- (A) IL-13 (B) and TGF- (C) in pleural wash of L. sigmodontis-
infected and naïve ASC-/- and WT BALB/c mice on day 30, 70 (with differentiation of Mf positive and Mf negative 
ASC-/- and WT mice) and day 90 post infection. Symbols represent mean ± SEM of data from individual mice of 
two (d30 and d70) to three (d90) independent infection studies. Statistical significances between the indicated 
groups were obtained after conducting a one-way ANOVA test, followed by an unpaired t-test or after Mann-

Whitney test. 
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Figure 4.6: No difference in the amount of IL-1 reduced IL-1 levels upon infection in pleural wash. 

Amounts in pg/ml of IL-1 (A) and IL-1 (B) in pleural wash of L. sigmodontis-infected and naive ASC-/- and WT 
BALB/c mice on day 30, 70 (with differentiation of Mf positive and Mf negative ASC-/- and WT mice) and day 90 
post infection. Symbols represent mean ± SEM of data from individual mice of two (d30 and d70) to three (d90) 
independent infection studies. Statistical significances between the indicated groups were either obtained after an 
one-way ANOVA or Kruskal-Wallis-Test, followed by an unpaired t-test or after Mann-Whitney test. 
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4.2.3. In the absence of ASC, a higher level of filarial specific IgE in pleural 

wash was detectable 

To determine the amount of filarial specific immunoglobulins in pleural wash of L. 

sigmodontis-infected ASC-/- and WT BALB/c mice via ELISA, the ELISA plates were 

coated with LsAg. As detection antibody the different immunoglobulins (anti-IgE and 

anti-IgG1) were used. Finally, the optical density was measured. On day 70 post 

infection ASC-/- mice showed a significantly higher amount of filarial specific IgE in 

pleural wash (Figure 4.7 A), which was not seen on the other days. However, there 

were no differences in the amount of filarial specific IgG1 (Figure 4.7 B). 

 

Figure 4.7: Higher amounts of filarial specific IgE in pleural wash of ASC-/- mice. The OD of filarial specific 
IgE (A) and IgG1 (B) in pleural wash (PW) of L. sigmodontis-infected ASC-/- and WT BALB/c mice on days 30, 70 
and 90 post infection. Symbols represent mean ± SEM of data from individual mice from two (d30 and d70) or 
three (d90) independent infection studies. Statistical significances between the indicated groups were either 

obtained after an unpaired t-test or after Mann-Whitney test. 
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4.2.4. In the absence of ASC, reduced IFN- levels in filarial specific response 

from draining mediastinal lymph nodes occurred 

As the lymphatic system is also a site of L. sigmodontis infection, bulk cell assays of 

the mediastinal lymph nodes of ASC-/- and WT BALB/c mice were performed on days 

30, 70 and 90 post infection. For these assays, mediastinal lymph nodes of individual 

mice were taken, squashed, cells plated out in a cell culture system and stimulated 

with LsAg. Different cytokine ELISAs were performed, by using the cell supernatant. 

 

 

Figure 4.8: No differences in the amounts of IL-5 and IL-10 in filarial specific response from draining 
mediastinal lymph nodes. Amounts in pg/ml of IL-5 (A) and IL-10 (B) in mLN cells of L. sigmodontis-infected 
ASC-/- and WT BALB/c mice stimulated with LsAg on day 30, 70 and 90 post infection. Box and Whiskers 
represent mean ± SEM of data from individual mice of two (d30 and d70) to three (d90) independent infection 
studies. Statistical significances between the indicated groups were either obtained after a one-way ANOVA or 

Kruskal-Wallis-Test, followed by an unpaired t-test or after Mann-Whitney test. 
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There were no differences in the amounts of IL-5, IL-10 and IL-13 at the different 

time-points (Figure 4.8 and Figure 4.9 A), but reduced IFN- levels on days 30 and 

70 post infection in filarial specific response from draining mediastinal lymph nodes of 

ASC-/- mice (Figure 4.9 B). Similar results were obtained for the differentiation in Mf 

positive and Mf negative mice (Figure 4.10 A to D). 

 

 

Figure 4.9: Reduced IFN- levels, but no differences in the amount of IL-13 in filarial specific response 

from draining mediastinal lymph nodes. Amountsin pg/ml IL-13 (A) and IFN- (B) in mLN cells of L. 
sigmodontis-infected ASC-/- and WT BALB/c mice stimulated with LsAg on day 30, 70 and 90 post infection. Box 
and Whiskers represent mean ± SEM of data from individual mice of two (d30 and d70) to three (d90) 
independent infection studies. Statistical significances between the indicated groups were either obtained after a 
one-way ANOVA or Kruskal-Wallis-Test, followed by an unpaired t-test or after Mann-Whitney test. 



58 
 

 

Figure 4.10: Reduced filarial-specific IFN-production from draining lymph node cells from patently 

infected ASC-/- BALB/c mice.  Amounts in pg/ml of IL-5 (A), IL-10 (B), IL-13 (C) and IFN- (D) on day 70 post 
infection with differentiation of Mf positive and Mf negative ASC-/- and WT mice. Box and Whiskers represent 
mean ± SEM of data from individual mice of two (d30 and d70) to three (d90) independent infection studies. 
Statistical significances between the indicated groups were either obtained after a one-way ANOVA or Kruskal-
Wallis-Test, followed by an unpaired t-test or after Mann-Whitney test. 
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4.2.5. In the absence of ASC, elevated IL-10 and reduced IFN-  levels in T-cell 

receptor specific response from draining mediastinal lymph nodes occurred 

In this section, bulk cell assays of the mediastinal lymph nodes of ASC-/- and WT 

BALB/c mice were performed on days 30, 70 and 90 post infection. For these 

assays, again, mediastinal lymph nodes of individual mice were taken, squashed, 

cells plated out in a cell culture system and stimulated with CD3/CD28.CD3 

activates the CD3 complex (i.e. TCR) and CD28 activates CD28, which stimulates 

the B7/CD28 interaction. Again, different cytokine ELISAs were made from the 

supernatant.  

 

Figure 4.11: Elevated IL-10 levels in Ls-infected ASC-/- mice, but no differences in the amounts of IL-5 in T-
cell receptor specific response from draining mediastinal lymph nodes. Amounts in pg/ml of IL-5 (A) and IL-

10 (B) in mLN cells of L. sigmodontis-infected ASC-/- and WT BALB/c mice stimulated with CD3/CD28 on day 
30, 70 and 90 post infection. Box and Whiskers represent mean ± SEM of data from individual mice of two (d30 
and d70) to three (d90) independent infection studies. Statistical significances between the indicated groups were 
either obtained after an one-way ANOVA or Kruskal-Wallis-Test. 
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Figure 4.12: Reduced IFN- levels in Ls-infected ASC-/- mice, but no differences in the amount of IL-13 in 
T-cell receptor specific response from draining mediastinal lymph nodes. Amounts in pg/ml of IL-13 (A) and 

IFN- (B) in mLN cells of L. sigmodontis-infected ASC-/- and WT BALB/c mice stimulated with CD3/CD28 on 
day 30, 70 and 90 post infection. Box and Whiskers represent mean ± SEM of data from individual mice of two 
(d30 and d70) to three (d90) independent infection studies. Statistical significances between the indicated groups 
were either obtained after an one-way ANOVA or Kruskal-Wallis-Test, followed by an unpaired t-test or after 

Mann-Whitney test. 

 

Similar results as seen in section 4.2.4. were observed for the T-cell receptor specific 

response from draining mediastinal lymph nodes. There were again no differences in 

the concentrations of IL-5 and IL-13 (Figure 4.11 and Figure 4.12 A) and reduced 

IFN- levels in ASC-/- mice (Figure 4.12 B). But on day 30 post infection there were 

elevated levels of IL-10 (Figure 4.11 B). Within the differentiation in Mf positive and 

Mf negative mice in Figure 4.13, there were elevated IL-10 levels in Mf negative WT 

mice compared to Mf positive WT mice (Figure 4.13 B), but no differences in the 

other cytokines or between ASC-/- and WT mice (Figure 4.13 A, C and D).  
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Figure 4.13: No different cytokine levels between Ls-infected Mf positive and Mf negative ASC-/- and WT 
BALB/c mice in T-cell receptor specific response from draining mediastinal lymph nodes. Amounts in 

pg/ml of IL-5 (A), IL-10 (B), IL-13 (C) and IFN- (D) on day 70 post infection with differentiation of Mf positive and 
Mf negative ASC-/- and WT mice. Box and Whiskers represent mean ± SEM of data from individual mice of two 
(d30 and d70) to three (d90) independent infection studies. Statistical significances between the indicated groups 
were either obtained after an one-way ANOVA or Kruskal-Wallis-Test, followed by an unpaired t-test or after 
Mann-Whitney test. 
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4.3. Systemic immune changes during L. sigmodontis infection 

The third section is about the systemic immune changes caused by L. sigmodontis in 

ASC-/- and WT BALB/c mice. Several parameters, such as the percentage of immune 

cells in the peripheral blood, the amounts of different cytokines and filarial specific 

immunoglobulins in sera on days 10, 30, 70 and 90 post infection were studied. As 

described earlier, around 40-60% of L. sigmodontis-infected BALB/c mice become 

patent, which can result in the circulation of microfilaria in peripheral blood after 50 to 

55 days post infection (Hoffmann et al., 2000). Levels of peripheral microfilaria peak 

around day 70 post-infection and then begin to decline (Rodrigo et al., 2016). 

Because of circulating microfilaria in the peripheral blood there are also systemic 

immune changes inside the host. 

 

4.3.1. Heterogeneous frequencies of immune cells in peripheral blood 

To differentiate the percentage of immune cells in the peripheral blood of L. 

sigmodontis-infected ASC-/- and WT BALB/c mice, bloodsmears were performed on 

days 10, 30, 70 and 90 post infection, stained with the DiffQuik-staining and counted 

via microscope. There were many differences in the percentage of immune cells in 

the peripheral blood. On day 10 post infection, ASC-/- mice had less lymphocytes 

(Figure 4.14 A), but more on day 90 (Figure 4.14 D). On the other time-points, there 

was no difference in lymphocyte percentage (Figure 4.14 B and C). The percentage 

of neutrophils in ASC-/- mice was higher on day 30 post infection as well as on day 90 

(Figure 4.14 B and D). Whereas, on days 10 and 70 post infection there was no 

difference (Figure 4.14 A and C).Even the percentage of eosinophils in ASC-/- mice 

on day 30 post infection was higher (Figure 4.14 B), though on day 70 there were 

less eosinophils (Figure 4.14 C) and on days 10 and 90 there was no difference 

between ASC-/- and WT mice (Figure 4.14A and D). On day 30 and 90 post infection, 

the percentage of macrophages in WT mice was significantly higher (Figure 4.14 B 

and D), whereas on day 70 it is lower than in ASC-/- mice (Figure 4.14 C) and nearly 

the same on day 10 (Figure 4.14 A). 
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Figure 4.14: Heterogeneous frequencies of immune cells in peripheral blood. The immune cells of 
peripheral blood of L. sigmodontis-infected ASC-/- and WT BALB/c mice were counted via microscope in 
DiffQuick-stained bloodsmears. The percentage of immune cells in peripheral blood on the days 10 (A), 30 (B), 70 
(C) and 90 (D) post infection, is shown. Symbols represent mean ± SEM of data from individual mice of one (d10), 
two (d30 and d70) and three (d90) independent infection studies. Statistical significances between the indicated 
groups were either obtained after an unpaired t-test or after Mann-Whitney test. 

 

4.3.2. In the absence of ASC, higher levels of filarial specific IgE in sera 

occurred 

To determine the level of filarial specific immunoglobulins in sera of L. sigmodontis-

infected ASC-/- and WT BALB/c mice via ELISA, the ELISA plates were coated with 

LsAg. As detection antibody the different Immunoglobulins (anti-IgE and anti-IgG1) 

were used. Finally, the optical density was measured. On day 90 post infection ASC-/- 

mice had higher levels of filarial specific IgE in sera (Figure 4.15 A), which was not 

seen on the other days. However, there were no differences in the amount of filarial 

specific IgG1 (Figure 4.15 B). 
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Figure 4.15: Higher amounts of filarial specific IgE in sera of ASC-/- mice.  The OD of filarial specific IgE (A) 
and IgG1 (B) in sera of L. sigmodontis-infected ASC-/- and WT BALB/c mice on days 30, 70 and 90 post infection 
in sample dilution of 1:20, 1:100 and 1:500. Symbols represent mean ± SEM of data from individual mice of two 

(d30 and d70) to three (d90) independent infection studies. 

 

4.3.3. Elevated concentrations of IL-10 and IL-27 in sera of ASC-/- mice 

To evaluate the systemic immunological and inflammatory reaction in L. sigmodontis 

infected ASC-/- mice in comparison to WT mice and naïve ASC-/- and WT BALB/c 

mice, levels of different cytokines, specific for Th1, Th2 and Th17 immune response, 

as well as cytokines activated by the inflammasome, were measured in sera via the 

Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex Kit. In sera, there were 

higher levels of the regulatory Th2-cytokine IL-10 in ASC-/- mice on day 90 (Figure 

4.17 A). In addition, on day 70 there was a higher amount of IL-27 in Mf positive 

ASC-/- mice in comparison to Mf positive WT mice (Figure 4.17 B), as well as in Mf 

positive WT mice compared with Mf negative WT mice (Figure 4.17 B). However, 

there were no significant differences in other cytokine levels (Figure 4.16 A to C and 

table 2 in appendix G).Similar as described in section 4.2.2., the specific cytokine 

levels of the inflammatory response, such as IL-17 and IL-27 are reduced in Ls-

infected compared to naive mice (Figure 4.16 C, 4.17 B). These results again fit well 

with those seen in pleural wash. 
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Figure 4.16: No differences in IFN and IL-6, but reduced IL-17 levels upon infection. Amount in pg/ml of 

IFN- (A), IL-6 (B) and IL-17 (C)in sera of L. sigmodontis-infected and naïve ASC-/- and WT BALB/c mice on day 
70 (with differentiation of Mf positive and Mf negative ASC-/- and WT mice) and day 90 post infection. Symbols 
represent mean ± SEM of data from individual mice of two (d70) or three (d90) independent infection studies. 
Statistical significances between the indicated groups were either, obtained after an one-way ANOVA or Kruskal-
Wallis-Test, followed by an unpaired t-test or after Mann-Whitney test. 
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Figure 4.17: Elevated levels of IL-10 on d90 in sera of ASC-/- mice and IL-27 on d70 in sera of ASC-/-Mf 
positive mice and WT Mf positive mice. Amount in pg/ml of IL-10 (A) and IL-27 (B) in sera of L. sigmodontis-
infected and naïve ASC-/- and WT BALB/c mice on day 70 (with differentiation of Mf positive and Mf negative ASC-

/- and WT mice) and day 90 post infection. Symbols represent mean ± SEM of data from individual mice of two 
(d70) or three (d90) independent infection studies. Statistical significances between the indicated groups were 
either, obtained after an one-way ANOVA or Kruskal-Wallis-Test, followed by an unpaired t-test or after Mann-

Whitney test. 
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4.4. Helminth-specific effector and regulatory T-cell activity and suppression 

In this fourth and final section, preliminary results are shown of how effector and 

regulatory T-cell subsets alter in numbers, activity and suppression in filariasis in the 

absence of inflammasome signaling. Filarial-specific CD4+ T-cell effector responses 

have been well documented. In addition, responses from cells from Mf positive mice 

following recall with LsAg are higher than in cultures using cells from Mf negative 

mice (Rodrigo et al., 2016). Moreover, studies from AG Layland showed that during 

infections with L. sigmodontis, the number of Foxp3+CD4+T-cells rises. This is 

different in mice deficient for TLR2 signalling, where the number of Foxp3+CD4+T-

cells drops (Rodrigo et al., 2016). Earlier studies using Schistosoma mansoni-

infected mice showed that Foxp3+Treg isolated from infected but not naïve mice 

could suppress cytokine production by effector CD4+ T-cells from infected mice when 

stimulated in vitro with the specific schistosome-antigen. Such antigens are known to 

elicit responses from T-cells from infected mice but not naïve mice nor Treg from 

either source (Layland et al., 2007, 2010; Rodrigo et al., 2016). Here, we investigated 

whether in the absence of ASC signalling, Treg numbers were altered during filarial 

infections and if their capacity to suppress filarial specific effector responses were 

also altered.  

 

4.4.1. Reduced regulatory T-cell number in ASC-/- mice 

To determine the number of regulatory T-cells in pleural wash and mediastinal lymph 

nodes, PW- and mLN-samples from L. sigmodontis-infected ASC-/- and WT BALB/c 

mice were stained with extra- and intracellular antibodies and measured via flow 

cytometry. Two measurements were performed: Foxp3+CD4+T-cells and 

Foxp3+CD25hiCD4+ T-cells from individual mice. On day 30, Ls-infected ASC-

deficient mice exhibited a reduction in Tregs in the pleural wash (Figure 4.18 A), and 

in Foxp3+CD25hiCD4+ T-cells in mediastinal lymph nodes (Figure 4.18 B). However, 

no differences were observed on day 90 (Figure 4.18 C and D). 
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Figure 4.18: Reduced Treg numbers in early-infected ASC-/- mice. The frequency of Treg was analysed via 
flow cytometry. The percentage of Foxp3+ and Foxp3+CD25hi cells within the CD4+ T-cell compartment was 
studied in the pleural wash (A and C) and mediastinal lymph nodes (B and D) of L. sigmodontis-infected ASC-/- 
and WT BALB/c mice. Box whisker with outliers represent mean ± SEM of data from individual mice of two (d30) 
and three (d90) independent infection studies. Statistical significances between the indicated groups were either, 
obtained after an unpaired t-test or after Mann-Whitney test. 
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deficient mice revealed that lack of TLR2 actually reduced these responses (Rodrigo 

et al., 2016). The experiments presented here therefore addressed whether recall 

responses from CD4+ T-cells isolated from Mf positive or Mf negative Ls-infected WT 

were altered when dendritic cells from either ASC knockout or WT mice were used as 

APC. Comparisons of CD4+ T-cell responses from Mf positive and Mf negative ASC-

deficient mice were not possible due to the low or absent numbers of Mf negative 

mice. Thus, GMCSF-derived DCs from naïve WT or ASC-/- BALB/c mice were 

cultured with LsAg and CD4+CD25lo T-cells that had been isolated from the spleen of 

Ls-infected ASC-/- or WT BALB/c mice. After 72 hours, the resulting supernatant was 

tested for levels of IL-2, IL-10, IL-13 and IL-5, respectively (Figure 4.19). Expanding 

on the WT data sets previously shown in the study from Rodrigo et al. (Rodrigo et al., 

2016), here it is shown that levels of IL-2 were higher from T-cells isolated from Mf 

negative mice when compared to those from Mf positive mice irrespective of DC 

background (Figure 4.19 A). Interestingly, when using DC from ASC-deficient mice, it 

appeared that there were more T-cells in Mf negative mice, but this was not 

significant and would require further studies.  As anticipated, levels of IL-13 and IL-5 

were significantly higher in T-cell cultures from Mf positive WT mice and this was 

reflected in cultures with either ASC-deficient or WT dendritic cells (Figure 4.19 C and 

D). Thus, in conclusion, data reveal that filarial-specific T-cell responses were not 

affected when APC were deficient for ASC.  
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Figure 4.19: Filarial-specific recall responses by WT CD4+ T-cells are not altered with ASC-deficient DC. 
CD4+CD25lo T-cells were isolated from Ls-infected WT BALB/c that were Mf negative or Mf positive. Thereafter, 
2x105 T-cells were cultured with 1x105 GMCSF-derived DC from either WT (grey bars) or ASC-deficient (white 
bars) BALB/c mice. After 72 hours of simulation with LsAg (50 µg/ml), levels of different cytokines were measured 
via ELISA. Levels of IL-2 (A), IL-10 (B), IL-13 (C) and IL-5 (D) are shown. Box and whiskers represent mean ± 
SEM of data from 2 assays from 2 independent infection studies using a minimum of 4 mice per group. Statistical 
significances between the indicated groups were either, obtained after a one-way ANOVA or Kruskal-Wallis-Test, 
followed by an unpaired t-test or after Mann-Whitney test. 
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4.4.3. Treg suppression assay 

Regulatory T-cells have been shown to suppress helminth-specific T-cell responses 

(Layland et al., 2007, 2010) and their depletion during infection can have effects on 

pathology and immune responses (Dittrich et al., 2008; Layland et al., 2013; Taylor et 

al., 2007). It is also known that they are connected to TLR2-signalling (Layland et al., 

2007; Ludwig-Portugall & Layland, 2012; Nakao et al., 2020; Rodrigo et al., 2016; 

Wang et al., 2009). For example, Rodrigo et al. infected TLR2 deficient mice with L. 

sigmodontis and found that these mice had a significantly lower number of Foxp3+ 

regulatory T-cells and dampened peripheral immune system in contrast to the control 

group (Rodrigo et al., 2016). A couple of  other studies have indicated associations to 

inflammasome activation as well (Arterbery et al., 2018; Yao et al., 2015). Here an 

established in vitro Treg suppression assay was used to determine if Treg from Ls-

infected ASC-/- mice could suppress filarial-specific T-cell responses as well as Treg 

from WT mice.  

 

Figure 4.20: Reduced suppressive capacity of filarial-specific effector T-cell responses by Treg from Ls-
infected ASC-/- mice for IL-13. On day 72 p.i., CD4+CD25lo (Teff) cells were isolated from Ls-infected ASC-/- 
BALB/c mice alongside CD4+CD25hi (Treg) from infected ASC-/- and WT Mf positive and Mf negative BALB/c 
groups.  To test for Treg suppression, 1x105 GMCSF-derived dendritic cells (DC) from naïve WT BALB/c mice 
were cultured in the presence or absence of LsAg (50µg/ml) and ASC-/- Teff cells (1x105/well). In some cultures 
isolated Treg (1x105/well) from either infected ASC-/- Mf positive (ASC+), WT Mf positive (WT+) or WT Mf negative 
(WT-) were added. After 72 hours, culture supernatants were screened for IL-2 (A), IL-13 (B) and IL-5 (C) by 
ELISA. Box and whiskers represent mean ± SEM of data from two independent assays with cells pooled from a 
minimum of 5 mice per group from one infection study. Statistical significances between the indicated groups 
were either obtained after a one-way ANOVA with Bonferroni's Multiple Comparison Test. 
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Figure 4.20 shows that effector cells from infected ASC-/- mice (white bars) produce 

IL-2, IL-13 and IL-5 upon stimulation with LsAg. Suppression of IL-2 responses by 

Treg from ASC-/- mice (black bars) was less than by Treg from WT mice (Figure 4.20 

A). IL-13 is an important cytokine in filarial responses (Ritter et al., 2017) and 

interestingly, Treg from ASC-/- mice did not suppress the release of IL-13 as well as 

Treg from WT groups with Tregs from Mf positive mice being more effective (grey 

bars). Interestingly, no suppression of IL-5 responses was observed (Figure 4.20 C). 

Thus, these preliminary data suggests that there are some differences in the 

expansion of Treg during filariasis and also an apparent reduction in their ability to 

suppress filarial specific T-cell responses.  
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5. Discussion 

Filariasis is a major health problem in tropical regions of the world since these 

infections are chronic and can persist in humans for years. This long-term infection is 

produced through suppression of host immunity (Taylor et al., 2010). Depending on 

the species, filariasis manifests itself primarily in the lymphatic system or in 

superficial or deeper connective tissue. The clinical manifestations of lymphatic 

filariasis are caused by adult worms of Wuchereria bancrofti and can be divided into 

asymptomatic, acute and chronic symptoms. In contrast, clinical signs of 

Onchocerciasis are caused by microfilaria, which migrate through human skin and 

eyes (Simonsen et al., 2014). 

In the present thesis, I used L. sigmodontis, which is a rodent filarial that is used in 

pre-clinical studies to analyze aspects of parasite development, immunology and 

drug treatment. It belongs to the same family as W. bancrofti and Brugia species, 

which parasitize man. The pathogens of lymphatic filariasis and O. volvulus are 

strictly host-specific for humans, therefore L. sigmodontis infections in laboratory 

mouse strains are very important to research in this field (Hübner et al., 2009; Lucius 

et al., 2018). 

In 1997, the World Health Assembly decided to eliminate lymphatic filariasis and in 

2000 the World Health Organization (WHO) set up the “Global Programme to 

Eliminate Lymphatic Filariasis” (GPELF) with the target to eliminate LF by 2020. In 

addition to this mass drug programme (MDA), there is the “Onchocerciasis Control 

Programme” (OCD), also accomplished by the WHO (“Global Programme to 

Eliminate Lymphatic Filariasis: Progress Report, 2011.,” 2012). The overall concept 

of these programmes is to break transmission of the infection and this is considered 

as successful when the number of Mf positive individuals is under 1%. The reason is 

that if female worms do not produce microfilaria, the life-cycle will be broken and 

vectors cannot spread the parasites anymore. Studies have investigated that 

depletion of Wolbachia, which are intracellular bacteria of arthropods found in 

Onchocercidae, is associated with inhibition, sterilization and death of the adult 

worms (Bouchery et al., 2013). Despite the MDA, it is a long way to eliminate this 
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disease, because currently approximately 68 million people worldwide are infected 

with lymphatic filariasis and require preventive chemotherapy to stop the spread of 

this parasitic infection (Ramaiah & Ottesen, 2014). With the “Road map for NTDs 

2021-2030” the WHO has launched a new programme for the elimination of 

neglected tropical diseases like LF. The goal of this programme is to achieve a 90% 

reduction in the number of people requiring interventions against NTDs by 2030 

(World Health Organization, 2019). 

The aim of ongoing research in the field of filariasis is to finally stop this infection in 

humans. Currently, approximately 68 million people worldwide are infected with LF 

and millions of humans are affected by the pathology. Since there is no elimination 

so far, it is important to understand why some people can live well with the disease 

without developing any pathology. Therefore L. sigmodontis is used as an important 

rodent specific model of filariasis. 

This thesis focused on whether lack of the central inflammasome adaptor molecule 

ASC in L. sigmodontis-infected BALB/c mice alters the outcome of infection or host 

responses during infections. In addition, it was investigated if inflammasome-

mediated effects relate to a specific stage of the worm, for example differences 

between larval stages and adults. In addition, I intended to seek out whether 

microfilaria survive longer in the absence of ASC and whether the filarial suppressive 

characteristics of Treg cells of infected ASC-/- BALB/c mice are as efficient as those 

of infected WT BALB/c mice. 

The main findings of this work are that female L. sigmodontis worms in ASC-/- BALB/c 

mice produce more microfilaria than WT mice. There are higher microfilarial numbers 

and a higher percentage of patent mice in the knockout group, which indicates an 

elevated fecundity in female worms in ASC-/- mice. Further, a reduced LsAg-specific 

IFN- release by draining lymph node cells and reduced Treg numbers in Ls-infected 

ASC-/- mice were found. 
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5.1. The role of ASC during L. sigmodontis infection 

As already described, L. sigmodontis is a very important infection model in the 

research field of filariasis for understanding of how host immune reactions shape the 

outcome of infection. In immunocompetent BALB/c mice, L. sigmodontis can 

complete the entire lifecycle and results in patent infections with circulating 

microfilaria (Hübner et al., 2009). The first part of this thesis focused on 

parasitological investigations such as worm development and reproduction in the 

absence of the inflammasome central adapter molecule ASC. 

The data indicate that worms in ASC-/- BALB/c mice are longer immediately after the 

moulting period on day 30 and there was less encapsulation of worms. In addition, 

there was no difference in worm burden, but a higher fecundity in female worms, 

which results in higher microfilarial numbers and a higher percentage of patent mice 

in the knockout group. Interestingly, there were not less nodules, so the immune 

reaction against the worms in the ASC-/- mice seemed to be delayed, as the 

encapsulated worms become nodules. The inflammasome is also activated by PRRs 

and is involved in the inflammatory immune response. Accordingly, it makes sense 

that the ASC-/- mice contain longer worms and that the encapsulation process is 

disturbed.  

Less encapsulation of worms was also found in IL-4R/IL-5-/- BALB/c mice, but equal 

nodule counts between the groups, like in this thesis (Ritter et al., 2017). As already 

described, only about 60% of BALB/c WT become patent during an infection with L. 

sigmodontis (Rodrigo et al., 2016). Whereas in this study, a significantly higher 

percentage of patent mice in the ASC-/- mice were found. Higher microfilarial numbers 

and patency were recently found in L. sigmodontis infected IL-4R/IL-5-/- and single 

knockout mice (Frohberger et al., 2019; Ritter et al., 2017). They showed that IL-

4R/IL-5-/- mice had a higher worm burden compared to the WT controls, which 

resulted in 100% Mf positive IL-4R/IL-5-/- mice and only 64% Mf positive WT mice. 

Similar results were also shown in single IL-5 (Saeftel et al., 2003) and IL-4 deficient 

mice (Volkmann et al., 2003).In addition, Rodrigo et al. found that TLR4-/- BALB/c 

mice, exposed to L. sigmodontis, had a patency of 93%, although the worm burden 
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was comparable to the Mf positive WT controls. They also infected TLR2-deficient 

mice, which displayed no higher number of Mf positive animals or higher worm 

numbers, but they had a significantly lower number of Foxp3+ regulatory T-cells and 

dampened peripheral immune system (Rodrigo et al., 2016). It is very interesting that 

lack of ASC results in increased Mf numbers, but has no effect on the number of 

worms. So it seems that lack of ASC has no effect on the early infection or the 

migration of the larvae. 

Another important point is that microfilaria clearance assays in this study showed a 

similar ability of ASC-/- and WT BALB/c mice to clear the microfilaria over time. This 

demonstrates that the higher Mf numbers in ASC-/- mice are not a sign of 

accumulation of microfilaria in the host, but indication of a higher fecundity of female 

worms in ASC deficient mice. Ajendra et al. performed similar studies in ST2-/- 

BALB/c mice. ST2, a member of the IL-1R super-family, and was shown to act as a 

decoy receptor for IL-33 and to inhibit the IL-33/ST2L/IL-1RAcP signaling pathway. 

(Ohto-Ozaki et al., 2010) These Ls-infected mice also had a higher microfilarial load 

compared to WT controls, whereas worm burden was equal. In those experiments, 

WT mice eliminated the microfilaria earlier than ST2-deficient mice and authors 

concluded that this was due to impaired splenic clearance of microfilariae (Ajendra et 

al., 2014). It is known that the inflammasome is important for the immune response 

against pathogens. The present thesis shows, if the central adapter molecule ASC is 

eliminated, there is no proper defense, which, in this case, results in higher Mf 

numbers. 

Furthermore, Frohberger et al. showed that female adult worms from IL-4R−−/IL-5-/-

BALB/c mice had significantly higher numbers of embryonic stages, such as eggs, 

morulae, pretzel and stretched microfilaria (Frohberger et al., 2019). In this study, the 

embryogenesis of L. sigmodontis in ASC-/- BALB/c mice should also be investigated, 

because of the assumption that female worms in ASC-/- mice have a higher fecundity 

than WT mice. Unfortunately, the worms were stored in formalin instead of PBS for a 

long time, which makes later processing for embryogenesis considerably more 
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difficult. No embryonic stages and only a few stretched mircofilaria were found and 

therefore these samples could not be evaluated. 

Layland et al. showed higher worm burden in Rag2IL-2R-/- C57BL/6 mice, which are 

deficient for T-, B- and NK-cell population, and longer worms. Although C57BL/6 

mice are known to eliminate adult worms around day 40 and never produce 

microfilaria (Hoffmann et al., 2000), there were increased levels of Mf in the pleural 

cavity and the peripheral blood in infected Rag2IL-2R-/- mice compared to the control 

group. In addition, on day 72 all worms in WT mice were encapsulated into nodules 

whereas filariae in Rag2IL-2R-/- were freely motile (Layland et al., 2015). 

Wiszniewsky et al. found significantly increased total worm burden in L. sigmodontis-

infected TRIF-/- C57BL/6 mice and a delayed worm development during the final 

moult into adulthood in TRIF and TLR3 deficient mice (Wiszniewsky et al., 2019). 

Collectively therefore, innate immune components play decisive roles in how filariae 

develop and the fact that all major signalling pathways are involved (MyD88, TRIF 

and ASC) again highlights the immune complexity that these infections instigate in 

the host.  

 

5.2. Local and systemic immune changes during L. sigmodontis infection 

The second and third section focus on the differences in local and systemic immune 

changes during L. sigmodontis infection in ASC-/- and WT BALB/c mice. As described 

earlier, third-stage larvae from L. sigmodontis migrate through the lymphatic system 

into the pleural cavity. Inside the pleural cavity, they moult into L4-larvae, which then 

develop into adult worms (Hoffmann et al., 2000; Hübner et al., 2009; Petit et al., 

1992). These adult worms remain in the pleural cavity until they die. Female adult 

worms produce microfilaria and induce local immune changes and induce pathology 

at the side of infection (Fercoq et al., 2020; Ritter et al., 2017). Around 40-60% of L. 

sigmodontis-infected BALB/c mice become patent, which results in the circulation of 

microfilaria in peripheral blood after 50 to 55 days post infection (Hoffmann et al., 

2000). Levels of peripheral microfilaria numbers peak around day 70 post-infection 
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and then begin to recline (Rodrigo et al., 2016). Because of circulating microfilaria in 

the peripheral blood, there are also systemic immune changes inside the host. 

The data reveal higher eosinophil numbers in the pleural cavity and peripheral blood 

on d30 p.i. in ASC-/- mice, but lower numbers on d70 in peripheral blood. A reduced 

LsAg-specific IFN--release by draining mediastinal lymph node cells and reduced 

Treg numbers in Ls-infected ASC-/- mice on d30 p.i. were also found. There were 

only little changes in Th1, Th2, Th17 and inflammasome mediated cytokines in the 

absence of ASC, but elevated filarial specific IgE levels in the pleural cavity and in 

peripheral blood. Interestingly it could be shown that IFN- and IL-1 levels in pleural 

wash and the specific inflammatory cytokines IL-17 and IL-27 levels in sera were 

reduced in Ls-infected compared to naïve mice. This indicates that L. sigmodontis 

suppresses the Th1 and inflammatory immune response. 

It is known that L. sigmodontis infection triggers an eosinophilia, which helps to 

eliminate the worms (Specht et al., 2006). While I found higher eosinophil numbers in 

the pleural cavity of ASC-/- mice, the eosinophil frequencies in IL-4R/IL-5-/-BALB/c 

mice were lower, accompanied by a higher percentage of neutrophils and equal 

frequencies of lymphocytes and macrophages, compared to WT mice (Frohberger et 

al., 2019; Ritter et al., 2017). In Rag2IL-2R-/- C57BL/6 and TRIF-/- C57BL/6 mice, 

there were reduced eosinophil numbers, whereas the percentage of monocytes and 

lymphocytes was significantly increased (Layland et al., 2015; Wiszniewsky et al., 

2019). In this thesis, no further mechanistic investigations were performed on the 

eosinophil granulocytes, such as flow cytometry to differentiate between granulated 

(inactive) and degranulated (active) eosinophils, measuring the Eosinophilic Cationic 

Protein (ECP), whose release is also an indication on the activation of the 

eosinophils and an allergic inflammatory process, or measuring Eotaxin-1, an 

eosinophil-attracting-chemokine. Gentil et al. showed, that L. sigmodontis-infected 

Eotaxin-1-/- BALB/c mice had an increased parasite survival, but unaffected 

eosinophil migration to the infection site (Gentil et al., 2014). In vitro they found a 

reduced expression of CD80 and CD86 on eosinophils and decreased amounts of IL-

6 produced by macrophages in Eotaxin-1-/- mice. In addition, Pionnier et al. used IL-
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4R-/-/IL-5-/- double-knockout BALB/c mice and observed, that these mice displayed 

a significant eosinophil deficiency compared with IL-4R2/2 BALB/c mice and were 

susceptible to chronic filarial infections (Pionnier et al., 2020). As Gentil et al. 

showed, IL-6 also plays an important role in filarial infections (Gentil et al., 2014). In a 

recent study with L. sigmodontis-infected IL-6-/- BALB/c mice, it was found, that these 

mice had an increased worm burden compared to WT controls and the absence of 

IL-6 resulted in delayed recruitment of macrophages and neutrophil granulocytes to 

the site of infection (Muhsin et al., 2018). In this thesis, I found no significant 

differences in the amount of IL-6 between ASC-/- and WT BALB/c mice. 

The reduced IFN--release by lymph node cells was also shown in ASC-/- mice 

infected with Schistosoma mansoni (Ritter et al., 2010). Further, they found less IL-

1, IL-17A, IL-10 and IL-5 levels, which was in strong contrast to elevated IL-13 

levels, but this could not be found in this thesis work. L. sigmodontis and 

Schistosoma mansoni are different parasites and this may be one reason for the 

different results. In L. sigmodontis-infected IL-4R/IL-5-/- BALB/c mice significantly 

higher amounts of IFN- occurred in lymph node cells and this was accompanied by 

absence of IL-5 and IL-13 levels, lower amounts of IL-10, higher a IL-17A responses 

and equal IL-6 (Ritter et al., 2017). Whereas IL-17A C57BL/6 deficient mice produced 

significantly higher levels of IFN- in mediastinal lymph nodes, the number of Tregs in 

the pleural cavity was reduced compared to WT mice, as it was shown in this thesis 

(Ritter et al., 2018). I found reduced Treg numbers in the pleural cavity and 

mediastinal lymph node cells of Ls-infected ASC-/- mice on d30 p.i., in TRIF deficient 

mice, frequencies of regulatory T-cells were comparable in the pleural cavity and 

lymph node cells (Wiszniewsky et al., 2019). In Ls-infected TLR2-/- BALB/c mice, 

Treg expansion was slower than TLR4-/- or WT controls (Rodrigo et al., 2016). On 

day 90, Treg numbers were again comparable in ASC-/- and WT BALB/c mice 

showing that homeostasis could be returned. As exactly found in this study, cytokine 

levels in the pleural cavity and peripheral blood, as well as immune responses from 

mediastinal lymph node cells upon L. sigmodontis antigen recall were comparable 

between TRIF−/− and WT C57BL/6 mice (Wiszniewsky et al., 2019). Interestingly, in 



80 
 

this thesis there were no differences in the adaptive immune response, but still there 

is this phenotype in the ASC-/- mice on day 30, that the "friendly" environment leads 

to longer worms and a higher fecundity probably is linked with innate immune 

response. 

 

5.3. T-cell activity and suppression in the absence of ASC 

This section investigated how T-cell activity and suppression were altered in the 

absence of inflammasome signaling in the host. Ongoing studies from AG Layland 

show that during Ls-infection in DEREG mice (a strain in which Foxp3+Treg can be 

depleted or tracked) the number of Foxp3+ T-cells rises (Lahl et al., 2007). When 

placed in an in vitro cell culture assay system, Tregs (sorted from DEREG mice using 

the egfp signal in the Foxp3 promoter region) from L. sigmodontis-infected mice can 

suppress LsAg-stimulated CD4+ T-cells from infected mice (Layland et al., in 

preparation). This is in accordance with other studies on chronic helminth infections 

which showed that Treg from S. mansoni-infected mice suppressed effector T-cell 

responses but only if they originated from infected mice themselves (Layland et al., 

2007, 2010). Usually, CD4+ T-cells from naïve mice do not respond to helminth-

derived antigen preparations and Treg do not respond either (Layland et al., 2010). 

Rodrigo et al. showed that upon stimulation with LsAg, isolated CD4+T-cells from Mf 

positive BALB/c mice produced higher levels of cytokines than T-cells from Mf 

negative mice (Rodrigo et al., 2016), which was also found in this study for IL-13 and 

IL-5. For the first time, it could be shown that T-cells from Mf negative mice produced 

more IL-2 than the T-cells from Mf positive mice. Whether this immune profile is a 

cause or a consequence that these mice remain in a latent state requires further 

research but this response was not due to the lack of ASC in the antigen presenting 

cell. Similar findings were also observed using APC from Myd88-deficient C57BL/6 

mice in schistosome infection studies (Layland et al., 2005). This differs from other 

studies showing that lack of TLR2 but not TLR4 on APC reduced cytokine release by 

CD4+ T-cells following in vitro re-stimulation with LsAg (Rodrigo et al., 2016).This 

again highlights the complex interplay between innate immunity and 
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helminthinfections since some pathways affect helminth development. Moreover, as 

exemplified in studies using Rag2IL-2R-/- mice, elimination of the worms is not 

dependent on a single factor.  

In this thesis, the expansion and functional responses of Tregs from infected mice 

were also studied. In the early stage of infection, it could be shown that ASC-/- mice 

have a lower number of Tregs in pleural wash and mediastinal lymph nodes when 

compared to WT mice. However, this was not evident on day 90 post infection since 

frequencies were comparable. Similar patterns of slow expansion were also 

observed in Ls-infected TLR2-/- BALB/c mice (Rodrigo et al., 2016) although in TRIF-/- 

C57BL/6 mice Treg numbers were similar (Wiszniewsky et al., 2019). However, a 

draw back in all those studies was that only Foxp3 was measured and it is known 

that Treg can express a multitude of different markers such as neuropilin and CTLA-

4. Treg are essential in maintaining homeostasis (Metenou & Nutman, 2013; White et 

al., 2020) and studies have shown that depletion can have strong effects on 

pathology or immune responses during helminth infections (Layland et al., 2007, 

2010, 2013; Taylor et al., 2005, 2007). In filarial infection, Treg, Breg and Tr1-cell 

subsets were identified in mice and men and differences were noted between 

asymptomatic, symptomatic and endemic normal (individuals living for many years in 

the area without visible signs of infection) (Doetze et al., 2000; Mukherjee et al., 

2019; Ritter et al., 2019). In the final experiments, I investigated whether Treg 

isolated from ASC-/- or WT infected BALB/c mice were able to suppress cytokine 

release from WT CD4+ T-cells following activation with LsAg. Since there was only a 

low number of Mf negative ASC-/-BALB/c mice, Treg from WT Mf positive, WT Mf 

negative and ASC-/- Mf positive mice were used. Interestingly, I found that Treg from 

all three sources were unable to suppress IL-5 release whereas IL-13 responses 

were dampened. Moreover, Treg from WT mice, whether patent or latent, were able 

to suppress better than Treg from infected ASC-/- mice. This finding shows that Treg 

have specific categories of suppression, even when both cytokines are Th2 in nature. 

Whether the reduced suppressive capacity of Treg from infected ASC-/-BALB/c mice 

is connected to the enhanced Mf counts in the periphery, requires further 

investigation. However, there are associations with studies in IL-4/IL-5R-/- BALB/c 
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mice since in those studies, enhanced worm burden and Mf counts were found 

(Ritter et al., 2017). 

 

5.4. Inflammasome investigation in other parasites 

Ritter et al. investigated the role of the inflammasome during schistosomiasis and 

therefore infected ASC-/- and NLRP3-/- C57BL/6 mice. They found that the parasite 

burden was similar between deficient and control mice, just like it is shown in the 

present thesis. They also showed significantly smaller granulomas in ASC-/- mice 

infected with Schistosoma mansoni, which maybe compared to less encapsulation of 

L. sigmodontis worms in ASC-/- mice. However, they associated granuloma formation 

with levels of pro-inflammatory cytokines, such as IL-1, which was not seen in this 

thesis, since IL-1 levels were equal in the different groups. Whereas in this study 

Th1, Th2 and Th17 adaptive immune responses were not different, Ritter et al. 

showed a down-regulated adaptive immune response and decreased liver pathology 

(Ritter et al., 2010). In another study investigating Schistosoma japonicum infections, 

the results from Ritter et al. were confirmed. The respective study also found, that 

SEA-induced NLRP3 inflammasome activation is dependent on SYK (spleen tyrosine 

kinase) activation, Dectin-1 is involved and the NLRP3 inflammasome activation 

results in liver inflammation and fibrosis (Lu et al., 2017). 

Alhallaf et al. infected NLRP3-deficient mice with the gastrointestinal parasite 

Trichuris muris and showed that NLRP3 plays a role in limiting protective immunity to 

helminths, because there was a reduced pro-inflammatory type 1 cytokine response 

and higher protective type 2 immunity in NLRP3-/-C57BL/6 mice. This suggests that 

NLRP3 may limit immunity to Trichuris infections by higher IL-18 production, which 

promotes type 1 cytokine responses and resultant immunopathology (Alhallaf et al., 

2018). In this thesis, also lower concentrations of pro-inflammatory type 1 cytokines, 

such as IFN, in ASC-/- mice were found. This may suggest that the inflammasome 

also plays a role in limiting protective immunity to L. sigmodontis infection. 



83 
 

Hartley et al. investigated the role of the inflammasome in infections with Leishmania 

guyanensis. They infected ASC-/- and Caspase1/11-/- C57BL/6 mice with Leishmania. 

These mice showed equal parasite burden and no differences in the development of 

lesional swelling compared to WT controls. Because of these results they suggest 

that the inflammasome did not have any effect on pathology or parasite burden in 

Leishmania infections and that Leishmania guyanensisdoes not activate the 

inflammasome in macrophages (Hartley et al., 2018). The present thesis also 

showed equal parasite burden, but with significant higher Mf numbers and higher 

fecundity in female L. sigmodontis worms of ASC-/- BALB/c mice compared to WT 

mice, it could be demonstrated that L. sigmodontis activates the inflammasome. 

Cirelli et al. found that Toxoplasma gondii, an intracellular protozoan parasite 

activates the NLRP1 inflammasome in rat macrophages. They found out that the 

ability of macrophages to allow parasite proliferation is linked to resistance to 

parasite-induced macrophage pyroptosis and that IL-18, could be important for 

inhibition of Toxoplasma replication in rats (Cirelli et al., 2014). This may be an 

important point for future studies with L. sigmodontis to investigate which specific 

NLRP inflammasome is involved. 

 

5.5. Conclusion and limitations 

Available data of this thesis indicate that lack of ASC influences early worm 

development and host immunity during the final moult into adulthood (d30). There 

was a higher fecundity in female worms, therefore a higher microfilaria production 

and a higher percentage of patent mice in the ASC-/- group, which demonstrates that 

lack of ASC signalling promotes worm development and fertility. In addition, the 

reduced Treg numbers and IFN- responses on d30 appear to shape later 

reproductive outcomes, since 74% of mice became patent and had higher Mf 

numbers. However, as there were only little changes in Th1, Th2, Th17 and 

inflammasome mediated cytokines in the absence of ASC at the local and systemic 

site of infection, it is possible that lack of ASC has a limited influence on cytokine 

production. 
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As I only used independent infections through the whole study, which means I used 

different infections per time-point, there are no kinetics, which means there can be 

some differences between each infection study, because the mice were not infected 

all at one time and then analyzed on the different time points. It is a natural infection 

and therefore the "strength" of the infection cannot be influenced, but that is similar to 

what happens in nature. This may be one reason for the difficulties in comparing 

cytokine levels for each experiment. In addition, there were no mechanistic 

investigations on the signaling pathway of the inflammasome system in this thesis. 

Furthermore, in future experiments measurements of Wolbachia numbers inside the 

worms could be performed, which could be important for the use of doxycycline in 

mass drug programs against lymphatic filariasis to target Wolbachia. It can be 

suggested that the female worms of the ASC-/-mice had more Wolbachia, as they 

also produced more Mf. One part of the thesis focused on systemic immune changes 

during infection with L. sigmodontis, but here not all inflammasome mediated 

parameters were measured. Because of limitations of the Mouse Th1/Th2/Th17/Th22 

13plex FlowCytomix Multiplex Kit (eBioscience) not all data sets were available. In 

addition, or further an embryogenesis of the female worms can be performed, to 

prove if fecundity was higher in ASC-/- mice compared to the WT controls, before 

fixation in formalin.As already described, I tried to do an embryogenesis on the 

worms already fixed in formalin, but this was unsuccessful, maybe because of 

changes of the worm body by formalin and no embryonic stages could be found. 

In the present thesis the inflammasome in chronic filarial infections was investigated 

for the very first time. And it could be shown, that the central adapter molecule ASC 

has influence on the host immune response against filarial infections. This thesis is 

the basis for further interesting experiments and has a lot of potential for future 

studies. It would be interesting to include measurement of Wolbachia numbers inside 

the worms and an implementation of embryogenesis on female worms of ASC-/- mice 

stored in PBS. Furthermore, it would be interesting to investigate earlier time-points 

of L. sigmodontis infection in ASC-/- BALB/c mice to see if the effects on host immune 

response in the absence of ASC are much higher or more dramatic. 



85 
 

6. Summary 

Vanessa Krupp-Buzimkic: Deciphering the role of the 

inflammasome pathway during infections with the rodent specific 

model of filariasis: Litomosoides sigmodontis 

Filariasis is a major health problem in tropical regions (especially in Africa) since 

these infections are chronic and can persist in humans for years. Long-term infection 

is caused by suppression of host immunity. Depending on the species, filariasis 

manifests itself primarily in the lymphatic system or in superficial or deeper 

connective tissue. The most commonly known filarial diseases are lymphatic filariasis 

(LF) and onchocerciasis. LF is elicited by Wuchereria bancrofti, Brugia malayi or 

Brugia timori and can lead to severe pathology such as elephantiasis or hydrocele. 

Currently, approximately 68 million people worldwide are infected with LF and require 

preventive chemotherapy to stop the spread of this parasitic infection. Litomosoides 

sigmodontisis a rodent filarial that is used in pre-clinical studies to study aspects of 

parasite development, immunology and drug treatment. Since the aforementioned 

human filariae are host-specific a rodent filarial laboratory model was established 

using L. sigmodontis which belongs to the same family as W. bancrofti and Brugia 

species in order to study aspects of parasite.Modulation of host immune response by 

helminths is an essential aspect of their survival, but the function of host 

inflammasome activation during helminth infection is unclear. Especially for 

inflammasome activation in filarial infections, there are no published studies using 

either pre-clinical or clinical scenarios. Therefore in this thesis, I investigated how 

filarial infections influence inflammasome activation. The first part of this thesis 

focused on parasitological investigations such as worm development and 

reproduction in the absence of the inflammasome central adapter molecule ASC. 

Data of this section show no difference in worm burden between the groups, but an 

elevated fecundity in female worms, which results in a higher production of 

microfilaria and higher percentage of patent mice in the ASC-/- group. The same 

ability of ASC-/- and WT mice to eliminate microfilaria over time is also an important 

indication of the higher fecundity in female worms of ASC-deficient mice.The second 

section of the study dealt with immune changes during L. sigmodontis infection. Data 
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reveala reduced LsAg-specific IFN- release by draining lymph node cells, but only 

little changes in the frequencies of Th1, Th2, Th17 and inflammasome mediated 

cytokines in the local and systemic site of infection. The third part focused on T-cell 

activation, expansion of regulatory T-cells and their suppressive capacity. Here, a 

lower Treg number in ASC-/- mice during the early stages of infection was observed 

although frequencies were comparable with WT mice by day 90 post-infection. In in 

vitro recall assays, filarial-specific CD4+T-cell responses from WT mice were 

comparable when dendritic cells from either WT or ASC-/-BALB/c were used as 

antigen presenting cells. In terms of suppression, Tregs isolated from WT mice (Mf 

positive or Mf negative) were more efficient in suppressing filarial-specific IL-13 

release from CD4+ T-effector cells than Treg from ASC-/- mice. Interestingly, Treg 

were not able to suppress IL-5 release. These data reveal an impact of 

inflammasome signalling during the course of filarial infection, thus highlighting the 

complex interplay of chronic helminth infections and the host immune system.  
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7. Zusammenfassung 

Vanessa Krupp-Buzimkic: Entschlüsselung der Rolle des 

Inflammasom-Signalweges während Infektionen mit dem 

Nagetierspezifischen Model der Filariose: Litomosoides 

sigmodontis 

Filariosen stellen ein großes Gesundheitsproblem in tropischen Regionen 

(insbesondere in Afrika) dar, da diese Infektionen chronisch sind und beim Menschen 

jahrelang persistieren können. Diese Langzeitinfektionen werden durch eine 

Unterdrückung der Immunität des Wirts hervorgerufen. Je nach Art manifestiert sich 

die Filariose hauptsächlich im Lymphsystem oder im oberflächlichen oder tieferen 

Bindegewebe. Die bekanntesten Filarienerkrankungen sind die lymphatische 

Filariose (LF) und die Onchozerkose. LF wird durch Wuchereria bancrofti, Brugia 

malayi oder Brugia timori ausgelöst und kann zu einer schweren Pathologie führen, 

wie z.B der Elefantiasis oder Hydrocelen. Weltweit sind derzeit rund 68 Millionen 

Menschen mit lymphatischer Filariose infiziert und benötigen eine vorbeugende 

Chemotherapie, um die Ausbreitung dieser parasitären Infektion zu stoppen. 

Litomosoides sigmodontis ist eine Nagetier-spezifische Filarie, die in vorklinischen 

Studien verwendet wird, um Aspekte der Parasitenentwicklung, Immunologie und 

medikamentösen Behandlung zu untersuchen. Da die oben genannten menschlichen 

Filaria wirtsspezifisch sind, wurde ein filarienspezifisches Labormodell für Nagetiere 

mit L. sigmodontis erstellt, das zur gleichen Familie wie W. bancrofit und Brugia 

species gehört, um Aspekte von Parasiten zu untersuchen. Die Modulation des 

Wirts-Immunsystems durch Helminthen ist ein wesentlicher Aspekt ihres Überlebens, 

aber die Funktion des Inflammasoms des Wirts während der Helmintheninfektion 

bleibt unklar. Insbesondere für das Inflammasom bei Filarieninfektionen gibt es keine 

veröffentlichten Studien, die entweder präklinische oder klinische Szenarien 

verwenden. Daher wurde in der vorliegenden Arbeit untersucht, ob und wie 

Filarieninfektionen die Aktivierung des Inflammasoms beeinflussen. Der erste Teil 

dieser Arbeit konzentrierte sich auf parasitologische Untersuchungen wie die 

Entwicklung und Reproduktion von Würmern in Abwesenheit des Inflammasom-

Zentraladaptermoleküls ASC. Die Daten dieses Abschnitts zeigten keinen 
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Unterschied in der Wurmlast zwischen den Gruppen, aber eine erhöhte Fertilität bei 

weiblichen Würmern, welche zu einer höheren Produktion von Mikrofilarien und 

einem höheren Prozentsatz an patenten Mäusen in der ASC-/--Gruppe führt. Die 

vergleichbare Fähigkeit von ASC-/- und WT Mäusen, die Mikrofilarien im Verlauf der 

Infektion zu eliminieren, ist ebenfalls ein wichtiger Hinweis auf die erhöhte Fertilität 

der weiblichen Würmer in ASC-/- Mäusen. Der zweite Teil der Studie befasste sich 

mit Immunveränderungen während einer L. sigmodontis-Infektion. Hier zeigen die 

Daten eine verringerte LsAg-spezifische IFN--Freisetzung durch mediastinale 

Lymphknotenzellen, jedoch nur geringe Änderungen in der Menge an Th1-, Th2, 

Th17- und Inflammasom-vermittelten Zytokinen, lokal und systemisch. Der dritte Teil 

konzentrierte sich auf die T-Zell-Aktivierung, die Expansion von regulatorischen T-

Zellen und deren Suppressionskapazität. Hier wurde eine niedrigere Anzahl an Tregs 

bei ASC-/- Mäusen während der frühen Infektion beobachtet, die Zahl an Tag 90 nach 

der Infektion, war jedoch mit der Anzahl bei WT Mäusen vergleichbar. Während 

eines in-vitro Stimulations-Assays waren filarienspezifische CD4+ T-Zell Antworten 

von Knockout und WT vergleichbar, wenn dendritische Zellen von WT oder ASC-/- 

BALB/c Mäusen als Antigen-präsentierende Zellen verwendet wurden. In Bezug auf 

die Unterdrückung einer filarienspezifischen IL-13 Freisetzung aus CD4+ T-

Effektorzellen warenisolierte Tregs aus Mf positiven oder Mf negativen WT Mäusen 

effizienter als diejenigen Tregs der ASC-/- Mäuse. Interessanterweise konnte die IL-5 

Freisetzung nicht durch Tregs unterdrückt werden. Insgesamt zeigen diese Daten die 

weitreichenden Auswirkungen des Inflammasoms während einer Filarieninfektion 

und unterstreichen die Komplexität der Wechselwirkung einer chronischen 

Helmintheninfektionen und der Immunität des Wirts. 
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9. List of Abbreviations 

Ab    antibody 

Ag    antigen 

ALB    albendazole 

APC    antigen-presenting cell 

APOC    African Programme for Onchocerciasis Control 

BCR    B-cell receptor 

BMDC    bone marrow derived cell 

BSA    bovine serum albumin 

CD    cluster of differentiation 

CTL    cytotoxic T-lymphocyte 

DALY    disability-adjusted life years 

DAMP    damage-associated molecule pattern 

DC    dendritic cell 

DEC    diethylcarbamazine 

DNA    desoxyribonucleic acid 

ECP    eosinophil cationic protein 

ELISA    enzyme linked immunosorbent assay 

EPO    eosinophil peroxidase 

FBS    fetal bovine serum 

Fig    figure 

GEO    generalized onchocerciasis 

GM-CSF   granulocyte macrophage colony-stimulating factor 

GPELP   Global Programme to Eliminate Lymphatic Filariasis 

HO    hyperreactive onchocerciasis 

HRP    Horseradish peroxidase 

H2SO4    sulphuric acid 

IFN    interferon 

Ig    immunoglobulin 

IL    interleukin 

ILC    innate lymphoid cells 
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IRF    interferon regulatory factor 

IVM    ivermectin 

L3    third stage larval 

LF    lymphatic filariasis 

LsAg    Litomosoides sigmodontis antigen 

L. sigmodontis  Litomosoides sigmodontis 

Ls    L. sigmodontis 

µg    micro gram 

µl    micro litre 

µM    micro molar 

MACS    magnetic activated cell sorting 

MDA    mass drug administration 

Min    minute 

Mf    microfilariae 

MHC    major histocompatibility complex 

ml    millilitre 

mLN    mediastinal lymph nodes 

MyD88   myeloid differentiation primary response 88 

NF-ҡB nuclear factor kappa-light-chain-enhancer of activated B-

cells 

NK-cells   natural killer cells 

P    patent 

PAMP    pathogen-associated molecular pattern 

PBS    phosphate buffered saline 

PCR    polymerase chain reaction 

p.i.    post infection 

Pp    pre-patent 

PRR    pattern recognition receptor 

RT    room temperature 

Sec    second 

SN    supernatant 
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SYK    spleen tyrosine kinase 

TC    thoracic cavity 

Th-cell   T-helper cell 

Tcon    conventional T-cell 

TLR    toll like receptor 

TMB    3,3 ', 5,5'-tetramethylbenzidine 

TNF    tumour necrosis factor 

Treg    regulatory T-cell 

TRIF    TIR-domain-containing adapter-inducing interferon-β 

WHO    world health organisation 

WT    wild type 
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10. Appendix 

Appendix A: Equipment 

Automatic pipettes (10-1000μl) Eppendorf AG, Hamburg, Germany 

BD FACSAria III Cell Sorter BD™ Biosciences, Heidelberg, Germany 

BD FACSCanto I™ flow cytometer 

CASY cell counter 

BD™ Biosciences, Heidelberg, Germany 

Schärfe System GmbH, Reutlingen, Germany 

Cellscraper Corning B.V. Life science, Lowell, USA 

Centrifuge (Eppendorf 5415 R) Eppendorf AG, Hamburg, Germany 

Centrifuge (Multifuge 4 KR) Fischer Scientific GmbH, Schwerte, Germany 

Centrifuge (Varifuge 3.OR) Fischer Scientific GmbH, Schwerte, Germany 

Cover slip Engelbrecht, Munich, Germany 

Culture plates (6, 12 and 96 well) Greiner GmbH, Frickenhausen, Germany 

Cytospinchamber Hettich, Tuttlingen, Germany 

ELISA plates (96 well) Greiner GmbH, Frickenhausen, Germany 

Eppendorf tubes (0.5-2ml) Eppendorf AG, Wesseling, Germany 

FACS tubes BD™ Biosciences, Heidelberg, Germany 

Freezer (-20°C) Bosch GmbH; Stuttgart, Germany 

Freezer (-80°C) Heraeus Holding GmbH, Hanau, Germany 

Fridge Bosch GmbH; Stuttgart, Germany 

Filter BD™ Biosciences, Heidelberg, Germany 

Filter paper Hettich, Tuttlingen, Germany 

Gauze Labomedic GmbH, Bonn, Germany 

Glass potter Greiner GmbH, Frickenhausen, Germany 

Glass slides Engelbrecht, Munich, Germany 

Glassware Schott AG, Mainz, Germany 

Gloves AnsellHealthcare, Bruessel, Belgian 

Heating Block Eppendorf AG, Hamburg, Germany 

HERAsafe Kendro, Langenselbold, Germany 

Ice machine (Scotsman AF 80) Gastro Handel GmbH. Wien, Austria 

Incubator (Hera cell 240) Fischer Scientific GmbH, Schwerte, Germany 
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MACS® columns (LS)  MiltenyiBiotech, Bergisch Gladbach, 

Germany 

MACS® seperator MiltenyiBiotech, Bergisch Gladbach, 

Germany 

Microscope (Leica DM IL) Leica Microsystems GmbH, Wetzlar, 

Germany 

Microscope (Diavert) Leica Microsystems GmbH, Wetzlar, 

Germany 

"Neubauer“ countingchamber Marienfeld GmbH & Co. KG, Lauda- 

Königshofen, Germany 

Pasteur pipette (sterile) Ratiolab, Dreieich, Germany 

Petri dishes Greiner GmbH, Frickenhausen, Germany 

pH meter Mettler Toldo GmbH, Giessen, Germany 

Pipetboy (pipetus®-akku) Hirschmann Laborgeräte, Eberstadt, 

Germany 

Pipettetips (10-1000 μl) Eppendorf AG, Hamburg, Germany 

Plunger BD™ Biosciences, Heidelberg, Germany 

Refusebags Brand GmbH & Co.KG, Wertheim, Germany 

PCR Cycler MWG-Biotech, Ebersberg, Germany 

Slides 

 

SpectraMAX ELISA reader 

Engelbrecht Medizin und Labortechnik GmbH, 

Edermünde, Germany 

Molecular Devices, Sunnyvale, USA  

Syringes (2-10 ml) B.Braun Meslungen AG, Melsungen, 

Germany 

Thermocycler Biometra GmbH, Göttingen, Germany 

Tweezer Dumont Swissmade, Montignez, Switzerland 

Vortex mixer (Minishaker) IKA® GmbH & Co.KG, Staufen, Germany 

Waterbath VWR, Darmstadt, Germany 

Water purifier Milli-Q plus Millipore, Schwalbach, Germany 
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Appendix B: Antibodies and Proteins   

Mouse MACS Beads:   

Anti-CD4+ T cell MicroBeads MiltenyiBiotech, Bergisch Gladbach, 

Germany 

Anti-MHC Class II MicroBeads MiltenyiBiotech, Bergisch Gladbach, 

Germany 
 

Other mouseantibodies:   

Anti-mouse CD3 purified Thermo Fisher Scientific, Oberhausen, 

Germany 

Anti-mouse CD28 purified Thermo Fisher Scientific, Oberhausen, 

Germany 

CD3 MonoclonalAntibody eBiosience, Frankfurt, Germany 

APC conjugated anti-mouse CD4 mAb Biolegend, Fell, Germany 

APC conjugated anti-mouse CD4 mAb eBiosciences Inc., San Diego, USA 

PE-Cy7 conjugated anti-mouse CD25 mAb eBiosciences Inc., San Diego, USA 

PE conjugated anti-mouse Foxp3 mAb eBiosciences Inc., San Diego, USA 

 

 

Appendix C: Chemicals, Reagents and Kits   

AdvancedPoteine Assay  Cytoskeleton, Denver, USA 

AE buffer Qiagen, Hilden, Germany 

Ammonium chloride Sigma-Aldrich GmbH, Munich, Germany 

autoMACSbuffer MiltenyiBiotech, Bergisch Gladbach, 

Germany 

BD FACS™ Clean BD BD™ Biosciences, Heidelberg, Germany 

BD FACS™ Rinse BD™ Biosciences, Heidelberg, Germany 

Bovine serumalbumin (BSA) 

CASYton 

PAA Laboratories, Pasching, Austria 

OMNI Life Science GmbH, Bremen, Germany 

Diff Quick Staining Set Medion Diagnostics International, Miami, USA 
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DirectPCR-Tail solution 

 

DMSO 

PEQLAB Biotechnologie GmbH, Erlangen, 

Germany 

Sigma-Aldrich GmbH, Munich, Germany 

ELIS-A kits Ready-SET-Go (IL-1, IL-2, IL-13, 

TGF, IFN-) 

ELISA kit BD (IL-5, IL-10) 

eBiosience, Frankfurt, Germany 

 

BD Biensciences, Heidelberg, Germany 

Entellan Merck, Darmstadt, Germany 

Ethanol Merck KGaA, Darmstadt, Germany 

Ethylendiamintetraacetat (EDTA) Merck KGaA, Darmstadt, Germany 

Fetal calfserum (FCS) PAA Laboratories, Pasching, Austria 

Forene Piramal Critical Care, West Drayron, UK  

Foxp3/Transcription Factor Staining Buffer Set Fischer Scientific GmbH, Schwerte, Germany 

Gentamycin PAA Laboratories GmbH, Pasching, Austria 

GM-CSF PreproTech GmbH, Hamburg, Germany 

IMDM Fischer Scientific GmbH, Schwerte, Germany 

L-glutamine PAA Laboratories GmbH, Pasching, Austria 

LPS Sigma-Aldrich GmbH, Munich, Germany 

Mouse Th1/Th2/TH17/TH22 13plex 

FlowCytomix Multiplex Analyte Detection Kit 

eBiosience, Frankfurt, Germany 

Non essentielle amino acid (NEAA) PAA Laboratories GmbH, Pasching, Austria 

Phosphate buffersaline (PBS) PAA Laboratories GmbH, Pasching, Austria 

Penicillin/Streptomycine 

Proteinase K 

PAA Laboratories GmbH, Pasching, Austria 

Qiagen, Hilden, Germany 

RPMI Fischer Scientific GmbH, Schwerte, Germany 

Sulphuricacid (H2SO4) Merck KGaA, Darmstadt, Germany 

Sodium bicarbonate PAA Laboratories GmbH, Pasching, Austria 

Sodium Pyruvate PAA Laboratories GmbH, Pasching, Austria 

Streptavidin-POD Roche Diagnostics, Mannheim, Germany 

Trypanblue Sigma-Aldrich GmbH, Munich, Germany 

Tween20  Sigma-Aldrich GmbH, Munich, Germany 
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Appendix D: Buffer, Media and Solution 

 

Hinkelmann solution 

0.5% Eosin yellow 

0.5% Phenol 

0.185% Formaldehyd 

 
Fetal calfserum (FCS) 

FCS used for medium supplementations was heated for 30 minutes at 56°C to 

inactivate the complement factors. Aliquotswerestored at -20°C. 

 
 
Cells culturereagents: 

 
IMDM 

10% Fetal Calf Sera 

1% 2 mM L-glutamine 

1% 50 μg/ml penicillin/streptomycine 

1% 50 μg/ml gentamicin 

1% NEAA 

1% Sodium pyrovate 

1% Sodium bicarbinate 

 
RPMI 

10% Fetal Calf Sera 

1% 2 mM L-glutamine 

1% 50 μg/ml penicillin/streptomycine 

1% 50 μg/ml gentamicin 

 
ACT Buffer 

1 litre: 2.06g Tris 

8.99g ammoniumchloride, Fill up with water to 1 litre 
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FACS 

1x Foxp3 Fix/Perm Solution 

1 part Foxp3 Fixation/Permeabilisation Concentrate 

3 parts Fixation/PermeabilisationDiluent 

 
1x Permeabilisation Buffer 

10x Perm Buffer Diluent in PBS 

 
 
ELISA 
 
eBioscience: 

Coating solution 

10x coating buffer diluted with a. dest to 1x coating buffer 

Blocking solution 

1x Assay diluent 

Enzyme 

Avidin-HRP (diluted 1:250 with a. dest) 

Substrate 

3,3’, 5,5’ Tetramethylbenzidine (TMB) 

Stopsolution 

2N H2SO4 

 
BD: 

Coating solution 

0,1M Na2HPO4 in A. dest, pH 9.0 

Blocking solution 

1x PBS  

1% BSA 

Enzyme 

Strepavidin-POD (diluted 1:250 with a. dest) 

Solution 4 

1L = 15.6g NaH2PO4 in A.dest, pH5.5 
 
Development solution 
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100ml Solution 4, 200µl TMB, 2µl H2SO4 

Stopsolution 

2N H2SO4 

Washingbuffer 

5L = 47.75g PBS in A.dest + 2.5ml Tween, pH 7.2-7.4 

 

 
 

Appendix E: Software   

FlowJo v10 software FlowJo, Portland, USA 

GraphPad Prism 5.0 GraphPad Softwaer, Inc., La Jolla, USA 

SOFTmax Pro 3.0 Software  Moleculardevices, Sunnyvale, USA 
 

 

 

Appendix F: Example of Treg isolation procotol and gating strategiesfor Treg 

analysis 
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Appendix G: Tables Multiplex analysis of PW and sera 

 

 d30 

ASC-/- naive WT naive ASC-/- WT 

 

TNF- 263.6 
± 19.29 pg/ml 

121.2 
± 41.18 pg/ml 

130.9 
± 7.452 pg/ml 

162.0 
± 20.26 pg/ml 

 

IL-2 697.5 
± 439.3 pg/ml 

19815 
± 18967 pg/ml 

168.1 
± 7.934 pg/ml 

176.8 
± 8.784 pg/ml 

 

IL-4 313.8 
± 88.16 pg/ml 

285.2 
± 124.2 pg/ml 

98.82 
± 17.58 pg/ml 

137.6 
± 32.17 pg/ml 

 

IL-5 336 ± 32.79 pg/ml 319.3 
± 41.51 pg/ml 

234.9 
± 56.83 pg/ml 

326.6 
± 100.7 pg/ml 

 

IL-10 357.3 ± 86.9 pg/ml 292 ± 58.99 pg/ml 152.1 
± 54.63 pg/ml 

188.7 
± 48.34 pg/ml 

 

IL-27 2334 
± 672.6 pg/ml 

756 ± 200.1 pg/ml 733.2 
± 71.96 pg/ml 

1423 
± 477.0 pg/ml 

 

IL-17 313.1 
± 39.17 pg/ml 

294.6 
± 40.55 pg/ml 

179.3 
± 15.07 pg/ml 

211.1 
± 23.99 pg/ml 

 

IL-22 61.16 
± 9.153 pg/ml 

26.21 
± 9.524 pg/ml 

21.54 
± 2.404 pg/ml 

27.81 
± 5.486 pg/ml 

 

IL-18 n.m. n.m. 398 ± 79.24 pg/ml 385.4 
± 94.73 pg/ml 

 

Table 1.1: No differences in the levels of multiple cytokines of pro-inflammatory and regulatory immune 

response in pleural wash d70 p.i. n.m. not measured; Data show mean ± SEM (std. Error) for each measured 

cytokine. Naïve ASC n=5, WT n=5; d30 ASC n=20, WT n=19 

 

 

 



118 
 

  d70 

ASC-/- naive WT naive ASC-/- ASC-/- WT WT 

    Mf+ Mf- Mf+ Mf- 

TNF- 263.6 
± 19.29 pg/ml 

121.2 
± 41.18 pg/ml 

117.9 
± 38.49 pg/ml 

80.51 
± 51.99 pg/ml 

119.7 
± 51.41 pg/ml 

114.8 
± 30.69 pg/ml 

  

IL-2 697.5 
± 439.3 pg/ml 

19815 ± 1896
7 pg/ml 

346.4 
± 86.19 pg/ml 

197.9 
± 100.0 pg/ml 

347.3 
± 123.7 pg/ml 

540.0 
± 195.5 pg/ml 

  

IL-4 313.8 
± 88.16 pg/ml 

285.2 
± 124.2 pg/ml 

170.5 
± 117.4 pg/ml 

n.d. n.d. 163.7 
± 112.5 pg/ml 

  

IL-5 336 
± 32.79 pg/ml 

319.3 
± 41.51 pg/ml 

258.1 
± 117.7 pg/ml 

48.24 
± 22.45 pg/ml 

189.3 
± 75.17 pg/ml 

256.8 
± 196.8 pg/ml 

  
IL-10 357.3 

± 86.9 pg/ml 

292 
± 58.99 pg/ml 

n.d. n.d. n.d. n.d. 

  
IL-27 2334 

± 672.6 pg/ml 

756 
± 200.1 pg/ml 

504.5 
± 238.9 pg/ml 

323.2 
± 206.1 pg/ml 

279.1 
± 108.0 pg/ml 

244.0 
± 99.93 pg/ml 

  
IL-17 313.1 

± 39.17 pg/ml 

294.6 
± 40.55 pg/ml 

n.d. n.d. n.d. n.d. 

  
IL-22 61.16 

± 9.153 pg/ml 

26.21 
± 9.524 pg/ml 

6.246 
± 1.251 pg/ml 

3.409 
± 0.6586 pg/

ml 

4.039 
± 0.5699 pg/

ml 

8.698 
± 4.663 pg/ml 

  
IL-18 n.m. n.m. n.m. n.m. n.m. n.m. 

  
Table 1.2: No differences in the levels of multiple cytokines of pro-inflammatory and regulatory immune 

response in pleural wash d70 p.i.n.d. non-determinable;n.m. not measured; Data show mean ± SEM (std. 

Error) for each measured cytokine. Naïve ASC n=5, WT n=5; d70 ASC n=28, WT n=34 
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  d90 

ASC-/- naive WT naive ASC-/- WT 

  

TNF- 263.6 
± 19.29 pg/ml 

121.2 
± 41.18 pg/ml 

n.d. n.d. 

  

IL-2 697.5 
± 439.3 pg/ml 

19815 
± 18967 pg/ml 

68,27 
± 5,744 pg/ml 

73,04 ± 6,832 pg/ml 

  

IL-4 313.8 
± 88.16 pg/ml 

285.2 
± 124.2 pg/ml 

30,05 
± 4,568 pg/ml 

21,87 ± 5,207 pg/ml 

  

IL-5 336 ± 32.79 pg/ml 319.3 
± 41.51 pg/ml 

162,3 
± 23,65 pg/ml 

160,3 ± 62,36 pg/ml 

  

IL-10 357.3 ± 86.9 pg/ml 292 ± 58.99 pg/ml 18.74 
± 5.595 pg/ml 

2.603 ± 0,097 pg/ml 

  

IL-27 2334 
± 672.6 pg/ml 

756 ± 200.1 pg/ml 206,0 
± 68,61 pg/ml 

165,0 ± 24,78 pg/ml 

  

IL-17 313.1 
± 39.17 pg/ml 

294.6 
± 40.55 pg/ml 

15.09 ± 5.67 pg/ml 4.394 ± 3.194 pg/ml 

  

IL-22 61.16 
± 9.153 pg/ml 

26.21 
± 9.524 pg/ml 

3,055 
± 0,278 pg/ml 

3,048 ± 0,4127 pg/ml 

  

IL-18 n.m. n.m. 457.5 
± 106.2 pg/ml 

550.9 ± 113.5 pg/ml 

  
Table 1.3: No differences in the levels of multiple cytokines of pro-inflammatory and regulatory immune 

response in pleural wash d90 p.i.n.d. non-determinable;n.m. not measured; Data show mean ± SEM (std. 

Error) for each measured cytokine. Naïve ASC n=5, WT n=5; d90 ASC n=19, WT n=19 
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 d70 

ASC-/- naive WT naive ASC-/- ASC-/- WT WT 

  Mf+ Mf- Mf+ Mf- 

TNF- 140.5 
± 42.35 pg/ml 

165.9 
± 27.25 pg/ml 

209.2 
± 22.63 pg/ml 

190.2 
± 16.12 pg/ml 

164.8 
± 35.68 pg/ml 

219.1 
± 29.64 pg/ml 

 

IL-4 161.5 
± 82.65 pg/ml 

56.47 
± 56.21 pg/ml 

304.5 
± 76.33 pg/ml 

292.8 
± 96.05 pg/ml 

243.2 
± 91.18 pg/ml 

215.4 
± 70.88 pg/ml 

 

IL-13 0 ± 0 pg/ml 0.0 pg/ml 148.2 
± 119.8 pg/ml 

51.94 
± 51.94 pg/ml 

3817 
± 3817 pg/ml 

2501 
± 2501 pg/ml 

 

Table 2.1: No differences in the levels of TNF-, IL-4 and IL-13 in sera d70 p.i. Data show mean ± SEM (std. 

Error) for each measured cytokine. Naïve ASC n=5, WT n=5; d70 ASC n=28, WT n=34 

 

 

 

 d90 

ASC-/- naive WT naive ASC-/- WT 

 

TNF- 140.5 
± 42.35 pg/ml 

165.9 
± 27.25 pg/ml 

88.38 
± 11.63 pg/ml 

77.06 
± 10.34 pg/ml 

 

IL-4 161.5 
± 82.65 pg/ml 

56.47 
± 56.21 pg/ml 

51.96 
± 12.07 pg/ml 

70.73 
± 10.24 pg/ml 

 

IL-13 0 ± 0 pg/ml 0 ± 0 pg/ml 591.5 
± 74.58 pg/ml 

445.9 
± 71.09 pg/ml 

 

Table 2.2: No differences in the levels of TNF-, IL-4 and IL-13 in sera d90 p.i. Data show mean ± SEM (std. 

Error) for each measured cytokine. Naïve ASC n=5, WT n=5; d90 ASC n=19, WT n=19 
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