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Abstract 

Mycobacterial infection-induced diseases, particularly tuberculosis (TB), cause more 

than 1 million deaths annually. Mycobacteria initially infect lungs, invade alveolar 

macrophages and can develop a systemic infection with high lethality. However, 

currently available drugs are only partially effective due to the development of drug-

resistant mycobacteria.  

The sphingomyelinase/ceramide system has been implicated to play many roles in 

mycobacterial infections. Thus, this study aims to identify the mechanisms of 

sphingomyelinase/ceramide-regulated mycobacterial infection and provide potential 

therapeutic strategies.  

The present work investigated roles of neutral sphingomyelinase (Nsm) and acid 

sphingomyelinase (Asm)/ceramide system in the systemic infection of murine 

macrophages and mice with Mycobacterium bovis Bacillus Calmette-Guérin (BCG). 

Nsm has been shown to allow mycobacterial persistence in mice by suppressing 

autophagy. The present study focused on the role of Nsm in the generation of 

granuloma, the hallmark of mycobacterial infections. The results in this thesis reveal a 

novel mechanism of Nsm-dependent granuloma formation upon mycobacterial 

infection. The results indicate that the infection of bone marrow-derived macrophages 

(BMDMs) with BCG leads to rapid activation of Nsm and activation of surface β1-

integrin via phosphorylation of p38 mitogen-activated protein kinases (p38K) and c-

Jun N-terminal kinase (JNK). Nsm-dependent β1-integrin activation results in the 

activation of small GTPase Rac1 and reorganization of the cytoskeleton. This leads to 

macrophage migration and granuloma-like clusters in vitro. Mice heterozygous for Nsm 

or mice treated with neutralizing antibodies against β1-integrin contain fewer 

macrophage clusters in vitro, fewer granulomas in vivo and, most importantly, fewer 

bacteria in vivo. These findings indicate that the Nsm/ceramide system plays an 

important role in mycobacteria-induced granuloma formation by regulating a signaling 

cascade via p38, JNK, β1-integrin and Rac1. 

Furthermore, the current study suggests a novel mechanistic link between Asm and 

mycobacterial infection. The results show that BCG infection of BMDMs triggers 
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activation of Asm and acid ceramidase (Ac), and elevated levels of sphingosine-1-

phosphate (S1P) which increases reactive oxygen species (ROS) via nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase subunit p47phox. ROS promote BCG 

degradation by the lysosomal enzyme, cathepsin D. BMDMs of Asm deficient mice 

abrogate these effects, and these mice are more susceptible to BCG infection than 

wild-type (Wt) mice. Transplantation of Wt BMDMs into Asm deficient mice confirmed 

the crucial role of Asm in macrophages. The transplantation partially reversed the 

susceptibility of Asm deficient mice to BCG infection. These findings indicate that 

Asm/ceramide system is important in the control of BCG infection. 

These studies reveal the role of sphingomyelinases in mycobacteria-induced 

granuloma formation and bacterial elimination. The further study combines neutral and 

acid sphingomyelinases may provide a novel therapeutic strategy against 

mycobacterial infection.  
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Zusammenfassung 

Infektionen durch Mykobakterien, insbesondere Tuberkulose (TB), verursachen 

jährlich mehr als 1 Million Todesfälle. Die anfängliche pulmonale Lokalisation der 

Erreger entwickelt sich oft zu einer systemischen Infektion mit hoher Letalität. 

Gegenwärtig verfügbare Arzneimittel sind jedoch aufgrund der Entwicklung von 

arzneimittelresistenten Mykobakterien nur teilweise wirksam. 

Dass das Sphingomyelinase/Ceramid-System bei mykobakteriellen Infektionen 

bedeutsam ist, wurde bereits in einigen Publikationen beschrieben. Ziel dieser Studie 

ist es, die Mechanismen der Sphingomyelinase-regulierten mykobakteriellen Infektion 

detaillierter zu untersuchen, um dadurch potentielle Zielmoleküle für eine Therapie zu 

identifizieren. 

In der vorliegenden Arbeit wurden die Rolle des sauren Sphingomyelinase (Asm) und 

des neutralen Sphingomyelinase (Nsm)/Ceramid-Systems bei der systemischen 

Infektion von Mäusen und von murinen Makrophagen mit Mycobacterium bovis 

Bacillus Calmette-Guérin (BCG) untersucht.  

Die Ergebnisse zeigen, dass die Infektion von Makrophagen mit BCG zu einer raschen 

Stimulation der Nsm und einer Aktivierung von oberflächigem β1-Integrin über eine 

Phosphorylierung von p38K und JNK führt. Die Nsm-abhängige Aktivierung von β1-

Integrin hat eine Stimulation von Rac1 und eine Reorganisation des Aktin-Zytoskeletts 

zur Folge, was zur Migration von Makrophagen und schließlich zur Granulombildung 

führt. Bedeutsam ist, dass die Inzidenz der Granulombildung bei Nsm-heterozygoten 

Mäusen oder bei Mäusen, die mit neutralisierenden Antikörpern gegen β1-Integrin 

behandelt wurden, viel niedriger ist, wodurch chronische Infektionen der Leber und 

Milz verhindert werden. Diese Befunde zeigen, dass das Nsm/Ceramid-System eine 

wichtige Rolle bei der Bildung von Mykobakterien-induzierten Granulomen spielt, 

indem es eine Signalkaskade über p38, JNK, β1-Integrin und Rac1 reguliert. 

Darüber hinaus liefern die vorliegenden Daten eine neuartige mechanistische 

Verbindung zwischen mykobakteriellen Infektionen und der Funktion der Asm. Die 

Ergebnisse zeigen, dass die BCG-Infektion von Makrophagen über die Stimulierung 

der Sauer Sphingomylinase (Asm), Sauer Ceramidase (Ac), Sphingosin-1-Phosphat 
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erhöht und dann eine erhöhte Produktion von reaktiven Sauerstoffspezies über die 

NADPH-oxidase-Untereinheit p47phox auslöst. Die reaktiven Sauerstoffspezies 

ihrerseits aktivieren Cathepsin D, welches das Abtöten der Bakterien vermittelt. 

Mäuse, die für die Asm defizient sind, sind nicht in der Lage, die beschriebenen 

Prozesse zu induzieren und können somit die BCG-Infektion nicht abwehren. Die 

entscheidende Rolle von Makrophagen in der Asm-abhängigen Kontrolle von 

Mykobakterien wurde durch Transplantation von Wildtyp-Makrophagen in Asm-

defiziente Mäuse bestätigt; durch diese Übertragung wurde die Empfindlichkeit von 

Asm-defizienten Mäusen gegenüber BCG-Infektionen partiell kompensiert. Diese 

Ergebnisse legen nahe, dass das Asm/Ceramid-System bei der Kontrolle von BCG-

Infektionen wichtig ist. 

Diese Studien zeigen die Rolle von Sphingomyelinasen bei der Mykobakterien-

induzierten Granulombildung und der Bakterienbeseitigung. Die weitere Studie, in der 

neutrale und saure Sphingomyelinasen kombiniert werden, kann eine neuartige 

therapeutische Strategie gegen mykobakterielle Infektionen darstellen. 
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1 Introduction 

1.1 Mycobacteria 

The genus Mycobacterium was first introduced by Lehmann and Neumann in 1896 as 

the only member of Mycobacteriaceae (Liu, 2005; van Ingen, 2017). Until now, over 

150 species of mycobacteria have been recognized, and all of them are aerobic, non-

motile, slightly curved or straight rod and nonspore-forming bacteria. Mycobacteria are 

characterized as acid-fast bacteria which prevent the de-colorization during Gram 

staining with hydrochloric acid and cannot be stained well by Gram dyes (van Ingen, 

2017). Therefore, they are being considered as gram neutral bacteria (van Ingen, 

2017).  

1.1.1 Structure of mycobacterial cell envelope 

Mycobacteria are covered by a thick cell envelope which consists of a covalently linked 

cell wall and a variety of lipids (Daffe, 2015; van Ingen, 2017) (Figure 1). The covalently 

linked cell wall defines the size and shape of the mycobacteria and contains 

peptidoglycan, arabinogalactan and mycolic acids (Daffe, 2015). The mycolic acids 

(mycolate) consist of short chain fatty acids and medium chain fatty acids. These fatty 

acids complement the hydrocarbon chains and form a flat surface. As well as other 

microorganisms, mycobacteria contain a plasma membrane. However, unlike other 

bacteria, the constituents of the mycobacterial plasma membrane are lipids, as 

lipoarabinomannan (LAM), lipomannan (LM) and phosphatidylinositol mannosides 

(PIM) (Figure 1) (van Ingen, 2017). The lipid-rich cell envelope functions as a 

hydrophobic permeability barrier which protect the bacteria from osmotic pressure and 

deleterious environment (van Ingen, 2017). 



Introduction 

2 

 

Figure 1. The structure of the mycobacterial cell envelope. 

The mycobacterial cell envelope consists of the plasma membrane and a thick cell wall. 

The plasma membrane of mycobacteria is a lipid-rich structure associated with 

lipoarabinomannan (LAM), and phosphatidylinositol mannosides (PIM). The cell wall of 

mycobacteria is a covalently bound structure and contains mycolate (with short, medium 

chain fatty acids and hydrocarbon chains), arabinogalactan and peptidoglycan. Adapted 

from van Ingen, 2017. 

1.1.2 Mycobacteria-induced diseases 

Mycobacterium tuberculosis (M. tuberculosis) and Mycobacterium leprae (M. leprae) 

are two of the most well-known pathogens of the genus Mycobacteria, leading to 

tuberculosis (TB) (see section 1.2) and leprosy in humans, respectively. During the last 

decades, other diseases caused by other mycobacteria species are also gaining 

attention, such as Buruli ulcer disease caused by Mycobacterium ulcerans (M. 

ulcerans) and some diseases caused by nontuberculous mycobacteria (NTM). 

Leprosy, also called Hansen’s disease, is a chronic, severe disease characterized by 

lesions or granulomas in the skin, nerves, and mucous membranes. It affected about 

170,000 people worldwide at the end of 2015 (WHO, 2018a). Long-term infection with 

M. leprae is causative of leprosy. Leprosy is curable with 2-3 multidrug therapies 

including rifampicin, clofazimine, and dapsone (WHO, 2018a). 

Buruli ulcer is the third most common mycobacteria-induced disease which is caused 

by the toxin mycolactone, released by M. ulcerans (Guarner et al., 2003). The disease 

is characterized by chronic and necrotizing ulcers in the skin. There was no effective 
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medication for this disease. Until the last decade, as reported being treatable by multi-

antibiotics, such as rifampin, streptomycin, and clarithromycin (Nienhuis et al., 2010). 

However, the transmission routes of M. ulcerans are still unclear.  

NTM cause a wide range of diseases in humans. Mycobacterium avium (M. avium), 

which commonly exists in soil, water and animals, is the cause of chronic pulmonary 

infections. This concerns especially patients who already have pulmonary diseases or 

are severely immunocompromised, such as patients with chronic obstructive 

pulmonary disease (COPD) or people who are infected with human immunodeficiency 

virus (HIV), as well as children with lymphadenitis (Griffith et al., 2007). Except for M. 

avium, Mycobacterium kansasii is the second leading cause of pulmonary diseases 

(Griffith et al., 2007). Mycobacterium abscessus (M. abscessus), Mycobacterium 

chelonae, and Mycobacterium fortuitum are species leading to cutaneous infection, as 

well as to postsurgical infections in soft tissues or bones (van Ingen, 2017). 

Mycobacterium abscessus gains increasing interest due to its high risk of infection in 

cystic fibrosis (CF) patients (Nessar et al., 2012). 

 

1.2 Tuberculosis: a worldwide emergency 

Tuberculosis (TB) is an infectious disease which exists in humans as well as in other 

animals and is caused by one of the Mycobacterium. tuberculosis complex (MTC). 

MTC includes M. tuberculosis, M. africanum, Mycobacterium. bovis (M. bovis), 

Mycobacterium. microti (M. microti), Mycobacterium. canettii (M. canettii) and others 

(Wayne, 1982). Robert Koch identified M. tuberculosis as the causative agent of TB in 

1882 (Koch, 1882). M. tuberculosis caused TB is one of the top 10 causes of mortality 

worldwide, primarily in low-income and middle-income countries (over 95%). TB led to 

10.4 million people falling ill, and 1.7 million people dying in 2016 (WHO, 2018b).  

From the clinical and public health perspective, patients with TB are pragmatically 

classified as having latent TB infection or active TB disease. Most people infected with 

M. tuberculosis exhibit no clinical symptoms; this state is called latent TB, and it is an 

asymptomatic and non-transmissible state (WHO, 2018b). Patients with active 

pulmonary TB disease, which is transmissible, experience symptoms which include 

fever, night sweats, lack of appetite, weight loss and coughing. These symptoms could 
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be mild for many months, which causes many affected people to handle the disease 

carelessly and delayed. This delay may result in transmission of the bacteria to others. 

Some patients are asymptomatic but with an active (transmissible) disease which is a 

state considered as subclinical TB (Esmail et al., 2014). 

M. tuberculosis, M. africanum, and M. bovis are the most important MTC which can 

cause TB in humans (Wayne, 1982). A spoligotyping (a polymerase chain reaction-

based method for genotyping) of historical samples (ancient skeletal and mummified 

materials) showed that humans have been in a constant battle with TB since ancient 

times. M. tuberculosis DNA has been discovered in Egyptian mummies dating from 

2050 B.C. and 1650 B.C. (Zink et al., 2003). A previous hypothesis was that M. bovis 

might be the ancestor of M. tuberculosis which was transmitted from cattle to humans 

(Cockburn, 1964). However, Zink et al. suggested that human M. tuberculosis may 

have originated from a precursor bacterium probably related to M. africanum (Zink et 

al., 2003).  

TB became a treatable disease with the discovery of streptomycin in 1943 by Dr. 

Selman Waksman. From then on, the incidence and lethality of TB decreased through 

the middle of the 20th century. However, interactions among the environment, the host, 

and the pathogen resulted in the resurgence of TB. Antibiotic resistance (the evolution 

of extensively drug-resistant forms of M. tuberculosis), the lack of effective, sensitive, 

and rapid diagnostic tools, the increased susceptibility of people with weakened 

immune systems to TB, the increased mobility of people because of globalization, and 

the relative ineffectiveness of the Bacillus Calmette-Guérin (BCG) vaccine have put 

TB back on the agenda during the past twenty years and have again rendered the 

infectious disease a recognized global threat (Dheda et al., 2010).  

The BCG vaccine, a live attenuated variant of M. bovis, has been used since the early 

20th century to prevent TB. However, it has recently been shown to be rather 

unsuccessful in preventing TB caused by M. tuberculosis (Kagina et al., 2010). A study 

of BCG vaccination of newborns showed that the frequency and cytokine profile of 

mycobacteria-specific T cells were not associated with protection from or susceptibility 

to the subsequent development of TB (Kagina et al., 2010). Therefore, a more effective 

vaccine is sorely needed. Public health and financial efforts, including improved access 

to health care, better control of transmission, improved and more available diagnostic 

tools, and better treatment methods are also mandatory to get this global disease 
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under control. New scientific insights into the underlying mechanisms of TB and more 

knowledge about how the host can overcome them is needed to develop a new, 

improved vaccine and new drugs that can tackle the emergence of antibiotic resistance 

(Dheda et al., 2010). 

 

1.3 Pathogenesis of Tuberculosis: an orchestration of the immune 

system 

Transmission of M. tuberculosis occurs when a new host inhales bacteria-containing 

droplets dispersed from the lungs of an infected person, for example, by coughing 

(Nunes-Alves et al., 2014). The infectious microorganisms are inhaled and deposited 

into the airways and alveoli (Figure 2A) (Pai et al., 2016). 

TB pathogens, such as M. tuberculosis, are facultative intracellular bacteria that can 

infect various cell types, although alveolar macrophages seem to be the initially 

infected cell type. The primary stages of the host response to M. tuberculosis infection 

are characterized by innate immune responses that involve an influx of phagocytic 

cells, including resident alveolar macrophages and recruited neutrophils, to the lungs. 

Alveolar macrophages first phagocytose the bacteria. After the pathogens enter the 

airway and the lung parenchyma they are being taken up by macrophages, neutrophils 

and dendritic cells (DCs).  

Macrophages and neutrophils are generally considered to be the first lines of defense 

against pathogen invasion. They express antimicrobial peptides as well as the property 

of several other antimicrobial factors. Activation of the adaptive immune response 

occurs after the spread of M. tuberculosis throughout the lymphatic system. In the 

lymph nodes, the presentation of bacterial antigens by DCs results in the priming and 

expansion of antigen-specific T cells. This stimulation promotes the differentiation of T 

cells from naïve T cells into effector T cells. The effector T cells migrate to the infected 

lung, interact with other leukocytes, and stimulate the formation of granulomas, 

organized structures that wrap mycobacteria with macrophages, lymphocytes, and 

fibroblasts (Figure 2A).  
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Figure 2. Pathogenesis of Mycobacterium tuberculosis infection.  

(A) The infection starts with the inhalation of mycobacteria-containing droplets which 

enter the lungs, reach the alveolar space and encounter the resident alveolar 

macrophages. When the alveolar macrophages fail to eliminate the bacteria, the 

pathogen invades the alveolar epithelium or infect the lung parenchyma. Afterward, the 

bacteria are transported by either dendritic cells or monocytes to lymph nodes and 

subsequently activate T cells which leads to the successive activation of immune cells 

and finally the formation of granuloma. (B) Mycobacteria can survive and replicate within 

a granuloma. If a granuloma is overloaded with bacteria, it fails to control the infection 

and becomes necrotic. The overgrowth of bacteria eventually leads to the breakdown of 

granuloma, the entrance of bacteria into the respiratory tract or even bloodstream, and 

the infection of other organs with mycobacteria, such as liver, spleen and even brain. 

This step of the infection is considered as active TB disease with typical TB symptoms. 

Adapted from Pai et al., 2016. 

Within the granulomas, the differentiated T-helper (Th) cells produce interferon-γ (IFN-

γ), which leads to the activation of macrophages, the production of cytokines, the 

induction of microbicidal factors such as inducible nitric oxide synthase (iNOS), and 

thereby to the control of the bacteria (Nunes-Alves et al., 2014). Extrinsic innate 

immune factors, together with adaptive immune factors determine the outcome of the 

subsequent immune response: clearance or persistence of the pathogen. The 

reactions of macrophages and neutrophils finally result in ongoing latent infection or 

the development of active disease (Figure 2). When macrophages fail to control 

bacteria and mycobacteria over grow within granuloma, the bacteria are released into 
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the respiratory tract or the bloodstream, subsequently leading to the infection of other 

organs (Figure 2B). 

 

1.4 Mycobacteria-induced granuloma 

A mycobacteria-induced granuloma is a bacteria-containing, compact and organized 

immune cell aggregate which illustrates the dual character of M. tuberculosis infection 

(Figure 2B) (Pai et al., 2016). For the host, the granuloma is like a prison for the 

bacterium which limits the infection in a particular area. However, for the bacterium, 

the granuloma is a growing aggregate of phagocytic cells to infect and to replicate 

within.  

A granuloma originates from an organized aggregate of macrophages, including 

mature macrophages, differentiated or epithelioid macrophages, foamy macrophages, 

and multinucleated (or Langhans) giant cells (MGCs) (Adams, 1976). These 

macrophages form a granuloma by fusing with each other with the plasma membranes 

but not the nuclei (Puissegur et al., 2007).  

Real-time observations of granuloma formation by using M. marinum infected zebrafish 

embryos revealed that granulomas can be initiated with macrophages alone since the 

used embryos were at a stage before T lymphocytes were formed (Davis et al., 2002). 

Accordingly, utilization of human peripheral blood cells and M. tuberculosis 

demonstrated that macrophages are sufficient for the early stages of granulomas and 

MGC formation (Puissegur et al., 2004).  

Puissegur and colleagues identified the molecular mediator of MGC formation. Specific 

mycobacterial glycolipids, such as lipomannan (LM), phosphatidylinositol mannosides 

(PIM), and trehalose dimycolate (TDM), promote MGC formation. These glycolipids 

exist on the exterior of the pathogen. LM induced MGC formation requires the host 

pattern-recognition molecule Toll-like receptor 2 (TLR2) and follows the β1-integrin 

expression as well as the expression of a disintegrin and metalloproteinase domain-

containing protein 9 (ADAM9) (Puissegur et al., 2007). These MGCs exhibit a rather 

low efficiency in phagocytosis but express high levels of major histocompatibility 

complex (MHC) class II molecules (Lay et al., 2007). 
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Another type of macrophage which draws attention is the foamy macrophage. Foamy 

macrophages are lipid-rich macrophages which have been observed in granulomas 

and may be the cause of granuloma necrosis (Peyron et al., 2008). The center of the 

necrotic granulomas becomes caseous during active disease and contains necrotic 

macrophages which, in advanced TB, form cavities in the lung. Spillage of infectious 

bacteria into the airways occurs when the structure ruptures, allowing the spread of 

the bacteria to new hosts (Dheda et al., 2010; Nunes-Alves et al., 2014). 

It has been demonstrated that M. tuberculosis uses the lipids within foamy 

macrophages as carbon and energy sources (Pandey and Sassetti, 2008) and that M. 

tuberculosis-containing phagosomes are adjacent to lipid bodies in cultured 

macrophages (Peyron et al., 2008). In vitro studies demonstrate that mycobacteria can 

induce the differentiation of human blood monocytes into foamy macrophages (Peyron 

et al., 2008). Mycobacteria stimulate as well as murine macrophages to differentiate 

into foamy cells through the involvement of TLR2 (D'Avila et al., 2006). 

A recent study revealed an unexpected role of epithelioid macrophages within 

granulomas. Cronan and colleagues showed that in the M. marinum infected zebrafish 

model, granuloma macrophages were reprogrammed by macrophage-induced 

epithelial modules resulting in the formation of adherent junctions between single 

macrophages. These cells expressed macrophage markers and epithelial cells marker 

such as E-cadherin. The epithelial layer serves as a barrier for other immune cells and 

facilitates bacterial survival, and the disorganization of granuloma by disruption of 

cadherin-adhesion leads to a decreased bacterial burden and thereby increasing host 

survival (Cronan et al., 2016).  

Apart from various phenotypes of macrophages, granulomas also contain dendritic 

cells (DCs), T cells and B cells. DCs can migrate from peripheral tissues to lymph 

nodes and present antigens to T cells (Briken et al., 2004; Maglione et al., 2007; 

Tailleux et al., 2003; Wolf et al., 2008). Although not essential for granuloma initiation, 

T cells have been shown to reside in the periphery of mature granulomas and 

contribute to the maintenance of granulomas structure (Egen et al., 2008; Randhawa, 

1990; Tsai et al., 2006). Granulomas also contain B cells, but their function is still 

undefined (Maglione et al., 2007).  
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Therefore, studies of the mechanisms related to the initiation and maintenance of 

granulomas are essential to understanding how granulomas are involved in both killing 

and persistence of the pathogen (Lin et al., 2014). 

 

1.5 Anti-mycobacterial mechanisms of macrophages  

As facultative intracellular bacteria, mycobacteria prefer to infect and persist within 

macrophages, which are their favorite niche. Macrophages can ingest and eliminate 

pathogens by a complex process called phagocytosis, which is also crucial for 

elimination of apoptotic cells and for maintaining tissue homeostasis (Lim et al., 2017; 

Rosales and Uribe-Querol, 2017). Therefore, macrophages represent a unique 

battlefield between the host and the pathogen.  

1.5.1 Phagosome formation 

Phagocytosis starts with the recognition and ingestion of bacteria into a plasma-

membrane derived vesicle, called phagosome. Cellular receptors achieve bacterial 

uptake in a direct way which can recognize pathogen-associated molecular patterns 

(PAMPs) on the surface of the microorganisms, or an indirect way which is mediated 

by opsonin (Flannagan et al., 2009; Flannagan et al., 2012). Opsonins are host factors 

which can attach to the pathogen’s surface and can be recognized by phagocytic 

receptors such as Fcγ receptors and complement receptor 3 (CR3). These receptors 

trigger various signaling pathways followed by remodeling of actin and subsequent 

engulfment of pathogens and formation of phagosomes (Flannagan et al., 2009). 

Numerous receptors expressed in phagocytic cells have been discovered to bind 

mycobacterial ligands, including C-type lectin receptors (CLRs), scavenger receptors 

(SRs), and complement receptors (CRs) (Table 1) (Philips and Ernst, 2012). 
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Table 1. Receptors implicated in Mycobacterium tuberculosis uptake in 

phagocytic cells. 

 

Abbreviations: DC, dendritic cell; IgG, immunoglobulin G; LAM, lipoarabinomannan; 

ManLAM, mannose-capped lipoarabinomannan; PIM, phosphatidylinositol mannan; SR, 

scavenger receptor; TLR, Toll-like receptor. Adapted from Philips and Ernst, 2012. 

1.5.2 Phagosome maturation 

Once the newly formed phagocytic cup is formed, the phagosome must undergo 

radical fusion and fission events with vesicles of the endocytic compartment to finally 

become a matured phagosome. The interactions between phagosomes and 

endosomes are transient with limited exchanges of contents and membranes (Levin et 
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al., 2016). The ultimate microbicidal structure, phagolysosomes, are formed after 

phagosomes fuse with lysosomes (Figure 3) (Uribe-Querol and Rosales, 2017).  

The maturation starts when the phagosome fuses with an early endosome. The pH of 

the phagosome drops down from 7.4 to 6.1-6.5 by the acquisition of additional proton 

pumps, vacuolar-ATPases (V-ATPase) on its membrane (Kinchen and Ravichandran, 

2008; Marshansky and Futai, 2008). Typical markers of an early phagosome include 

the small GTPase Rab5 (Gutierrez, 2013; Kitano et al., 2008), early endosome antigen 

1 (EEA1) (Christoforidis et al., 1999), and the class III phosphoinositide 3-kinase (PI-

3K) human vacuolar protein-sorting 34 (hvPS34) (Vieira et al., 2001).  

Subsequently, the early phagosome matures into a late phagosome which is 

characterized by the presence of the small GTPase Rab7 (Rink et al., 2005; Vieira et 

al., 2003). Compared to the early phagosomes, the pH of the late phagosome is 5.5-

6.0. The drop in pH within the phagosome is due to the acquisition of more V-ATPase 

molecules on its membrane. During this process, some proteins are no more 

necessary for the maturation of phagosome. Therefore, these proteins are separated 

in sorting (recycling) vesicles. Some transmembrane proteins which should be 

degraded are separated from intraluminal vesicles (ILVs) and directed into the lumen 

of the phagosome (Hanson et al., 2008). Lysosomal-associated membrane proteins 

(LAMPs) are a family of glycosylated proteins that accumulate on the lysosomal 

membrane and are required for fusion of lysosomes with phagosomes (Canton, 2014; 

Fairn and Grinstein, 2012; Huynh et al., 2007) (Figure 3).  

The final microbicidal organelles, phagolysosomes, contain many degradative 

enzymes and are formed when late phagosomes fuse with lysosomes which are acidic 

(pH 5–5.5) (Bright et al., 2005; Pryor and Luzio, 2009). The various degradative 

enzymes, such as cathepsins, proteases, lysozymes, and lipases, are responsible for 

eliminating invading microorganisms. Phagolysosomes also acquire other scavenger 

molecules, thereby facilitating bacterial killing. These molecules include lactoferrin that 

sequesters iron which is required by some bacteria, and the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase that generates superoxide, and other 

reactive oxygen species (ROS) (Masson et al., 1969; Minakami and Sumimotoa, 2006) 

(Figure3).  
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Numerous mycobacterial lipids and protein effectors have been reported to modulate 

the phagosome maturation (Philips, 2008). Mycobacteria have been demonstrated to 

arrest Rab5 positive phagosomes by blocking the fusion of the late endosomes with 

phagosomes (Vergne et al., 2005). The failure of the phagosome maturation is 

mediated by the expression of numerous bacterial effector proteins (e.g., secreted acid 

phosphatase SapM and a serine/threonine kinase PknG) and lipids (e.g., LAM) in 

mycobacteria (Philips, 2008).  

 

Figure 3. Phagosome maturation.  

The scheme describes a typical process of phagosome maturation. The maturation of 

phagosome is a series of fusion and fission events. The early phagosome is mildly acidic 

(pH 6.1-6.5) and marked by the surface proteins of early endosomes, such as the small 

GTPase Rab5, early endosome antigen 1 (EEA1), and the class III PI-3K human 

vacuolar protein-sorting 34 (hvPS34). The late phagosome is more acid (pH 5.5-6.0) and 

marked with Rab7 and lysosomal-associated membrane proteins (LAMPs). Sorting 

(recycling) vesicles contain proteins to be recycled, while intraluminal vesicles (ILVs) 

collect proteins intended to be eliminated. Phagolysosomes are finally formed when late 

phagosomes fuse with lysosomes, and the pH of phagolysosomes turns into 5-5.5. 

Phagolysosomes contain many degradative enzymes and microbicidal components, 

such as various cathepsins, proteases, lysozymes, lipases and reactive oxygen species 

(ROS) generated by the NADPH oxidase. Adapted from Uribe-Querol and Rosales et 

al., 2017. 

1.5.3 ROS and mycobacteria 

The generation of ROS is one of the primary defense mechanisms used by the host’s 

immune systems upon bacterial infection. ROS is mainly generated by the inducible 

nitric oxide synthase (iNOS) pathways, which is controlled by the activity of the NADPH 
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oxidase, and affected by NO. This system is one of the most critical antimicrobial 

systems of phagocytic cells (Fang, 2011). The NADPH oxidases are a family of 

enzymes which are specialized uniquely to produce ROS. One of the most well-known 

NADPH oxidases is Nox2. The catalytic center of Nox2 is gp91phox, a transmembrane 

glycoprotein (Babior et al., 2002; Bedard and Krause, 2007). It forms a heterodimer 

together with another much smaller subunit is the transmembrane protein, p22phox 

(Figure 4) (McCann and Roulston, 2013).  

 

Figure 4. The resting and activated forms of the NADPH oxidase. 

NADPH oxidase is consist of two transmembrane subunits and several cytosolic 

subunits. The transmembrane heterodimer contains gp91phox and p22phox, and the 

cytosolic subunits include p67phox, p47phox, p40phox and Rac. The NADPH oxidase is 

activated when the cytosolic subunits bind to the transmembrane heterodimer. The 

activated NADPH oxidase generates reactive oxygen species by accepting electrons 

from cytosolic NADPH and transfers it to molecular oxygen. Adapted from McCann and 

Roulston, 2013. 

The heterodimer is a central component of the NADPH oxidase and locates on the 

membrane. Four cytosolic components, p47phox, p67phox, p40phox, and the small G-

protein Rac1 or Rac2, also belong to the complex. The spatial segregation of these 

essential components defines the activity of the enzyme. In resting cells, the enzyme 

is dissociated. However, it rapidly assembles upon activation by exposure to microbes 

or inflammatory mediators. Upon activation, the 3 cytosolic components, p47phox, 

p67phox and p40phox translocate to the membrane, docking to the gp91phox-p22phox 

heterodimer. Subsequently, GDP-bound Rac1, which is stabilized by RhoGDI, 

converts to a GTP-bound active form. GTP-Rac1 translocates to the membrane 

complex after its assembly; the NADPH oxidase generates the ROS superoxide (O2
−) 
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by accepting electrons (e-) from cytoplasmic NADPH and donating them to molecular 

oxygen (O2) (Bedard and Krause, 2007; McCann and Roulston, 2013). 

M. tuberculosis, like other bacterial species, has developed strategies to detect redox 

signals (such as O2, NO, and CO) and to alter intracellular and extracellular redox 

states (Singh et al., 2007). 

Recent research focused on the contribution of ROS to pro-inflammatory signaling in 

macrophages rather than on their direct microbicidal activity (Slauch, 2011). M. 

tuberculosis has been shown to downregulate both the production of ROS and the 

generation of pro-inflammatory cytokines in macrophages. NADPH oxidase-derived 

ROS mediate the TLR2 inflammatory responses that contribute to the clearance of M. 

tuberculosis via the enhancement of vitamin D receptor-induced cathelicidin 

expression in macrophages (Yang et al., 2009).  

Additional studies showed that a subunit of type I nicotinamide adenine dinucleotide 

(NADH) dehydrogenase (NDH-1) of mycobacteria is essential for its virulence (Miller 

et al., 2010). NDH-1 can inhibit tumor necrosis factor (TNF)-induced macrophage 

apoptosis by neutralizing Nox2-derived ROS (Miller et al., 2010). The genetic deletion 

of NDH-1 in M. tuberculosis leads to the increased ROS in the phagosome, elevated 

TNF-α secretion, and apoptosis. These findings indicate that ROS are involved in the 

redox signaling pathway of apoptosis downstream of TNF, and in this case, ROS act 

as a defense by inducing host-cell apoptosis, which facilitates the elimination of 

microbes (Miller et al., 2010).  

However, bacteria can escape this innate mechanism. In zebrafish model, TNF-

induced ROS have been shown to participate in both, on the one hand in the 

elimination of M. marinum, on the other hand in triggering the infection, depending on 

the level of ROS (Roca and Ramakrishnan, 2013). Low quantities of ROS have been 

shown to be microbicidal and to contribute in control of the growth of the bacteria M. 

marinum, whereas high amounts induce necroptosis and release of bacteria into the 

surrounding microenvironment. This activity favors bacterial extracellular proliferation. 

Recent studies have shown that ROS is a vital factor favoring foam-cell formation by 

inhibiting cholesterol efflux (Tavakoli and Asmis, 2012). This may be involved in the 
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differentiation of macrophages into foam cells, which is induced by M. tuberculosis 

allowing the bacteria to survive and replicate inside the host (Singh et al., 2012). 

 

1.6 Ceramide and sphingomyelinases 

Ceramide is a bioactive lipid, belonging to the class of sphingolipids. Sphingolipids are 

simple as well as complex lipids which contain 18-carbon amino-alcohol backbones. 

They are synthesized in the endoplasmic reticulum (ER) from nonsphingolipid 

precursors. Sphingolipid metabolism has a unique entry and exit point. The pathway 

of sphingolipid metabolism starts with serine palmitoyltransferase (SPT) and ends with 

the breakdown of sphingosine-1-phosphate (S1P) into non-sphingolipid molecules by 

S1P lyase (Hannun and Obeid, 2008).  

1.6.1 Metabolism of ceramide 

Ceramide can be formed by de novo synthesis, the salvage pathway or from 

sphingomyelin via the action of sphingomyelinases. Briefly, in the de novo synthesis, 

serine and palmitate are condensed to 3-keto-dihydrosphingosine by SPT (Linn et al., 

2001). 3-keto-dihydrosphingosine is reduced to dihydrosphingosine and acylated into 

dihydroceramide by the dihydro-ceramide synthase (Pewzner-Jung et al., 2006). The 

desaturation of dihydroceramide forms ceramide by insertion of a double bond into the 

sphingoid backbone (Causeret et al., 2000). The generation of ceramide from 

sphingomyelin is catalyzed by one of three different sphingomyelinases which are 

classified according to their optimal pH of activity. These include acid 

sphingomyelinase, neutral sphingomyelinase and alkaline sphingomyelinase 

(Marchesini and Hannun, 2004). 

Once synthesized, ceramide can be converted to other interconnected bioactive lipid 

species. In sphingolipid biosynthetic pathways (Figure 5) (Hannun and Obeid, 2008), 

ceramide can be phosphorylated by ceramide kinase, deacylated to generate 

sphingosine, glycosylated by glucosyl- or galactosylceramide synthase, or can receive 

a phosphocholine headgroup from phosphatidylcholine (PC) to generate 

sphingomyelin (Raas-Rothschild et al., 2004; Tafesse et al., 2006; Wijesinghe et al., 

2005). 
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Ceramide can be cleaved ceramidases, leading to the formation of sphingosine 

(Galadari et al., 2006; Xu et al., 2006).  

Sphingosine can be either salvaged into the sphingolipid pathways or is 

phosphorylated by sphingosine kinases to form S1P (Hait et al., 2006). S1P can be 

either dephosphorylated to regenerate sphingosine through S1P phosphatases or 

irreversibly cleaved by S1P lyase to generate ethanolamine phosphate and 

hexadecenal (Bandhuvula and Saba, 2007). 

 

Figure 5. Sphingolipid metabolism and interconnection of bioactive sphingolipids.  

CDase, ceramidase; CK, ceramide kinase; DAG, diacylglycerol; GCase, 

glucosylceramidase; GCS, glucosylceramide synthase; PC, phosphatidylcholine; SK, 

sphingosine kinase; SMase, sphingomyelinase; SMS, sphingomyelin synthase; 

SPPase, sphingosine phosphate phosphatase; SPT, serine palmitoyltransferase. 

Adapted from Hannun and Obeid, 2008. 

Of all sphingolipids, sphingosine, S1P, and ceramide are in focus because of their 

bioactivity. They have been shown to play roles in regulating the actin cytoskeleton, 

endocytosis, the cell cycle, apoptosis and various other cellular processes (Hannun 

and Obeid, 2008). 

1.6.2 Bioactivity of ceramide 

Ceramide plays an important role in modulating the biophysical properties of 

membranes and is involved in various cellular processes, such as apoptosis, 

inflammation, endocytosis, as well as in several infectious diseases (Grassme et al., 

1997; Schutze et al., 1992; Schwandner et al., 1998; Venable et al., 1995).  
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Various types of stimulation can activate sphingomyelinases to generate ceramide 

from sphingomyelin, including cytokines, and viral or bacterial infections (see section 

2.6), death receptor ligands, differentiation agents, and anti-cancer drugs (Carpinteiro 

et al., 2015; Cremesti et al., 2002; Grassme et al., 1997; Gulbins and Li, 2006; Zhang 

et al., 2009). The generation and further accumulation of ceramide within cellular 

membranes lead to the formation of ceramide-enriched domains in the plasma 

membranes (Cremesti et al., 2002; Grassme et al., 2001).  

As all membrane lipids, ceramide contains both a hydrophobic and a hydrophilic part. 

The interactions among ceramide molecules occur between both parts. On the one 

hand, the hydrophobic tails interact with the hydrophobic tails of other ceramide 

molecules and with cholesterol via van der Waals interactions; and on the other hand, 

the polar heads interact with each other via hydrophilic forces (hydrogen bonds). These 

interactions result in the accumulation of ceramide molecules.  

The ceramide enriched-domains are reported to sort proteins and to provide platforms 

for the spatial recruitment of receptors and intracellular signaling molecules upon 

various stimuli (Grassme et al., 2007; Zhang et al., 2009). These domains serve the 

reorganization and clustering of receptor molecules, including CD95, CD40, CD20, 

FcγRII, CD28, TNF, TNF-related apoptosis-inducing ligand and β1-integrin (Abdel 

Shakor et al., 2004; Bezombes et al., 2004; Boucher et al., 1995; Carpinteiro et al., 

2015; Dumitru et al., 2007; Garcia-Ruiz et al., 2003; Grassme et al., 2017; Grassme et 

al., 2001; Grassme et al., 2002; Schutze et al., 1992). The clustered molecules, in turn, 

lead to amplified downstream signaling, the exclusion of inhibitory molecules, the 

conformational changes of receptors, and the stabilization of receptor-ligand 

interactions (Grassme et al., 2017; Grassme et al., 2007).  

Many studies have shown that the sphingomyelinase/ceramide system plays an 

important role in infectious biology. Ceramides modify in the interaction of pathogens 

with host receptors, receptor clustering, and intracellular signaling molecules 

(Grassme et al., 2007). Several studies have demonstrated the participation of 

ceramide during the interaction between the host and specific pathogens, i.e., 

Neisseria gonorrhoeae (N. gonorrhoeae), Pseudomonas aeruginosa (P. aeruginosa), 

Staphylococcus aureus (S.  aureus), and several viruses (see section 1.7).  
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In summary, ceramide and ceramide-enriched membrane domains are central 

molecules and motifs in reorganizing the topology of a given signalosome, thus 

permitting the transmission of pathogen-induced signals into the cell.  

1.6.3 Acid sphingomyelinase  

The Asm is encoded by the Smpd1 gene, which is an endo-lysosomal protein of 629 

amino acids (da Veiga Pereira et al., 1991; Marathe et al., 1998; Schuchman et al., 

1992). Gatt and colleagues, in 1963, first described that Asm is a hydrolase, active at 

acidic pH of 4.5-5.5. Asm-encoding gene contains six exons and five introns, and it is 

5 to 6 kb long and is localized on chromosome 11p15.1–11p15.4 (Schuchman et al., 

1992). Human ASM cDNA encodes a 629 amino acids polypeptide, and it shares 

approximately 82% identities of amino acids with mouse Asm.  

There are three main domains in the Asm: the N-terminal saposin domain, the proline-

rich connector, and the catalytic domain (Figure 6A) (Gorelik et al., 2016). The Asm 

has two distinct conformations: a closed conformation and an open conformation in 

which the N-terminal saposin domain changes its fold and position relative to the 

catalytic domain (Gorelik et al., 2016). At the end of the catalytic domain, the Asm 

possesses an additional C-terminal subdomain (CTD). The CTD consists of four α-

helices that pack against the core, which distinguishes the Asm from most other 

phosphodiesterases. 

A linker connects the catalytic domain and the saposin domain of the Asm. The linker 

wraps itself around the catalytic domain as an L-shaped strap (Figure 6B). These 

elements form a spherical domain. In the center of the spherical domain, two zinc ions 

reside. A phosphate ion is bound to the active site in the catalytic domain of Asm and, 

thus, mediates several interactions with the protein and zinc ions. Additionally, His317 

and His280, which are located near the bound phosphate, are potential proton donors 

and involved in the release of ceramide (Figure 6C) (Gorelik et al., 2016). 

The signal peptide targets the Asm to the endoplasmatic reticulum where the enzyme 

is further glycosylated. The Asm is then destined for cellular trafficking: dependent from 

their location, the lysosomal Asm (L-Asm) and the secretory Asm (S-Asm) are 

distinguished (Hurwitz et al., 1994; Schissel et al., 1998). Qiu et al. reported a “cysteine 

switch” controls the activity of Asm (Qiu et al., 2003). The C-terminal cysteine residue 
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is cleaved in L-Asm. The loss of the C-terminal cysteine residue in L-Asm favors the 

hydration of zinc ions and enhance the L-Asm activity. The S-Asm still contains this 

cysteine which enables oxidation-driven dimerization for full activation (Jenkins et al., 

2011; Qiu et al., 2003). 

Asm deficiency results in the accumulation of sphingomyelin and causes lysosomal 

storage diseases: a fatal neuropathic and visceral disease, Niemann-Pick type A; and 

a visceral anomalies disease, Niemann-Pick type B (Takahashi et al., 1992).  

 

Figure 6. Structural overview of acid sphingomyelinase.  

(A) Domain organization of acid sphingomyelinase (Asm). SP, signal peptide; PL, 

proline-rich linker. (B) Closed and open Asm colored as in (A). Consecutive grey spheres 

indicate the disordered linker between the saposin domain and the catalytic center of the 

Asm. (C) The boxed region magnified in c shows the active site of the Asm. Glycans are 

omitted for clarity. Zincs are indicated as purple spheres. The interactions between zinc 

and amino acid residues are shown with dashes. The phosphate group is colored in 

orange and red. Shown are zinc-interacting residues (beige) and residues which are 

important for the protonation of leaving groups and substrate binding (green). CTD 

domain, C-terminal domain. Adapted from Gorelik et al., 2016. 

1.6.4 Neutral sphingomyelinase 

The genes Smpd2 to Smpd5 encode different isoforms of NSms which are translated 

into, namely, Nsm1, Nsm2, Nsm3, and mitochondria-associated sphingomyelinases 

(MA-SMase) (Hofmann et al., 2000). Nsm2 was first found in the spleen of patients 

with Niemann-Pick disease and was described as a hydrolase functioning like Asm but 

with a neutral pH and a Mg2+-dependent conformation (Clarke et al., 2007; Hofmann 
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et al., 2000; Schneider and Kennedy, 1967). Amongst four separate mammalian 

neutral SMases, Nsm2 appears to be the most predominant and best characterized 

Nsm in cellular systems, physiologies, and pathologies (Goni and Alonso, 2002; 

Shamseddine et al., 2015; Tonnetti et al., 1999). The Nsm mentioned here on refers 

to the Nsm2. 

Both the human NSM gene (SMPD3) and the mouse Nsm gene (Smpd3) encode for 

a 655-amino acid protein. The mouse Nsm and human NSM are very similar and share 

90% sequence identity (Hofmann et al., 2000). The molecular weight of NSM and Nsm 

are both 71 kDa, and their optimal working pH is neutral. This protein is expressed 

mainly in brain tissues. Its N-terminal region contains two hydrophobic segments while 

its C-terminal region includes the catalytic domain (Figure 7) (Shamseddine et al., 

2015; Wu et al., 2017). 

 

Figure 7. Domain architecture of neutral sphingomyelinase.  

Catalytic domain, blue; Hydrophobic segments 1 and 2, green; Calcineurin binding motif, 

yellow; and palmitoylation sites are indicated. Numbers indicate the amino acid residues 

involved in the designated domains. Adapted from Wu et al., 2017. 

The Nsm hydrolyzes the phosphocholine head group of sphingomyelin explicitly, 

thereby generating ceramide. Hofmann et al. showed that both neutral pH and divalent 

cations (Mg2+ or Mn2+) are necessary for the activity of the Nsm. However, the 

deacylated form of sphingomyelin, sphingosylphosphocholine, can be hydrolyzed by 

Nsm without detergent (Miura et al., 2004). 

Unlike the Asm, the Nsm is believed to reside in the cytosolic leaflet of either Golgi 

bodies or the plasma membrane, and its association with the plasma membrane 

depends on the palmitoylation of the enzyme on its cysteine residues (Tani and 

Hannun, 2007). The phosphorylation of the Nsm upon stimulation with H2O2 occurs on 

five conserved serine residues located near the calcineurin binding site. To de-

phosphorylate Nsm, calcineurin binds a PQIKIY motif (Figure 7) (Filosto et al., 2012; 
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Shamseddine et al., 2015). Also, yeast two-hybrid interaction mapping suggested that 

polycomb protein embryonic ectoderm development (EED) is a binding partner of the 

Nsm via its C-terminus (Philipp et al., 2010). 

 

1.7 Sphingomyelinases and infection 

1.7.1 Asm and infection 

Over the last decades, dozens of studies have been describing the role of the 

Asm/ceramide system in infection with several pathogens, such as N. gonorrhoeae, S. 

aureus, P. aeruginosa, Listeria monocytogenes (L. monocytogenes), Salmonella 

enterica serovar typhimurium (S. tryphimurium), Escherichia coli (E. coli), and 

pathogenic mycobacteria (Table 2) (Avota et al., 2011; Becker et al., 2012; Dreschers 

et al., 2007; Esen et al., 2001; Falcone et al., 2004; Gassert et al., 2009; Gluschko et 

al., 2018; Grassme et al., 1997; Grassme et al., 2017; Grassme et al., 2003; Grassme 

et al., 2005; Hauck et al., 2000; Hedlund et al., 1998; Li et al., 2017; Luisoni et al., 

2015; Ma et al., 2017; McCollister et al., 2007; Miller et al., 2012; Nakatsuji et al., 2011; 

Peng et al., 2015; Roca and Ramakrishnan, 2013; Schramm et al., 2008; Simonis et 

al., 2014; Teichgraber et al., 2008; Utermohlen et al., 2008; Utermohlen et al., 2003; 

Vazquez et al., 2016; Yu et al., 2009; Zhang et al., 2008; Zhang et al., 2010).  

The first study to report a role of Asm/ceramide in infection was performed with N. 

gonorrhoeae-infected epithelial cells. This study revealed that Asm is crucial for the 

invasion of the pathogen into epithelial cells and fibroblasts (Grassme et al., 1997). 

Pharmacological inhibition of the Asm by imipramine prevented the invasion of N. 

gonorrhoeae into epithelial cells. Additionally, Asm-deficient fibroblasts obtained from 

patients with Niemann-Pick disease type A, who lack acid sphingomyelinase did not 

internalize gonococci. Transfection of Asm restored the uptake of N. gonorrhoeae by 

these fibroblasts (Grassme et al., 1997; Simonis et al., 2014). Another study 

demonstrated that the ASM/ceramide system is necessary for the uptake of N. 

gonorrhoeae into human phagocytes (Hauck et al., 2000). Pharmacological inhibition 

of the ASM prevents not only the bacterial internalization but also subsequent signaling 

activations, i.e., the Src-like tyrosine kinases and JNK (Hauck et al., 2000). 
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P. aeruginosa is one of the best-investigated pathogens in the context of the interaction 

between Asm and microorganisms. In infected epithelial cells and fibroblasts, the Asm 

is activated and translocated to the extracellular leaflet of the plasma membrane and 

stimulates the formation of ceramide-enriched platforms. The ceramide platforms 

promote bacterial internalization and killing, the induction of death of infected cells, and 

the controlled release of cytokines (Grassme et al., 2003; Teichgraber et al., 2008; Yu 

et al., 2009; Zhang et al., 2008; Zhang et al., 2010). Furthermore, a recent study shows 

that ceramide accumulation leads to downregulation of acid ceramidase and 

subsequent, depletion of sphingosine, thereby enhancing the bacteria susceptibility of 

cystic fibrosis mice to P. aeuginosa (Grassme et al., 2017).  

Asm deficient mice have been shown to be highly susceptible to infection with S. 

typhimurium. Several investigators found that constitutive expression of Asm is 

important for the killing of S. typhimurium by macrophages, as indicated by the finding 

that Asm deficient macrophages were much less able to kill S. typhimurium than wild-

type macrophages. These studies reveal that Asm deficient cells have a defect in the 

NADPH-mediated release of ROS (McCollister et al., 2007; Utermohlen et al., 2003). 

Additionally, Asm deficiency highly impairs the bactericidal ability of mice challenged 

with L. monocytogenes as well (Utermohlen et al., 2003). Recently, the same group 

showed that the Asm is linked to LC3B-associated phagocytosis upon L. 

monocytogenes infection (Gluschko et al., 2018). 

For S. aureus, it has been shown, that the induction of endothelial cell apoptosis 

involved the activation of the Asm and a subsequent release of ceramide, which 

mediates the stimulation of cellular caspases and JNK and triggers the release of 

cytochrome C from mitochondria to the cytosol. Recent studies have shown that the 

Asm is also involved in inflammation induced by Propionibacterium acnes and several 

more pathogens (Ma et al., 2017; Nakatsuji et al., 2011). Studies investigating the 

Asm/ceramide system and pathogens are listed in Table 2 (Wu et al., 2017).  

1.7.2 Nsm and infection 

Nsm has been reported to be important in various cellular and pathological processes, 

such as circulatory and cardiac pathophysiology, neuropathology, Alzheimer disease, 

cancer, and bone development (Shamseddine et al., 2015). However, the role of Nsm 

in pathogen-host interactions has been barely studied.  
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Faulstich et al. showed that Nsm is necessary for PorB-dependent invasion of N. 

gonorrhoeae into epithelial cells (Faulstich et al., 2015). The invasion involves the 

Nsm-dependent recruitment of phosphatidylinositol-3-kinase (PI3K) to caveolin, 

thereby activating signaling events that mediate the invasion of bacteria (Faulstich et 

al., 2015). The Nsm/ceramide system, along with the Asm/ceramide system, has been 

reported to play a role in the uptake of measles viruses by DCs and as a microbial 

sensor (Avota et al., 2011). After binding the carbohydrate structures on the pathogen 

ligands to a specific dendritic adhesion molecule, both Asm and Nsm are transiently 

activated within several minutes (Avota et al., 2011) (Table 2) (Wu et al., 2017). Li et 

al. demonstrated that Nsm plays an important role in M. bovis BCG infection, both in 

macrophages and in vivo (Li et al., 2016) (see section 1.8). 

Table 2. Pathogens and the acid or neutral sphingomyelinase/ceramide system. 

Bacteria References Asm/ceramide or Nsm/ceramide-related mechanisms 

Adenovirus (Luisoni et al., 
2015) 

Asm is required for adenoviral endocytosis and escape of 
viruses from endosome to the cytoplasm. 

Escherichia 
coli 

(Falcone et 
al., 2004) 

Asm plays a central role in E. coli-induced dendritic cells 
apoptosis. 

 (Hedlund et 
al., 1998) 

The binding of P-fimbriated E. coli to uroepithelial cells 
causes the activation of the ceramide signaling pathway and 
cytokine response in the epithelial cells. 

Listeria 
mono-
cytogenes 

(Schramm et 
al., 2008) 

Asm is required for the proper fusion of late phagosomes with 
lysosomes during infection with L. monocytogenes. 

 (Utermohlen 
et al., 2003) 

Asm is necessary for the intracellular control of L. 
monocytogenes in macrophages and granulocytes by 
nonoxidative mechanisms. 

 (Utermohlen 
et al., 2008) 

The phagolysosomal fusion in macrophages infected with L. 
monocytogenes requires the activity of the Asm. 

 (Gluschko et 
al., 2018) 

Asm is required for inducing LC3B associated phagocytosis 
in L. monocytogenes infected macrophages 

Mycobacteriu
m avium 

(Utermohlen 
et al., 2008) 

Asm is essential for the generation of multinucleated giant 
cells in granuloma of mice infected with M. avium. 

Mycobacteriu
m bovis BCG 

(Li et al., 
2016) 

Inhibition of the Nsm increases autophagy expression upon 
BCG infection and thereby protects mice from BCG infection. 

Mycobacteriu
m marinum 

(Roca and 
Ramakrishna
n, 2013) 

TNF-induced necroptosis occurs through Asm-mediated 
ceramide production in M. marinum infected zebrafish. 

Mycobacteriu
m 
tuberculosis 

(Vazquez et 
al., 2016) 

Phagosomal association of sortilin is critical for the delivery 
of Asm and required for efficient maturation of phagosome in 
M. tuberculosis-infected macrophages. 

Measles 
virus 

(Gassert et 
al., 2009) 

MV causes ceramide accumulation in human T cells in a Nsm 
and Asm-dependent manner 

 (Avota et al., 
2011) 

Nsm and Asm activation is important in promoting DC-SIGN 
signaling, but also for enhancement of MV uptake into 
dendritic cells. 

Neisseria 
gonorrhoeae 

(Hauck et al., 
2000) 

Phagocytosis of Opa-expressing N. gonorrhoeae by human 
granulocytes results in rapid activation of Asm. 
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 (Grassme et 
al., 1997) 

The activation of Asm is an essential requirement for the 
entry of N. gonorrhoeae into human epithelial cells and 
fibroblasts. 

 (Faulstich et 
al., 2015) 

Nsm is necessary for PorB-dependent invasion of N. 
gonorrhoeae into epithelial cells 

Neisseria 
meningitidis 

(Simonis et 
al., 2014) 

N. meningitidis causes transient activation of Asm followed 
by ceramide release in brain endothelial cells. 

Pseudomona
s aeruginosa 

(Grassme et 
al., 2003) 

P. aeruginosa infection triggers activation of the Asm and the 
release of ceramide in sphingolipid-rich rafts which are 
required to internalize P. aeruginosa, induce apoptosis and 
regulate the cytokine response in infected cells. 

 (Zhang et al., 
2008) 

Ceramide-enriched membrane platforms are essential for 
amplification of Asm-mediated redox signaling, which 
mediates JNK activation and thereby apoptosis upon P. 
aeruginosa infection. 

 (Zhang et al., 
2010) 

Cftr-deficient macrophages fail to respond to acute infection 
with P. aeruginosa by activation of the Asm-ceramide 
system, clustering of NADPH oxidase, release of ROS and 
killing of bacteria. 

 (Yu et al., 
2009) 

The Asm pathway in CF is important for regulation of IL-8 
release after infection of bronchial epithelial cells by P. 
aeruginosa. 

 (Teichgraber 
et al., 2008) 

Ceramide accumulates in bronchial and tracheal epithelial 
cells of Cftr-deficient mice and contributes to pulmonary 
inflammation and high susceptibility to P. aeruginosa 
infections. 

 (Becker et al., 
2012) 

Increased ceramide concentrations in airways of Cftr-
deficient mice results in upregulation and activation of CD95. 

 (Grassme et 
al., 2017) 

Increased ceramide in cystic fibrosis mice results in depletion 
of sphingosine and thereby high susceptibility to  P. 
aeruginosa infection. 

Propionibact
erium acnes 

(Nakatsuji et 
al., 2011) 

P. acnes CAMP factor hijacks host Asm to amplify bacterial 
virulence. 

Rhinovirus (Dreschers et 
al., 2007) 

Asm induced formation of ceramide-enriched membrane 
platforms mediates attachment and uptake of human 
rhinovirus into human cells. 

 (Grassme et 
al., 2005) 

Asm and ceramide are critical molecules for rhinoviral uptake 
into human cells. 

 (Miller et al., 
2012) 

Asm activity and sphingomyelin presence are necessary for 
efficient infection of cells by Ebolavirus. 

Staphylococc
us aureus 

(Esen et al., 
2001) 

Infection of human endothelial cells with S. aureus results in 
Asm-activation and subsequent apoptosis. 

 (Peng et al., 
2015) 

The Asm/ceramide system triggers S. aureus-induced lung 
edema in mice. Inhibition of the Asm protects mice from lethal 
S. aureus sepsis. 

 (Li et al., 
2017) 

The binding of CD44 and S. aureus stimulates 
Asm/ceramide, thus resulting in cytoskeleton rearrangement 
and bacterial internalization. 

S. aureus α-
toxin 

(Ma et al., 
2017) 

Asm induces inflammation upon S. aureus toxin stimulation. 

Salmonella 
typhimurium 

(McCollister 
et al., 2007) 

Functional Asm is essential for the killing activity of 
macrophages against S. typhimurium. 

 (Utermohlen 
et al., 2003) 

Asm-deficient mice are highly susceptible to infection with S. 
typhimurium. 

Abbreviations: Asm, acid sphingomyelinase; Nsm, neutral sphingomyelinase; BCG, 

Bacillus Calmette-Guérin; LC3B, microtubule-associated protein 1 light chain 3 beta; 
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TNF, tumor necrosis factor; DC-SIGN, Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin; MV, Measles virus; JNK, c-Jun N-terminal kinases; 

ROS, reactive oxygen species; NADPH, nicotinamide adenine dinucleotide phosphate; 

CF, cystic fibrosis; CD, Cluster of differentiation. Modified from Wu et al., 2017. 

1.8 Sphingomyelinases and mycobacteria 

Anes et al. first reported that ceramide, sphingomyelin, sphingosine, and S1P are 

involved in actin nucleation on phagosomes, thereby initiating the fusion of 

phagosomes with lysosomes to activate antimicrobial factors that kill mycobacteria 

(Anes et al., 2003). This work highlighted the importance of the sphingolipids 

metabolism in regulating phagosome-lysosome fusion during mycobacterial infection, 

but the interactions between these lipids and how they orchestrate these processes 

remain unknown. 

Later on, another group describe, that the formation of multinucleated giant cells via 

cell-cell fusion in M. avium infection is dependent on Asm, and provide an innate 

immuno-escape niche for the replication of M. avium (Utermohlen et al., 2008). The 

authors hypothesize that the Asm-mediated hydrolysis of the lipid sphingomyelin into 

phosphorylcholine and the generation of cone-shaped ceramide alter the biological 

properties of the lipid layer and the fluidity of the plasma membrane. They suggest that 

the cone-shape ceramide induces membrane bending and curvatures, thereby 

regulating fusion of phagosomes and lysosomes or fusion of macrophages into giant 

cells.  

Zebrafish infected with M. marinum was used as a model to describe a survival strategy 

involving inhibiting the Asm (Roca and Ramakrishnan, 2013). The authors described 

TNF-mediated receptor-interacting serine-threonine kinases 1 and 3 (RIP1 and RIP3) 

dependent necroptosis resulted in replication of pathogens. This necroptosis is 

induced by the Asm/ceramide system and mitochondrial cyclophilin D. Upon M. 

marinum infection in zebrafish; mitochondrial ROS are rapidly produced in infected 

macrophages due to increased TNF expression. The elevated ROS initially increase 

the microbicidal activity in phagosomes. However, it rapidly induces programmed 

necrosis (necroptosis) via Asm-mediated production of ceramide and mitochondrial 

cyclophilin D, finally leading to the release of mycobacteria into the growth-permissive 

extracellular milieu and a subsequently higher burden of bacteria in the fish (Roca and 

Ramakrishnan, 2013). The combined genetic blockade of Asm and cyclophilin D 
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prevent the macrophage necrosis and increase microbicidal activity (Roca and 

Ramakrishnan, 2013). 

A typical survival strategy used by mycobacteria is to arrest phagosome maturation. 

Thus, studies regarding mechanisms and dynamics of phagosome maturation may 

provide new perspectives about mycobacterial infection. A recent study suggested that 

Asm-mediated maturation of phagosomes is important to control mycobacterial 

infection (Vázquez et al., 2016). Sortilin 1 (encoded by gene Sort1) is a transmembrane 

receptor that transports lysosomal proteins from the trans-Golgi network into 

lysosomes. Sortilin 1 has been reported to be upregulated during mycobacterial 

infection in macrophages and is necessary for the delivery of both prosaposin and Asm 

from the Golgi complex to phagosomes (Wähe et al., 2010; Gutierrez et al., 2008). 

Vázquez et al. showed that sortilin 1 is required for the transport of Asm to 

phagosomes containing mycobacteria and thereby restricting bacterial growth. The 

association of the Asm with phagosomes was significantly reduced in mycobacteria-

containing phagosomes of Sort1-deficient cells (Vazquez et al., 2016). The 

decreased association of the Asm and phagosomes is accompanied by the 

uncontrolled growth of BCG and M. tuberculosis in macrophages as well as a high 

bacterial burden in the lungs of Sort1-deficient mice (Vazquez et al., 2016). However, 

how Asm-associated phagosomes mature and manipulate bacterial killing remains to 

be elucidated. 

So far, insights into the role of Nsm in mycobacterial infections have been only reported 

once (Li et al., 2016). Upon BCG infection, murine RAW 264.7 macrophages exhibit 

rapid activation of Nsm, followed by massive production of ROS. Authors showed that 

the excessive production of ROS inhibits autophagy. The genetic knockdown of Nsm, 

both in vitro and in vivo, leads to reduced ROS production, increased autophagy and 

thereby bacterial killing (Li et al., 2016). Interestingly, a case-control study in a 

Moroccan population identified the NSM activation-associated factor (NSMAF) as a 

candidate gene for TB susceptibility (Qrafli et al., 2017). They observed that genetic 

variations in the NSMAF gene modulate the risk of pulmonary TB in a Moroccan 

population. Also, a negative form of NSMAF has been shown to reduce caspase 

activation and cytochrome c release from mitochondria, thereby inhibiting TNF-

triggered apoptosis in human fibroblasts (Segui et al., 2001). 
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Taken together, these studies provide evidence that sphingomyelinases play diverse 

roles in mycobacterial infections (Figure 8) (Wu et al., 2018). Asm, on the one hand, 

induces lysosomal activities or fusogenic properties of bacteria-containing 

phagosomes, on the other hand, Asm-derived ceramide from lysosomes promotes 

host cell death. Nsm triggers the release of ROS which subsequently suppresses 

autophagy and thereby leads to enhanced survival of mycobacteria.  

 

  

Figure 8. Model of the role of sphingomyelinases in mycobacterial infection. 

Mycobacterium avium infections activate tumor necrosis factor (TNF)/TNF-receptor 

(TNF-R) and RIP1/RIP3 necrosome and lead to the release of reactive oxygen species 

(ROS). This activates the acid sphingomyelinase (Asm) and Asm-released ceramide 

results in necroptosis (Roca and Ramakrishnan, 2013). Mycobacterium bovis Bacillus 

Calmette-Guérin (BCG) activates neutral sphingomyelinase (Nsm) and induces ROS, 

which inhibits autophagy (Li et al., 2016). A TNF-R-associated protein, neutral 

sphingomyelinase activation-associated factor (NSMAF), modulates the risk of TB 

development in human (Qrafli et al., 2017). However, whether NSMAF is related to Nsm 

activation upon mycobacterial infections is unknown. Adapted from Wu et al., 2018. 

 

1.9 Aim of the study 

M. tuberculosis is the causative pathogen of TB, an airborne infectious disease which 

remains a significant cause of mortality and morbidity worldwide, particularly in low-
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income and middle-income countries. With the development of new TB diagnostics, 

BCG vaccine, and antibiotics, TB has been under control in the last century. However, 

the globalization and the appearance of drug-resistant mycobacteria lead to less 

effective vaccines and antibiotics in controlling the global TB epidemic. Thus, the 

researches of mycobacterial infections again gain attention and are being increasingly 

funded to develop new vaccines and better therapeutic strategies.  

The sphingomyelinase/ceramide system has been reported to be involved in several 

infectious diseases, especially in pulmonary infections caused by pathogens, such as 

P. aeruginosa, S. aureus, as well as mycobacteria. The overall goal of this study is to 

elucidate the role of the acid and neutral sphingomyelinases in mycobacterial 

infections with BCG as a model for mycobacteria. 

To identify the role of the Nsm in BCG-infection, the current study focused on the 

mechanism of Nsm regulated granuloma, the hallmark of mycobacterial infection. The 

present study is based on previous work (Li et al., 2016) demonstrating that the in vivo 

infection of Wt mice with BCG leads to higher bacterial burden and bacterial 

aggregates compared to Nsm heterozygous (Nsm+/-) mice. Their study showed that 

genetic downregulation of the Nsm protects mice against BCG infection (Li et al., 

2016). The authors focused on the role of autophagy as host defense mechanisms 

and demonstrated that ROS and autophagy are controlled by the Nsm and affect the 

survival of BCG in mice. 

For in vitro study on the role of the Nsm in granuloma formation in present work, bone 

marrow-derived macrophages (BMDMs) from Wt and Nsm+/- mice were isolated to 

monitor migration and clustering of macrophages and related downstream signaling 

events upon BCG infection. For in vivo study, Wt and Nsm+/- mice were used to 

investigate the role of the Nsm for mechanical function in granuloma formation upon 

infection with BCG.  

To identify the role of the Asm in BCG infection, the present study focuses mainly on 

bacterial control and early events of phagocytosis upon BCG infection. The Asm has 

been shown to induce fusogenic properties of bacteria-containing phagosomes and 

lysosomes, which serve as a microbicidal environment for mycobacteria (Utermohlen 

et al., 2008). The in vivo study in the thesis focused on the bacterial burden and used 

Wt mice and Asm deficient (Asm-/-) mice. In vitro examinations, which aim to elucidate 
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underlying mechanisms of Asm-dependent phagocytosis, were performed with 

BMDMs from both genotypes.  
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2 Materials  

2.1 Chemicals 

Acetic acid (100 %)  Merck KGaA, Darmstadt, Germany 

Acrylamide  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Ammonium persulfate (APS)  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Aprotinin  Roche Deutschland Holding GmbH, Freiburg, 

Germany 

BODIPY™ FL C12-Sphingomyelin  Thermo Fisher Scientific, Waltham, MA, USA 

Bovine serum albumin (BSA)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Bradford Protein Dye Reagent  Biorad Laboratories GmbH, München, Germany 

Bromphenol blue  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Calcium chloride (≥ 99 %)  Carl-Roth GmbH & Co, Karlsruhe, Germany 

CDP-Star substrate  Perkin Elmer, Rodgau, Germany 

Chloroform  AppliChem GmbH, Darmstadt, Germany 

CMH (1-Hydroxy-3-

methoxycarbonyl-2,2,5,5-

tetramethylpyrrolidine) 

Noxygen Science Transfer & Diagnostics, 

Elzach, Germany 

Complete protease inhibitor cocktail  Roche Deutschland Holding GmbH, Freiburg, 

Germany 

Dabco Thermo Fisher Scientific, Waltham, MA, USA 

deferoxamine Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

dietheyldithiocarbamate Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Dimethylsulfoxid (DMSO) Sigma-Aldrich Chemie GmbH, Steinheim 

Di-potassium hydrogen phosphate  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Di-sodium hydrogen phosphate  Merck KGaA, Darmstadt, Germany 

Eosin  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Ethanol (absolute, anhydrous)  Diagonal GmbH & Co. KG, Münster, Germany 

Ethyl acetate  Diagonal GmbH & Co. KG, Münster, Germany 
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Fluorescent Dye 555-I Phalloidin  Abnova Corporation, Taiwan, China 

Glucose  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Glycerol (≥ 99 %)  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Hematoxylin  Carl-Roth GmbH & Co, Karlsruhe, Germany 

HEPES  Carl-Roth GmbH & Co, Karlsruhe, Germany 

Hydrochloric acid (37 %)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Isoflurane (Isothesia)  Henry Schein Vet GmbH, Hamburg, Germany 

Leupeptin  Becton Dickinson GmbH, Heidelberg, Germany 

Liposomes (clodronate liposomes 

and PBS control liposomes) 

Liposoma B.V., Amsterdam, The Netherlands 

Liquid Nitrogen  AIR LIQUIDE Medical GmbH, Düsseldorf, 

Germany 

Magnesium chloride hexyhydrate  

(≥ 99 %)  

Carl-Roth GmbH & Co, Karlsruhe, Germany 

Magnesium sulfate heptahydrate  

(≥ 99 %)  

Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Manganese chloride  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Methanol (≥ 99.8 %)  Diagonal GmbH & Co. KG, Münster, Germany 

Middlebrook 7H10 agar plates Becton Dickinson GmbH, Heidelberg, Germany 

Middlebrook 7H9 Broth with 

Glycerol 

Becton Dickinson GmbH, Heidelberg, Germany 

Mowiol  Kuraray Specialities Europe GmbH, Frankfurt, 

Germany 

NBD-ceramide  Thermo Fisher Scientific, Waltham, MA, USA 

NP-40 (Igepal)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Paraformaldehyde (powder, 95 %)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Phalloidin CruzFlour™ 647 

conjugate 

Santa Cruz Biotechnology, Inc., Dallas, Texas, 

USA 
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Polyoxyethylene glycol sorbitan 

monolaurate (Tween20)  

Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Potassium chloride (≥ 99 %)  Carl-Roth GmbH & Co KG, Karlsruhe, Germany 

Propidium iodide (95-98 %)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

saponin Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Sodium chloride (≥ 99,5 %)  Carl-Roth GmbH & Co KG, Karlsruhe, Germany 

Sodium citrate (tribasic, dehydrate)  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Superoxide dismutase (SOD) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

β-Mercaptoethanol  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Starting Block TBS Blocking 

Solution  

Thermo Fisher Scientific, Waltham, MA, USA 

Tissue-Tec Sakura Finetek, USA, Torrance, CA, USA 

Trypan blue (0.4% w/v in PBS) Corning Inc., NY, USA 

Xylene (a mixture of isomers)  Diagonal GmbH & Co. KG, Münster, Germany 

 

2.2 Antibodies 

anti-mouse CD16/32, Fcγ block Biolegend, Inc., San Diego, CA, USA 

anti-β actin antibody (HRP) Santa Cruz Biotechnology, Inc., Dallas, Texas, 

USA  

APC anti-mouse F4/80 (clone BM8) Biolegend, Inc., San Diego, CA, USA  

Brilliant Violet 711 anti-mouse 

CD115 (clone AFS98) 

Biolegend, Inc., San Diego, CA, USA  

Fluorescent secondary antibodies Jackson ImmunoResearch Europe Ltd., 

Cambridgeshire, UK  

Goat anti-mouse cathepsin D 

(AF1029) 

R&D Systems, Inc., Minneapolis, USA 

Isotype control (R35-95, Rat anti-

mouse IgG2a, κ) 

Becton Dickinson GmbH, Heidelberg, Germany  
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Mouse anti-gp91phox Becton Dickinson GmbH, Heidelberg, Germany  

Mouse anti-p67phox Becton Dickinson GmbH, Heidelberg, Germany  

Mouse anti-Rac1  Cytoskeleton Inc., Denver, CO, USA  

Pacific Blue anti-mouse CD11b 

(clone M1/70) 

Biolegend, Inc., San Diego, CA, USA 

PE anti-mouse Gr-1 (Ly6G/C; clone 

RB6-8C5) 

Biolegend, Inc., San Diego, CA, USA  

PE/Cy7 anti-mouse NK1.1 (clone 

PK136) 

Biolegend, Inc., San Diego, CA, USA  

PerCP anti-mouse CD3 (clone 145-

2C11) 

Biolegend, Inc., San Diego, CA, USA  

PerCP anti-mouse CD45R/B220 

(clone RA3-6B2) 

Biolegend, Inc., San Diego, CA, USA  

PerCP anti-mouse Ter119 (clone 

TER-119) 

Biolegend, Inc., San Diego, CA, USA  

Rabbit anti-mouse p47phox Merck Chemicals GmbH, Darmstadt, Germany 

Rabbit anti-phospho-p38 MAPK 

(Thr180/Tyr182)  

Cell Signaling Technology, USA 

Rabbit anti-phospho-SAPK/JNK 

(Thr183/Tyr185)  

Cell Signaling Technology, USA 

Anti-β1-Integrin, activated (9EG7, 

Rat anti-mouse IgG2a, κ) 

Becton Dickinson GmbH, Heidelberg, Germany  

Anti-β-actin Santa Cruz Biotechnology, Inc., Dallas, Texas, 

USA  

 

2.3 Inhibitors 

Apocynin (NADPH oxidase 

inhibitor) 

Abcam PLC, Cambridge, UK 

NSC23766 (Rac1 inhibitor) Bio-Techne GmbH,Wiesbaden-Nordenstadt, 

Germany 
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Pepstatin A (cathepsin D inhibitor) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

SB239063 (p38K inhibitor) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

SKI-I (sphingosine kinase inhibitor) Abcam PLC, Cambridge, UK 

SP600125 (JNK inhibitor) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

 

2.4 Kits 

Cellular ROS detection assy kit 

(Deep red fluorescence) 

Abcam PLC, Cambridge, UK  

ECL prime system  GE Healthcare Europe GmbH, Freiburg, Germany  

Oil Red O staining kit Abcam PLC, Cambridge, UK  

Truant TB Fluorescent stain kit Becton Dickinson GmbH, Franklin Lakes, NJ, 

USA  

Rac1 pulldown kit Cytoskeleton Inc., Denver, CO, USA  

 

2.5 Tissue culture materials 

MEM Thermo Fisher Scientific, Waltham, MA, USA 

DMEM Thermo Fisher Scientific, Waltham, MA, USA 

FBS Thermo Fisher Scientific, Waltham, MA, USA 

L-Glutamine Thermo Fisher Scientific, Waltham, MA, USA 

Non-essential amino acids Thermo Fisher Scientific, Waltham, MA, USA 

PenStrep Thermo Fisher Scientific, Waltham, MA, USA 

Sodium pyruvate Thermo Fisher Scientific, Waltham, MA, USA 

 

2.6 Prepared buffers and solution 

Ac/Asm/Nsm assay buffer 250 mM sodium acetate (Ac, Asm) or 100 mM 

HEPES (Nsm) 

 0.1 % NP-40 
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 pH 4.5 (Ac) or pH 5.0 (Asm) or pH 7.0 (Nsm) 

Ac/Asm/Nsm lysis buffer 250 mM sodium acetate (Ac, Asm) or 100 mM 

HEPES (Nsm) 

 1 % NP-40 

 pH 4.5 (Ac) or pH 5.0 (Asm) or pH 7.0 (Nsm) 

Ac substrate solution 1 μl NBD-Ceramide 

 27.2 mL Ac assay buffer 

Asm/Nsm substrate solution 0.5 μl BODIPY-Sphingomyelin 

 1 mL Asm/Nsm assay buffer 

HEPES/Saline (H/S) (10x) 200 mM HEPES 

 1.32 M NaCl 

 10 M CaCl2 

 7 mM MgCl2 

 8 mM MgSO4 

 54 mM KCl 

Mowiol 20-25 % Mowiol-488 

 2.5 % Dabco 

Paraformaldehyde (PFA), 4% 4 % PFA 

 1 x PBS 

 pH 7.2 – 7.4 adjusted with HCl and NaOH 

Phosphate buffered saline (PBS), 

pH7.4 137 mM NaCl 

 2.7 mM KCl 

 10 mM Na2HPO4 • 2 H2O 

 2.0 mM KH2PO4 

 pH adjusted with HCl and NaOH 

Reducing SDS sample buffer (5x) 250 mM Tris pH 6.8 

 20 % Glycerine 

 4 % SDS 

 8 % ß-mercaptoethanol 

 0.2 % bromphenol blue 

0.1 % SDS lysis buffer 25 mM HEPES, pH 7.3 

 0.1 % sodium dodecyl sulfate 

 0.5 % sodium deoxycholate 
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 1 % Triton-X-100 

 125 mM NaCl 

 10 mM NaF 

 10 mM Na2P2O7 

 20 mM Na3VO4 

 10 mM ethylenediaminetetraacetic acid 

 10 μg/ml aprotinin 

 10 μg/ml leupeptin 

 1 x Roche Complete protease inhibitor cocktail 

SDS Running buffer 25 mM Tris 

 192 mM glycine 

 0.1 % SDS 

Transfer buffer 25 mM Tris 

 192 mM Glycine 

 10 % Methanol 

Trypsin 0.25% Trypsin 

 5 mM Glucose 

 1.3 mM EDTA 

TN3 lysis buffer 125 mM NaCl 

 10 mM ethylenediaminetetraacetic acid (EDTA) 

 25 mM Tris (pH 7.4) 

 10 mM sodium pyrophosphate  

 3% NP-40  

 10 µg/mL aprotinin/leupeptin 

 

2.7 Consumables 

Cell culture flasks  Sarstedt AG & Co, Nümbrecht, Germany  

Cell culture, 6, 24 and 96 well plate Corning Inc., NY, USA 

Cell strainer (70 μm, 100 μm)  Corning Inc., New York, NY, USA  

Centrifuge tubes (15 mL, 50 mL)  Greiner Bio-One GmbH, Frickenhausen, 

Germany  

Coverglass (18 x 18 mm)  Engelbrecht GmbH, Wien, Austria  
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2.8 Equipment 

Attune NxT Flow Cytometer Thermo Fisher Scientific, Waltham, MA, USA 

Centrifuges  

- 5417 R Eppendorf AG, Hamburg, Germany 

- Heraeus 3SR+ multifuge Thermo Fisher Scientific, Waltham, MA, USA 

Clean bench (biological safety 

cabinet class II) 

NuArie, Plymouth, MN, USA 

Cryotome (CM1850 UV) Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 

Germany 

Microscopes  

- confocal fluorescence (TCS-SP5) Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 

Germany 

-inverted fluorescence microscope 

(DMIRE2)  

Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 

Germany 

Coverslips (Ø 12 mm)  Carl-Roth GmbH & Co, Karlsruhe, Germany  

Cuvettes  Sarstedt AG & Co, Nümbrecht, Germany  

Hybond ECL nitrocellulose 

membrane  

GE Healthcare Europe GmbH, Freiburg, 

Germany  

Hypodermic needle  Becton Dickinson GmbH, Heidelberg, Germany  

Microscopic slides  Langenbringen Labor- und Medizintechnik, 

Emmendingen, Germany  

Microtiter plates  Sarstedt AG & Co, Nümbrecht, Germany  

Needles (different gauges)  Becton Dickinson GmbH, Heidelberg, Germany  

Parafilm Peckiney, Chicago, IL, USA 

Pipettes (5 mL, 10 mL, 25 mL)  Greiner Bio-One, Frickenhausen, Germany  

Reaction tubes, 1.5 mL  Sarstedt AG & Co, Nümbrecht, Germany  

Reaction tubes, 2 mL  Eppendorf AG, Hamburg, Germany  

Syringes  

-Insulin syringe (1ml) Becton Dickinson GmbH, Heidelberg, Germany 

-syringes (5ml, 10ml, 20ml) Becton Dickinson GmbH, Heidelberg, Germany 

Thin layer chromatography (TLC) 

Silica G60 plates 

Merck KGaA, Darmstadt, Germany 
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Developer machine Thermo Fisher Scientific, Waltham, MA, USA 

Digital caliper Mitutoyo UK Ltd., Andover, UK 

Freezers  

- 80 °C, ultra low MDF-U54V Sanyo Electric Co, Osaka, Japan 

- 20 °C, Premium NoFrost Liebherr-International Deutschland GmbH, 

Biberach, Deuschland 

Fridge, 4 °C, Premium BioFresh Liebherr-International Deutschland GmbH, 

Biberach, Germany 

Glasswares (beakers, cylinders, 

flasks) 

DURAN Group GmbH, Wertheim, Germany 

Incubator Binder GmbH, Tuttlingen, Germany 

Magnetic stirrer (M21) Intern. Laborat. App GmbH, Dottingen, Germany 

Mass spectrometer (6530/6490) Agilent Technologies, Waldbronn, Germany 

Mechanical shaker (Rotamax120) Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

Microplate reader (SpectraMax 

Gemini EM) 

Molecular Devices GmbH, Biberach an der Riß, 

Germany 

pH Meter (HI9025) Hanna instruments, Woonsocket, RI, USA 

Pipettes (different sizes) Nichiryo CO., Ltd., Saitama, Japan 

Pipettus (pipetus-akku) Hirschmann Laborgeräte GmbH und Co. KG, 

Eberstadt, Germany 

Sonicator Bandelin Electronic, Berlin, Germany 

Spectrophotometer Eppendorf AG, Hamburg, Germany 

SpeedVac Thermo Fisher Scientific, Waltham, MA, USA 

SpotChem EZ chemistry analyser Scil animal care company GmbH, Viernheim, 

Deutschland 

Thermomixer Eppendorf AG, Hamburg, Germany 

Typhoon FLA 9500 GE Healthcare Europe GmbH, Freiburg, 

Germany 

Ultrasonic bath (sonorex RK 102 H) BANDELIN electronic GmbH & Co. KG, Berlin, 

Germany 

Vacuum concentrator (SpeedVac) Bachofer GmbH, Reutlingen, Germany 

Vortexer (Reax 2000) Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 
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Water bath (1o12) GFL Gesellschaft für Labortechnik mbH, 

Burgwedel, Germany 

 

2.9 Software 

FlowJo (v10) LLC, Ashland, OR, USA 

GraphPad Prism 6  GraphPad Software, La Jolla, CA, USA  

ImageQuant  GE Healthcare Europe GmbH, Freiburg, 

Germany  

Leica advanced Fluorescence – 

Application Suite (2.61)  

Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 

Germany  

MassHunter Software Agilent Technologies, Waldbronn, Germany 

Microsoft Office (2016)  Microsoft Corporation, Redmond, WA, USA  

ImageJ (Fiji) Image J 
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3 Methods 

3.1 Mice 

Mice heterozygous for Nsm2 (Nsm+/-, sphingomyelin phosphodiesterase 3 

heterozygote, Smpd3) and syngenic wild-type (Wt) littermates were purchased from 

the European Mouse Mutant Archive (EMMA; Consiglio Nazionale delle Ricerche, 

France) and maintained on the 129sv genetic background. Nsm2+/- mice were used in 

this study but not knock out mice for the Nsm2, because of the severe phenotype of 

the complete knock-out and ethical reasons. Nsm2+/- mice showed a reduction of the 

Nsm2-activity of about 30% (unpublished results) but do not develop any obvious 

spontaneous phenotype and also do not show any severe bone disease. In the 

following experiments and results, Nsm+/- is referred to Nsm2+/-. 

Asm-deficient (Asm-/-) mice and Wt littermates (Horinouchi et al., 1995) (sphingomyelin 

phosphodiesterase 1 knockout; Smpd1−/−) were maintained on a C57BL/6J 

background. Asm-/- mice, and Wt littermates were used only aged from 6 to 8 weeks 

to avoid sphingomyelin accumulation (Niemann-Pick Type A disease).  

Mice were housed in the animal facility of the University of Duisburg-Essen under 

pathogen-free conditions according to the criteria of the Federation of Laboratory 

Animal Science. The genotype was verified by polymerase chain reaction (PCR) 

analysis before experimentation. In vivo infections were approved by the Landesamt 

für Natur, Umwelt und Verbraucherschutz (LANUV).  

 

3.2 Cells 

The in vitro experiments were performed with bone marrow-derived macrophages 

(BMDMs). The culture of BMDMs has been previously described in detail (Zhang et 

al., 2008). Briefly, femurs and tibias from donor mice were flushed with minimum 

essential medium (MEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented 

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 10 mM HEPES (Roth 

GmbH, Karlsruhe, Germany; pH 7.4), 2 mM L-glutamine, 1 mM sodium pyruvate,      

100 μM nonessential amino acids, 100 U/mL penicillin, and 100 μg/mL streptomycin 

https://de.wikipedia.org/wiki/Consiglio_Nazionale_delle_Ricerche
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(Thermo Fisher Scientific). Isolated cells were passed through a 23-G needle for 

obtaining single cells which were cultured for 24 hrs in small tissue-culture flasks. Cells 

were washed, and 3x104 or 1.2x105 non-adherent cells were cultured in 24‐ or 6-well 

plates in MEM with 20% L‐cell supernatant as a source of macrophage colony‐

stimulating factor (M-CSF). Fresh MEM/L-cell supernatant medium was applied after 

4 days of culture. Macrophages matured within the next 6 days and were used on day 

10 of culture. 

 

3.3 Infection experiments 

All in vivo and in vitro infections were performed with green fluorescent protein (GFP)-

expressing BCG (GFP-BCG). The GFP-BCG strain was constructed by transforming 

BCG with the dual reporter plasmid pSMT3LxEGFP (Humphreys et al., 2006). For 

infection experiments, bacteria were shaken at 120 rpm at 37°C in Erlenmeyer flasks 

with 10 ml Middlebrook 7H9 Broth with Glycerol (BD Biosciences, Heidelberg, 

Germany), supplemented with 50 µg/ml hygromycin B for maintaining GFP in plasmids. 

Bacteria were used for infection experiments after 5 to 7 days of culture. Bacteria were 

collected by centrifugation at 2000 rpm for 10 min. The bacterial pellet was 

resuspended in HEPES/saline buffer (H/S) and was vortexed for 5 min. Samples were 

bath-sonicated for 5 min at 4°C and were passed 10 times through a syringe with a 

needle 0.8 mm in diameter. Clumps of bacteria were removed by centrifugation for 2 

min at 1000 rpm. The supernatant containing single cells of GFP-BCG was carefully 

collected. The bacterial number was calculated with a 100×oil lens and an inverted 

fluorescence microscope (DMIRE2; Leica, Heidelberg, Germany).  

For in vitro assays, BMDMs were left uninfected or were infected with GFP-BCG in 

MEM/10 mM HEPES at a bacteria-to-host cell ratio (multiplicity of infection, MOI) of 

5:1 to 10:1 for the indicated time. For in vitro granuloma formation, 1 μg/ml anti-β1-

integrin antibody (Becton Dickinson GmbH, Heidelberg, Germany) was added 1 hr 

before infection and then every 5 hrs until 25 hrs after infection. If indicated, 100 μM 

NSC23766 (Bio-Techne GmbH, Wiesbaden-Nordenstadt, Germany) was added 1 hr 

before infection. For measuring mechanism of β1-integrin activation, 10 μM p38 

inhibitor (SB239063) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 10 μM JNK 

inhibitor (SP600125) (Sigma-Aldrich Chemie GmbH), or an equal amount of 
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dimethylsulfoxide (DMSO, Sigma-Aldrich Chemie GmbH) was added 1 hr before 

infection. For measuring mechanism of Asm in BCG infection, 1 μM or 5 μM SphK 

inhibitor (SKI-I) (Abcam PLC, Cambridge, UK), 10 μM pepstatin A (Sigma-Aldrich 

Chemie GmbH) or 10 μM apocynin (Abcam) was added 1 hr before infection. 

Synchronous infection conditions and enhanced interactions between bacteria and 

host cells were achieved by centrifugation (500 rpm) of the bacteria onto the cells for 

8 min. The end of the centrifugation was defined as the starting point of infection. The 

infection was terminated by fixation or lysis, as described below.  

For in vivo infections, bacteria were prepared as described above and then pelleted at 

3200 rpm for 10 min. BCG bacteria were resuspended in 0.9% NaCl, and 200 µl of 

1x107 CFU bacteria were intravenously injected into mice. For the study the role of 

Nsm in mycobacterial infection, mice were left untreated or treated with anti-β1-integrin 

antibody (9EG7) or isotype control (Becton Dickinson GmbH) intraperitoneally at a 

dose of 30 μg every 2 to 3 days during infection (3 times a week after infection, in total 

9 times). After 3 weeks, the animals were sacrificed by cervical dislocation. To study 

the role of Asm in mycobacterial infection, mice were left untreated or injected with 

200μl clodronate liposomes (Liposoma B.V., Amsterdam, The Netherlands). 24 hours 

after depletion, mice were reconstituted intravenously with 5 × 106 BMDMs either from 

Wt or Asm-/- mice. Mice were injected with BCG 24 hours after transplantation and 

sacrificed 1 day till 3 weeks after infection. 

Livers and spleens were obtained for further processing. The collected tissues were 

homogenized into tiny pieces and lysed with 5 mg/mL saponin in PBS. Total numbers 

of bacteria were determined two weeks after growth at 37°C on Middlebrook 7H10 agar 

plates enriched with oleic acid, albumin, dextrose, and catalase (OADC; Becton 

Dickinson GmbH). The counts represent the number of bacteria in whole‐liver or 

spleen samples.  

 

3.4 Determination of Nsm, Asm and Ac activity 

Nsm, Asm or Ac activity was determined as recently described (Mühle and Kornhuber 

2017) with green fluorescent BODIPY FL C12-sphingomyelin (Thermo Fisher Scientific) 

or NBD-ceramide (Thermo Fisher Scientific) as a substrate. Briefly, cells were infected 
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or left uninfected, harvested, and lysed in Nsm, Asm or Ac lysis buffer for 5 min on ice. 

Cells were sonicated for 10 min in an ice bath sonicator for further lysis (Bandelin 

Electronic, Berlin, Germany). The protein concentration was measured by Bradford 

protein assay (BioRad, München, Germany): 20 μg of protein for Nsm, or 0,5 μg for 

Asm, or 20 μg for Ac in 20 μL lysis buffer were used. Samples and the NBD-ceramide 

or BODIPY-sphingomyelin substrate solutions were sonicated in ice bath sonicator for 

10 min to induce micelle formation. Sonicated 100 pmol/sample NBD-ceramide or 100 

pmol/sample BODIPY-sphingomyelin were added to the sonicated samples. The 

samples were incubated at 37°C for 1 hr (Nsm and Asm) or 4 hr (Ac) with shaking at 

300 rpm. The reaction was stopped by adding 200 μL chloroform: methanol (2:1, v/v). 

Samples were well mixed by vortexing and followed by centrifugation for 5 min at 

14,000 rpm. The lower phase was dried in a SpeedVac Concentrator (Thermo Fisher 

Scientific) and resuspended in 20 μL of chloroform: methanol (2:1, v/v). The samples 

were spotted on a 20-cm thin‐layer chromatography (TLC) plate (Merck, Darmstadt, 

Germany) in 3-μL steps. After all spots were dried, the samples were separated with 

chloroform: methanol (80: 20, v/v, Nsm and Asm) or ethyl acetate : acetic acid (100:1, 

v/v, Ac), scanned with a Typhoon FLA 9500 laser scanner (GE Healthcare Life 

Sciences, Freiburg, Germany), and analyzed with ImageQuant software (GE 

Healthcare Life Sciences).  

 

3.5 Ceramide and sphingomyelin quantification  

Ceramides, sphingomyelins, sphingosines, and S1Ps were quantified by Dr. Fabian 

Schumacher (University Duisburg-Essen and University Potsdam) by rapid resolution 

liquid chromatography/mass spectrometry as recently described (Gulbins et al., 2018). 

Briefly, cells were infected with BCG for indicated time periods, collected in methanol, 

and directly sent to Potsdam with dry ice or stored at -80ºC for further measurement. 

For extracting lipid, cell pellets were sonicated on ice for 15 min. For saponification, 

the samples were then incubated with 150 µL methanolic KOH (1 M) for 2 h at 37°C 

with gentle shaking. Samples were then neutralized with 12 µL glacial acetic acid and 

centrifuged at 2,200 x g for 10 min at 4°C. The organic phase was dried in a Savant 

SpeedVac concentrator (Thermo Fisher Scientific). The dried samples were 

reconstituted in 200 μL of acetonitrile/methanol/water (47.5: 47.5: 1, v: v: v) and 



Methods 

44 

acidified with 0.1% formic acid. Samples were thoroughly vortexed for 10 min at 1,500 

rpm and centrifuged at 2,200 x g for 10 min at 4°C for mass spectrometric sphingolipid 

quantification. Sphingomyelins and ceramides were analyzed using a 6530 mass 

spectrometer (Agilent Technologies, Waldbronn, Germany). Sphingosine and S1P 

were analyzed with a 6490 triple quadrupole mass spectrometer (Agilent 

Technologies). Both instruments were interfaced with an electrospray ion source 

operating in the positive ion mode (ESI+). Sphingomyelins, ceramides, sphingosine, 

and S1P were analyzed in MS/MS mode utilizing the fragmentation of the precursor 

ions into the production m/z 184.07 (for all sphingomyelins), m/z 264.3 (for S1P and 

all ceramides) or m/z 282.3 (for sphingosine). Quantification was performed using the 

MassHunter software (Agilent Technologies). 

 

3.6 Western blots and pull-down assay 

BMDMs were left uninfected or were infected for the indicated time, washed in cold 

H/S buffer, and lysed for 5 min on ice in TN3 or 0.1% SDS lysis buffer. Cells lysates 

were pelleted by centrifugation for 10 min at 14,000 rpm. The supernatants were added 

to 5 x sodium dodecyl sulfate (SDS) sample buffer; samples were boiled for 5 min and 

separated by 7.5% to 12.5% SDS polyacrylamide gel electrophoresis (SDS-PAGE). 

Samples were blotted on nitrocellulose membranes (Amersham Protran Premium 0.2 

µm, GE Healthcare) for 2 hrs at 4°C (80 V). For detection of proteins, blots were 

washed with PBS and blocked for 1 hr at room temperature in Starting Block Tris-

buffered saline (TBS) buffer (Thermo Fisher Scientific). After two additional washes in 

PBS, membranes were incubated with specific primary antibodies against 

phosphorylated p38 (1:1000), phosphorylated JNK (1:1000), p47phox (1:1000), gp91phox 

(1:1000), p67phox (1:1000), Rac1 (1:500), cathepsin D (1:1000), or HRP-conjugated β-

actin (1: 50,000) overnight at 4°C or 1 hr at room temperature in Starting Block TBS 

buffer. After 6 washes in TBS/Tween, blots were incubated for 1 hr at room 

temperature in TBS/Tween with alkaline phosphatase (AP)-conjugated secondary 

antibodies (Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) or directly for further 

development. Samples were washed extensively and developed with CDP-Star 

substrate (Perkin Elmer, Rodgau, Germany) or HRP substrate.  



Methods 

45 

Rho family GTPase activity was detected with the Rac1 Activation Assay Combo 

Biochem Kit (Cytoskeleton Inc., Denver, CO, USA) according to the manufacturer’s 

instructions. Briefly, cells were infected and lysed in supplied lysis buffer and additional 

proteinase inhibitors. Equivalent amounts of protein were added to a predetermined 

concentration of p21-activated protein kinase (PAK)-p21-binding domain (PBD) (PAK‐

PBD) beads and incubated at 4°C on a rotator for 1 hr. Beads were washed with 

supplied washing buffer. Finally, 20 μL of Laemmli sample buffer was added to each 

sample. Samples were centrifuged, and the supernatants were separated on a 10% 

SDS‐PAGE gel and transferred to a nitrocellulose membrane. Blots were incubated 

with monoclonal anti‐Rac1 (ARC03; antibodies from Cytoskeleton Inc.) according to 

the vendor’s instructions and were developed as described above.  

 

3.7 β1-integrin immunoprecipitation 

To demonstrate activation of β1-integrin on the surface of BMDMs, we infected cells 

for various time periods, removed the medium, and incubated macrophages on ice for 

30 min with 1 μg of anti-β1-integrin antibodies, clone 9EG7. The samples were washed 

extensively and lysed in TN3 lysis buffer for 5 min at 4°C. They were then centrifuged 

at 14,000 rpm. The immunocomplexes were immobilized with protein A/G agarose 

(Santa Cruz Biotechnology) for 45 min, washed 6 times in lysis buffer, resuspended in 

1xSDS Laemmli Sample buffer, and boiled for 5 min at 95°C. Proteins were separated 

on 8.5% SDS-PAGE gels, blotted with β1-integrin antibody clone MB1.2, and 

developed with an AP-coupled secondary antibody and a chemiluminescence system 

(Thermo Fisher Scientific). 

 

3.8 Measurement of production of ROS and superoxide 

Superoxide production was measured by electron spin resonance (ESR) by Dr. Yang 

Zhang (University of Houston, College of Pharmacy, USA), as previously described 

(Abais et al., 2014). 106 cells were infected with GFP-BCG for the indicated time. Cells 

were scraped in 20 mM HEPES (pH 7.5), 1 mM EDTA, and 255 mM sucrose. The 

samples were directly sent to the USA with dry ice or shock-frozen in liquid nitrogen 
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for later measurement. Proteins were isolated and resuspended with modified Krebs-

HEPES buffer containing deferoxamine (100 μM, Sigma-Aldrich) and 

diethyldithiocarbamate (5 μM, Sigma-Aldrich). The samples were added with or without 

of manganese-dependent superoxide dismutase (SOD, 200 U/mL; Sigma-Aldrich) and 

then added with a spin trap, CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl 

pyrrolidine, Noxygen Science Transfer & Diagnostics, Elzach, Germany; 1 mM final 

concentration). The mixture was analyzed for the kinetics of O2 in glass capillaries for 

10 min. To calibrate the system, the SOD-inhibited fraction of the signal was used. The 

strength of the ESR signal was recorded in arbitrary units (a.u.), and the final results 

of strength were shown as the fold changes from control (Xu et al., 2013).  

ROS were measured by using the Cellular Reactive Oxygen Species Detection 

Assay Kit (Deep Red Fluorescence, Abcam) according to the manufacturer’s 

instructions. Briefly, 104 cells were seeded in 96-well plate and infected with BCG 

for the indicated time. Cells were then washed with PBS, incubated with ROS deep 

red dye for 30 min and analyzed with a microplate reader at Ex/Em = 650/675 nm 

(cut off 665 nm) (SpectraMax Gemini EM, Molecular Devices GmbH, Biberach an 

der Riß, Germany). 

 

3.9 Immunocytochemistry 

Cells were grown on coverslips and were infected or left uninfected. They were then 

fixed in 1% paraformaldehyde (PFA; Sigma-Aldrich); washed in PBS and buffered in 

PBS (pH 7.2-7.4) for further staining. Fixed cells were permeabilized with 0.1% Triton 

X-100 (Sigma-Aldrich) in PBS (pH 7.4) for 10 min at room temperature, washed once 

with H/S and once with H/S with 0.05% Tween-20 (Sigma-Aldrich), and blocked for 45 

min in H/S supplemented with 5% fetal calf serum (FCS; Thermo Fisher Scientific). 

Cells were washed three times in H/S with 0.05% Tween-20 and incubated for 45 min 

with Rac1 (Santa Cruz Biotechnology), Alexa Fluor 647-conjugated phalloidin or 555-

phalloidin, cathepsin D (R&D Systems, Inc., Minneapolis, USA) or p47phox (Millipore) 

in H/S supplemented with 1% FCS. Cells were washed three times in H/S with 0.05% 

Tween-20 and were incubated with secondary antibodies corresponding to the primary 

antibodies for an additional 45 min (all antibodies from Jackson ImmunoResearch; final 

concentration of all antibodies, 1.5 μg/mL; diluted in 5% FCS/PBS). To confirm the 
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specificity of fluorescent staining, samples were incubated with secondary antibody 

controls. After three washes in H/S with 0.05% Tween-20 and a final wash with H/S, 

cells were mounted on glass microscope slides with Mowiol (Kuraray Specialities 

Europe GmbH, Frankfurt, Germany). Cells were examined with a Leica TCS SP5 

confocal microscope (Leica Microsystems, Wetzlar, Germany). 

 

3.10 Determination of bacterial binding and internalization 

BMDMs were left uninfected or were infected with BCG-GFP for the indicated time, 

washed in cold PBS buffer and incubated with cold PBS on ice for 15min. Cells were 

harvested and either fixed with 4% PFA for 10min at room temperature or processed 

to quench adherent bacteria. For quenching the fluorescence of adherent bacteria, 500 

μl trypan blue (0.4% w/v in PBS, Corning Inc., NY, USA) was added after the first 

acquisition and 1 min before the second acquisition. Quenching with trypan blue 

reduced the FITC fluorescence of adherent bacteria by excitation energy transfer (Hed, 

1986; Szollosi et al., 1984). Attune NxT flow cytometry (Thermo Fisher Scientific) 

analyzed cells with bound or internalized bacteria (without trypan blue treatment) and 

cells with internalized bacteria (with trypan blue treatment). 

 

3.11 Histopathologic assessment 

Mice livers and spleens were collected, embedded in Tissue-Tec (Sakura Finetek 

USA, Torrance, CA, USA), and shock-frozen in liquid nitrogen. 6 µm-thick sections 

were cut with a cryotome (CM1850 UV, Leica Microsystems). For staining, sections 

were air-dried for at least 15 min and fixed in ice-cold acetone for 10 min. After a 

washing step with PBS, tissues were air-dried for 20 min, stained with the Truant TB 

Fluorescent Stain Kit (Becton Dickinson) as described above. The fluorescent staining 

of mycobacteria (Truant) was performed according to the manufacturer’s instructions. 

For evaluation of bacterial numbers in granulomas, single bacteria were counted in 

serial sections. Samples were analyzed with an inverted fluorescence microscope or 

a confocal microscope (DMIRE2; Leica Microsystems).  
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For hematoxylin and eosin (H&E) staining, liver and spleen sections were prepared as 

above and stained for 20 min with Mayer’s hematoxylin solution (hematoxylin, Roth). 

Samples were washed in water for 15 min, stained for an additional 2 min with 1% 

eosin solution, washed with water, dehydrated in ethanol, embedded in Eukitt 

mounting medium (Sigma-Aldrich), and analyzed on a Leica DMIRE2 microscope. The 

bacterial number was calculated with a 100×oil lens and an inverted fluorescence 

microscope.  

Oil Red O staining was performed according to the manufacturer's instruction. Briefly, 

liver sections were fixed with 4% paraformaldehyde for 15 min. Slides were washed, 

incubated in 85% Propylene Glycol for 2 min, stained with 0.5% Oil red O (Abcam, 

Cambridge, UK) for 1 hr at room temperature, differentiated in 85% propylene glycol 

for 1min, counterstained with Mayer´s hematoxylin solution to stain nuclei for 30 sec 

and imaged by Leica DMIRE2 microscope with a ×100 objective lens.  

 

3.12 Quantification of bacterial numbers  

To count BCG colony forming units (CFUs) in tissue, liver, and spleen from infected 

mice were collected, added 5 mg/mL saponin (Serva Electrophoresis GmbH, 

Heidelberg, Germany) in H/S, and homogenized. The homogenates were incubated 

for 30 min at 37°C for the release of intracellular bacteria. Samples were centrifuged 

for 2 min at 1000 rpm; the supernatant was diluted in PBS and plated on Middlebrook 

7H10 agar plates enriched with OADC (Becton Dickinson). For CFU assays in vitro, 

infected cells were washed once with HEPES after various infection times to remove 

non-adherent bacteria and were then lysed in 3 mg/mL saponin for 30 min at 37°C. 

100 µL aliquots were plated, and bacteria were counted after 2 weeks incubation in a 

humidified 37°C atmosphere.  

 

3.13 Depletion and reconstitution of macrophages in mice 

Liposomes (Liposoma B.V) were stored at 4 °C and calibrate to room temperature 2hrs 

before injection. For macrophages depletion, clodronate or PBS liposomes (200 μL) 

were injected intravenously. For reconstitution, macrophages were generated by 
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culturing bone marrow cells as described before in section 3.2. 24 hrs after depletion, 

mice were left untreated or intravenously injected with 106, 5 × 106 or 107 BMDMs. 

Mice were sacrificed indicated days after BMDMs transplantation. Liver, spleen, and 

bone marrow were collected for detection of macrophages by Attune NxT flow 

cytometer (ThermoFisher scientific).  

 

3.14 Flow cytometry  

Cells suspension were harvested from the bone marrow, liver, and spleen and adjusted 

to the concentration of 1x106 cells/ 50 L in PBS. Cells were incubated for 30 min at 

4C with anti-mouse CD16/32 antibody to block Fc receptors followed by incubation 

with primary antibodies for 45 min at 4C. After washing 2 times with PBS, cells were 

re-suspended in PBS and acquired with Attune NxT flow cytometer. 

Fluorochrome-conjugated mAbs specific to mouse PE-Gr-1 (Ly6G/C; clone RB6-8C5), 

Brilliant Violet-CD115 (clone AFS98), Pacific Blue-CD11b (clone M1/70), PerCP-CD3 

(clone 145-2C11), PerCP-CD45R/B220 (clone RA3-6B2), PerCP-Ter119 (clone TER-

119), APC-F4/80 (clone BM8), PE/Cy7-NK1.1 (clone PK136), were purchased from 

Biolegend. Multiparameter analyses of stained cell suspensions were performed on 

and analyzed with FlowJo software v10 (LLC, Ashland, Oregon).  

 

3.15 Statistical analysis 

Data are expressed as arithmetic means ± standard deviation (SD) unless otherwise 

indicated. Statistical analysis was performed with Student’s t-test for single 

comparisons or with analysis of variance (ANOVA) for multiple comparisons. Statistical 

significance was set at the level of p ≤ 0.05. All data were obtained from independent 

measurements. The GraphPad Prism statistical software program (GraphPad 

Software, La Jolla, CA, USA) was used for analysis.  
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4 Results  

4.1 Role of the Nsm in mycobacterial infection 

4.1.1 BCG infection of macrophages leads to rapid activation of the Nsm 

and migration/clustering of macrophages 

A previous study shows an important role of the Nsm in mycobacteria infection via 

negatively regulating autophagy (Li et al., 2016), while the role of Nsm in mediating 

granuloma, a hallmark in mycobacterial infection, is mostly unknown.  

To identify the initial events of Nsm-dependent granuloma formation, BMDMs from Wt 

mice and mice heterozygous for Nsm (Nsm+/-) were isolated. BMDMs were left 

uninfected or were infected with BCG for the indicated time periods.  

Upon BCG infection, rapid activation of Nsm was observed in Wt BMDMs; it was 

approximately two-fold higher in infected cells than that in uninfected BMDMs. Nsm 

activity in Wt BMDMs rapidly reached a peak at 5 min post infection (mpi) and 

subsequently returned to baseline levels (Figure 9A). In contrast, Nsm activity 

remained at basal levels in Nsm+/- BMDMs upon BCG infection (Figure 9A).  

Interactions of mycobacteria-containing macrophages initiate granuloma formation 

(Davis et al., 2002). Therefore, macrophages clusters were investigated 10 to 30 hrs 

after the initiation of infection (Figure 9B and 9C). Macrophage clusters were observed 

10 hours post infection (hpi) in both genotypes of BMDMs, while approximately 1.5 fold 

more clusters were induced in Wt BMDMs compared to in Nsm+/- BMDMs. The 

numbers of macrophage clusters increased rapidly in Wt BMDMs but were nearly 

absent in Nsm+/- BMDMs at 20 hpi and 25 hpi (Figure 9C). Besides, Wt BMDMs formed 

multiple large clusters upon BCG infection, whereas Nsm+/- BMDMs formed clusters 

which were markedly reduced in both size and number (Figure 8B and 8C). At 25 hpi, 

the number of BMDM clusters reached the peak in both Wt, and Nsm+/- BMDMs, but 

Wt BMDMs generated approximately twice more macrophage clusters compared to 

Nsm+/- BMDMs after infection with BCG at this time point (Figure 9C).  

To assess the contribution of Nsm in modulating the mycobactericidal activity of 

macrophages, the numbers of intracellular bacteria in macrophages were determined 
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by CFU assay after 25 hrs of infection, which is the peak time for cluster formation. 

The results shown in Figure 9D revealed that BMDMs from Wt mice exhibited a higher 

bacterial burden than Nsm+/- BMDMs (Figure 9D).  

Taken together, these results indicate that the Nsm plays an important role in 

macrophage clustering and reducing bacterial burden in macrophages upon BCG 

infection. 

 

Figure 9. Nsm is activated and mediates macrophage clustering upon BCG 

infection in vitro. 

(A) BMDMs were infected and lysed, and the activity of Nsm was determined by the 

consumption of BODIPY FL C12‐sphingomyelin. Samples were extracted and separated 

on TLC plates, which were then scanned with a Typhoon laser scanner. Shown are the 

means ± standard deviation (SD) of 3 independent experiments, the p-value is given as 

determined by ANOVA followed by Bonferroni’s multiple comparisons test. (B) BMDMs 

were infected for 25 hrs, fixed, and stained with hematoxylin and eosin (H&E). 

Macrophage clusters were observed with a 40x lens by light microscopy. The scale bar 

represents 100 µm. The pictures represent the results of 4 independent experiments.  
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Figure 9C-D. Nsm is activated and mediates macrophage clustering upon BCG 

infection in vitro. 

(C) Macrophage clustering was quantified by counting clusters in 100 fields per sample 

by light microscopy (40x lens). Shown are the means ± SD of 4 independent 

experiments. The exact p-values are determined by ANOVA followed by Bonferroni’s 

multiple comparisons test. (D) Wt or Nsm+/- BMDMs were infected with BCG for 25 hrs, 

and the number of colony-forming units (CFUs) was determined after 2 weeks of culture. 

Shown are the means ± SD of the CFUs from 4 independent experiments. The 

quantitative analysis was performed with GraphPad and analyzed with t‐test, an exact 

p-value is given. 
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4.1.2 Nsm dependent cytoskeleton redistribution orchestrates the 

migration /clustering of macrophages 

Actin cytoskeleton dynamics play a crucial part in most cell movement processes, 

mediating the formation of cellular structures such as lamellipodia, filopodia, stress 

fibers, and focal adhesions (Bailly and Condeelis, 2002; Lee and Dominguez, 2010; 

Parsons et al., 2010). These findings led to the question whether the increase in 

macrophage cluster formation is linked to a redistribution of the cytoskeleton in 

macrophages after BCG infection.  

Actin architecture in BMDMs isolated from Wt and Nsm+/- mice was first studied by 

staining F-actin with Alexa Fluor 647or 555-labeled phalloidin (Figure 10A). In Wt 

BMDMs, F-actin was enriched in extended broad lamellipodia 1 hr after BCG infection. 

However, infected Nsm+/- BMDMs exhibited a striking reduction in actin stress fiber 

formation, with an accentuated cortical localization, and minimal lamellipodia (Figure 

10A). After 6 hrs of infection, Wt BMDMs showed remarkable F-actin lamellipodia and 

elongated filopodia (see arrows), which induced cellular recruitment. This effect was 

abolished entirely in Nsm+/- BMDMs. After 25 hrs of infection, actin depolymerized and 

formed cellular aggregates in both Wt and Nsm+/- BMDMs (Figure 10A). 

Rac1 has been shown to interact with and regulate the actin cytoskeleton (Etoc et al., 

2013; Guo et al., 2006). The results here revealed that BCG induced a marked 

activation of Rac1 as early as 30 min after infection in Wt BMDMs but not in Nsm+/- 

BMDMs (Figure 10B). Likewise, immunofluorescence studies showed that at 25 hpi 

Rac1 was strongly expressed upon BCG infection at 25 hpi in Wt BMDMs, while almost 

absent in Nsm+/- mice (Figure 10C). These findings indicated that BCG activated Rac1 

in an Nsm-dependent manner. 

To investigate whether the cytoskeleton redistribution and Rac1 activation are related 

to the formation of macrophage clusters, macrophage migration was determined upon 

pretreating BMDMs with an inhibitor of Rac1 (NSC23766) for 1 hr before infection with 

BCG (Figure 10D). Microscopic examinations revealed that the formation of clusters at 

25 hpi in Wt BMDMs was decreased after Rac1 inhibitor treatment.  
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Taken together, both early and late events of the Nsm-dependent cytoskeleton 

reorganization are involved in lamellipodia extension and filopodia protrusion during 

cell migration and lead to the formation of macrophage clusters. 

 

Figure 10. Nsm regulates cytoskeleton rearrangement in BMDMs after infection.  

(A) BMDMs were left uninfected or infected with BCG for 1 hr, 6 hrs, or 25 hrs. Cells 

were then fixed and stained with Alexa Fluor 555 phalloidin. The samples were analyzed 

by confocal microscopy. Shown are representative pictures of four independent studies. 

The scale bar is 50 µm, for the region of interest (ROI) 5 µm.  
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Figure 10B-D. Nsm regulates cytoskeleton rearrangement and Rac1 activity in 

BMDMs upon BCG infection.  

(B) Rac1 activation was determined for indicated times by pull-down assays from lysates 

obtained from BCG‐infected or non-infected BMDMs. Shown are representative results 

of 3 independent studies. (C) BMDMs were infected with BCG for 60 min and stained 

with Cy3-coupled Rac1. The samples were analyzed by confocal microscopy. Shown 

are representative microscopic images of 3 independent studies. The scale bar is 50 

µm. (D) BMDMs from Wt mice were left untreated or pretreated with the Rac1 inhibitor 

NSC23766 for 1 hr and were infected for 25 hrs, fixed, and stained with hematoxylin and 

eosin (H&E). Macrophage migration/clustering was quantified by counting macrophage 

clusters in 100 fields. Shown are the means ± SD of 3 independent experiments, the p-

value was determined by t-test. 
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4.1.3 Nsm-dependent migration/clustering of infected macrophages is 

mediated by a signaling cascade from p38K and JNK via β1-integrin to 

Rac1 and actin  

Previous studies of human TB granulomas revealed that active β1-integrin controls 

granuloma formation and that the Asm/ceramide system leads to the activation and 

clustering of β1-integrin in melanoma cells and the upper-airway epithelial cells from 

mice and humans with cystic fibrosis (CF) (Carpinteiro et al., 2015; Grassme et al., 

2017; Puissegur et al., 2007). These findings led to the hypothesis that active β1-

integrin is involved in Nsm-dependent granuloma formation upon BCG infection. 

Therefore, active surface β1-integrin was measured by immunoprecipitation at several 

time points upon BCG infection. Integrin activation was detected as early as 30 min 

after BCG infection in Wt BMDMs. In sharp contrast, integrin activation was almost 

completely absent in Nsm+/- BMDMs after bacterial infection (Figure 11A and B). 

To determine whether active β1-integrin orchestrates cell movement and macrophage 

clusters, the effect of active β1-integrin on actin cytoskeleton organization and Rac1 

activity was investigated, To this end, surface β1-integrin of infected macrophages 

were blocked by using anti-β1-integrin antibodies. The F-actin in untreated Wt BMDMs 

was enriched in extended lamellipodia 1 and 6 hrs after BCG infection, while the actin 

architecture in Wt BMDMs, which were pretreated with anti-β1-integrin antibodies, was 

largely organized into cytoplasmic structures and disappeared from sites of cell-cell 

contact (Figure 11 C) which is similar to Nsm+/- BMDMs (Figure 11A). In parallel, Rac1 

activity in Wt cells upon 30 or 60 min infection was dramatically reduced after the 

blockade of active integrin (Figure 11 D).  

These findings indicate that activation of β1-integrin is necessary for the formation of 

actin stress fibers and the activation of Rac1 in BMDMs upon BCG infection. 

To investigate the function of active β1-integrin in macrophage migration and clustering 

upon BCG infection, BMDMs were infected for 25 hrs, and β1-integrins on cells were 

neutralized by treating them with anti-β1-integrin antibodies every 5 hrs after initiation 

of the infection (for a total of 5 times). The neutralization of β1-integrin substantially 

reduced the size and number of macrophage clusters formed by Wt BMDMs, whereas 

it did not affect macrophage clusters formed by Nsm+/- BMDMs (Figure 11 E).  
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Upon mycobacterial infection, mitogen-activated protein kinases (MAPKs) orchestrate 

the signaling pathways in macrophages, especially p38 mitogen-activated protein 

kinase (p38K), extracellular signal-regulated kinase (ERK), and c-Jun NH2-terminal 

kinase (JNK) (Bonay et al., 2015; Schorey and Cooper, 2003; Shin et al., 2010). 

To identify further signaling events that link Nsm activation with macrophage 

migration/clustering after infection with BCG, the phosphorylation of p38K and JNK at 

various time points after infection were monitored (Figure 11F-H). The results revealed 

significant phosphorylation of p38K and JNK in Wt BMDMs after 30 or 60 min, whereas 

the levels of phosphorylated p38K and JNK were much lower in Nsm+/- BMDMs upon 

BCG infection (Figure 11F-H). Measurement of the phosphorylated extracellular 

regulated kinase (pERK) showed no difference between Wt and Nsm+/- BMDMs upon 

BCG infection (results not shown).   

To investigate whether Nsm-dependent activation of p38K/JNK is connected to β1-

integrin stimulation or macrophage migration, Wt BMDMs were pretreated for 1 hr with 

anti-β1-integrin antibodies and then infected with BCG for various time periods. These 

experiments revealed that the blockade of active β1-integrin on cells did not change 

the phosphorylation level of either p38K or JNK (data not shown). In contrast, 

pretreatment of macrophages with specific inhibitors of JNK (SP600125) or p38K 

(SB203580) for 1 hr prior infection with BCG prevented BCG-induced β1-integrin 

activation, whereas, the solvent dimethyl sulfoxide (DMSO) was without effect on β1-

integrin activation by BCG (Figure 11I-J). These findings indicated that p38K and JNK 

are upstream of β1-integrin activation. 

Taken together, these findings suggest that BCG modulates macrophage 

migration/clustering through Nsm-dependent p38K/JNK phosphorylation and 

subsequent β1-integrin activation. 



Results 

58 

 

Figure 11. Nsm-dependent migration and cytoskeleton redistribution of BCG-

infected macrophages is mediated by β1-integrin and regulated by p38K and JNK.  

(A) Active 1-integrin expression on the surface of wild-type (Wt) and neutral 

sphingomyelinase heterozygous (Nsm+/-) bone marrow-derived macrophages (BMDMs) 

was determined after Bacillus Calmette–Guérin (BCG) infection for 30 or 60 min by 

immunoprecipitation. Shown is a representative result from 4 independent experiments. 

(B) Quantitative analysis of activation of β1-integrin immunoprecipitation. Shown is the 

mean ± SD, n = 4, of the density of the western blots as determined by ImageJ, given in 

arbitrary units (a.u.). P-values were determined by ANOVA followed by Bonferroni’s 

multiple comparisons test.  
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Figure 11C-E. Nsm-dependent migration and cytoskeleton redistribution of BCG-

infected macrophages is mediated by β1-integrin and regulated by p38K and JNK. 

(C) Wt bone marrow-derived macrophages (BMDMs) were left untreated or pretreated 

with anti–β1-integrin-antibody 9EG7 for 1 hr and were then infected with BCG for 1 or 6 

hrs, fixed and stained with Alexa Fluor 647-labeled phalloidin. The samples were 

analyzed by confocal microscopy. Shown is a picture representing 4 independent 

studies. The scale bar is 50 µm. (D) Wt BMDMs were left untreated or pretreated with 

anti-β1-integrin-antibody 9EG7 for 1 hr and were then left uninfected or infected with 

BCG for the indicated time. Rac1 activity was detected with a Rac1 pull-down assay. (E) 

Wt or Nsm+/- BMDMs were infected with BCG for 25 hrs and either left untreated or 

treated with anti–β1-integrin-antibody 9EG7 every 5 hrs after initiation of infection, for a 

total of 5 times. The samples were stained with hematoxylin and eosin (H&E), and the 

number of macrophage clusters was counted in 100 fields per infection experiment (total 

of 300 fields were counted). Given is the mean ± SD of three independent experiments. 

P-values were determined by ANOVA followed by Bonferroni’s multiple comparisons 

test.  
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Figure 11F-H. Nsm-dependent migration and cytoskeleton redistribution of BCG-

infected macrophages is mediated by β1-integrin and regulated by p38K and JNK.  

 (F-H) Wt or Nsm+/- BMDMs were infected with BCG for the indicated periods of time and 

were then subjected to Western blot analysis using antibodies of p-p38K, p-c-Jun NH2 

terminal kinase (p-JNK), and β-actin (F). The western blot is representative of 4 

independent experiments. Panel G and H displays the quantification of the 

phosphorylation of p38K and JNK performed using ImageJ, given in arbitrary units (a.u.). 

Shown is the mean ± SD of four experiments, p-values were calculated by ANOVA 

followed by Bonferroni’s multiple comparisons test. 
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Figure 11I-J. Nsm-dependent migration and cytoskeleton redistribution of BCG-

infected macrophages is mediated by β1-integrin and regulated by p38K and JNK.  

 (I, J) Expression of active β1-integrin on the cell surface of Wt BMDMs after BCG 

infection for 30 min was measured after pretreatment with SB239063 (10 µM), 

SP600125 (10 µM), or DMSO for 1 hr. (I) Shown is a representative western blot results 

of three independent experiments. (J) The quantification of the western blots performed 

using ImageJ, given in arbitrary units (a.u.), shown are the means ± SD. The exact p-

values were given as determined by ANOVA followed by Bonferroni’s multiple 

comparisons test. 
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4.1.4 Nsm is necessary for granuloma formation in mice upon BCG 

infection 

To find out if the described in vitro findings are also relevant in vivo, Wt and Nsm+/- 

mice were intravenously infected with 1x107 bacteria for various periods of time, and 

the role of Nsm in granuloma formation was investigated. 

First, granuloma formation in livers from Wt and Nsm+/- mice was monitored after 

infection by H&E staining (Figure 12A). The results revealed that in vivo intravenous 

infection with BCG for one week induced only the formation of a small number of liver 

granulomas both in Wt mice and in Nsm+/- mice. Instead, three weeks after infection, 

the liver of Wt mice exhibited larger and more-mature granulomas than that of Nsm+/- 

mice. In fact, the liver of Nsm+/- mice exhibited 2-fold fewer granulomas after three 

weeks of infection than that of Wt mice (Figure 12A-B). Also, at this infection time point, 

three weeks after infection most granulomas in Wt mice contained a small fatty center 

surrounded by lymphocytes; this fatty center was not found in Nsm+/- liver granulomas 

indicating that granulomas in Nsm+/- mice were less mature than in Wt mice (Figure 

12C). 

After 6 weeks of BCG infection, number and size of granuloma in the livers of Wt mice 

was still impressive but slightly reduced in comparison to 3 weeks’ infection, whereas 

almost no granulomas were found in the livers of Nsm+/- mice at this time point (Figure 

12A-B). Granulomas were almost completely cleared from both Wt and Nsm+/- livers, 

12 weeks after infection (Figure 12A-B).  

Lipid droplets accumulation is considered to be the sole carbon source for 

mycobacteria making it essential for their survival and growth within granuloma 

(Peyron et al., 2008; Russell et al., 2009). Therefore, the appearance of lipid droplets 

was investigated by Oil Red O lipid staining in uninfected and infected liver sections 

from Wt and Nsm+/- mice. Light microscopy examination showed that no lipid droplets 

in uninfected livers but impressive lipid droplets in Wt mice after 3 weeks of infection, 

whereas the lesions from Nsm+/- mice had fewer lipid droplets compared to Wt mice 

(Figure 12D-E).  

These findings indicate that the Nsm controls the formation of granulomas in vivo.  
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Figure 12. Nsm modulates granuloma formation in mice upon BCG infection. 

(A) Wt or Nsm+/- mice were left uninfected (0 week post-infection, wpi) or infected with 

107 BCG per mouse for 1 to 12 weeks (1-12 wpi). Cryosections of liver tissue were 

stained with hematoxylin and eosin (H&E) and analyzed by light microscopy with a 20x 

lens. Arrowheads indicate granulomas with a rather large core. Shown are pictures 

representative of four independent experiments. The scale bar represents 200 µm. (B) 

The number of granulomas from 1 to 12 wpi in murine liver tissue was determined by 

counting granulomas in 10 serial sections. Shown are the means ± SD of 3 independent 

experiments (a total of 30 sections was counted), ANOVA followed by Bonferroni’s 

multiple comparisons test. (C) Granulomas in Wt liver were visualized by H&E staining. 

Shown are representative pictures of four independent experiments. The scale bar is 

100 µm. 
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Figure 12 D-E. Nsm modulates granuloma formation in mice upon BCG infection. 

(D and E) Lipid droplets in liver sections from uninfected or 3 weeks infected (3 weeks 

post-infection, wpi) Wt (D) and Nsm+/- (E) mice were visualized with Oil Red staining and 

analyzed by light microscopy with a 20x lens. Shown are representative pictures of four 

independent experiments. The scale bars in overview and region of interest (ROI) 

pictures are 10 µm. 
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4.1.5 Blockade of Nsm-dependent β1-integrin activation reduces 

granuloma formation and improves host outcome upon BCG infection 

in vivo 

To investigate the functional outcome of in vivo granuloma formation regulated by 

active β1-integrin, and to clarify whether these granulomas protect the host or serve 

as a favorable niche for bacteria, active β1-integrin was neutralized in vivo. Therefore, 

mice were first infected with 107 BCG, and then BCG-infected mice were treated with 

either anti-β1-integrin antibody or an isotype control antibody (3 times per week during 

the 3 weeks’ infection period, a total of 9 times). 

To determine the bacterial burden in the liver and spleen of Wt mice, which were left 

untreated or treated with anti-β1-integrin antibodies or isotype control antibodies, CFU 

assays were performed, and BCG in the tissues were stained with Truant dye. The 

results demonstrated that the bacterial numbers in livers and spleens were 40%-50% 

lower in Wt mice treated with anti-β1-integrin antibodies than in untreated Wt mice or 

mice treated with isotype control antibodies (Figure 13 A-C).  

Consistent with the decreased bacterial burden, the results show that anti-β1-integrin 

antibodies treated Wt mice exhibited 40%- 60% fewer granulomas in the liver than 

untreated control mice or isotype control treated animals (Figure 13D). Furthermore, 

these granulomas were less organized and devoid of a large center (Figure 13E). 

Moreover, injection of anti-β1-integrin antibodies to Wt mice reduced the number of 

hepatic bacteria in granulomas compared to untreated mice or isotype control treated 

mice (Figure 13F).  

Furthermore, Red Oil O staining revealed, that anti-β1-integrin antibodies treated Wt 

mice had dramatically reduced (but not absent) lipid droplet accumulations after 3 

weeks of infection with BCG, compared to untreated or isotype control antibodies 

treated mice (Figure 13G).  
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Figure 13. Blockade of β1-integrin leads to the increased killing of BCG and 

reduces granuloma formation in vivo.  

(A) Wt or Nsm+/- mice were infected with BCG for 3 weeks with or without treatment with 

anti-β1 integrin antibodies (anti-β1-integrin-Abs) or its isotype control antibodies (isotype 

control-Abs) 3 times per week. Liver and spleens of those mice were stained with Truant 

dye for visualization of mycobacteria and analyzed by fluorescence microscopy. Shown 

are representative pictures of three independent experiments. The scale bar is 50 µm.  
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Figure 13B-C. Blockade of β1-integrin leads to the increased killing of BCG and 

reduces granuloma formation in vivo.  

(B) Quantitative analysis of 10 serial sections/experiment was performed by 

fluorescence microscopy after Truant staining of the liver (left) and spleen (right) of 3 

weeks infected untreated mice (control), and isotype or β1-integrin antibodies treated 

mice. Experiments were repeated 3 times. Shown are the means ± SD (in percent of 

control) of the number of bacteria in a total of 30 sections, the exact p-value is given as 

determined by ANOVA followed by Tukey’s multiple comparisons test. (C) The total 

number of BCG in tissues homogenates of 3 weeks of infected untreated mice (control), 

and isotype or β1-integrin antibodies treated mice was determined by colony-forming 

unit (CFU) assays. Shown are the means ± SD of the numbers of BCG in liver (left) and 

spleen (right) tissue of at least 6 independent experiments, ANOVA followed by a 

Bonferroni’s multiple comparisons test. 
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Figure 13D-F. Blockade of β1-integrin leads to the increased killing of BCG and 

reduces granuloma formation in vivo.  

(D) The numbers of granulomas in the livers of 3 weeks infected untreated mice (control), 

and isotype control or β1-integrin antibodies treated mice were determined by counting 

in a total of 30 serial sections (10 sections per mouse tissue) by hematoxylin and eosin 

(H&E) staining. Shown are the means ± SD from 3 independent experiments, p-values 

were determined by ANOVA followed Tukey’s multiple comparison tests. (E) 

Granulomas in the livers of untreated, isotype control or β1-integrin antibodies-treated 

mice were visualized by H&E staining. Shown are representative pictures of three 

independent experiments. (F) The number of BCG in granuloma from untreated mice 

(control) and isotype control or β1-integrin antibodies-treated mice were determined by 

counting 10 serial sections of Truant staining of liver tissues of 3 mice (total of 30 serial 

sections). Shown are the means ± SD, p-values were determined by ANOVA followed 

by Bonferroni’s multiple comparisons test. 
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Figure 13G. Blockade of β1-integrin leads to the increased killing of BCG and 

reduces granuloma formation in vivo.  

(G) Accumulation of lipid drops in infected liver sections of 3 weeks infected untreated 

mice and isotype control or β1-integrin antibodies-treated mice were visualized with Oil 

Red stain and analyzed by light microscopy with a 20x lens. Shown are representative 

pictures of 4 independent experiments. Scale bars in overview and region of interest 

(ROI) are 10 µm. 
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4.2 Role of Asm in mycobacterial infection 

4.2.1 Asm deficient mice are more susceptible to BCG infection 

To determine whether Asm plays a role in BCG infections in vivo, Wt and Asm deficient 

(Asm-/-) mice were intravenously infected with 107 BCG.  

These results revealed that CFUs in the livers of Wt mice were significantly reduced 

compared to Asm-/- at 1-day post-infection (dpi). Bacterial burden was 2 fold higher in 

Asm-/- livers than in Wt livers (Figure 14A). In comparison to 1dpi, the hepatic bacterial 

burden at 3 dpi was decreased by 80% in Wt mice and 70% in Asm-/- mice (Figure 

14A). However, absolute hepatic bacterial numbers remained 60% higher in Asm-/- 

mice than Wt mice at 3 dpi (Figure 14A).  

In spleen tissues, CFUs showed a similar result as in liver tissues at 1dpi. The bacterial 

burden in Asm-/- spleens was 1.5-2 fold higher than in Wt spleens after 1 day of 

infection (Figure 14B). Compared to 1 dpi, the splenic bacterial burden was reduced 

by 80% and 90% at 3 dpi in Wt and Asm-/- mice, respectively. In contrast to the 

difference in hepatic CFUs, splenic CFUs did not show a significant difference between 

Wt and Asm-/- at 3 dpi (Figure 14B). These data suggest a rapid control of bacterial 

infection in Wt mice in the early stages and indicate a less efficient bacterial killing in 

Asm-/- mice. 

The numbers of granulomas and bacterial aggregates were monitored from 1 week to 

3 weeks after infection (Figure 14C-F). Histological analysis showed that granulomas 

in livers were generated 3 weeks after infection (Figure 14C). The number of hepatic 

granulomas was 2-3 folds higher in Wt mice than in Asm-/- mice after 3 weeks of BCG 

infection (Figure 14D).  

As granulomas cannot reflect the bacterial load in vivo, the bacterial burden was 

determined by CFU assay after 1 week and 3 weeks of infection. Wt mice showed a 

significantly lower hepatic bacterial burden compared to Asm-/- after 1 week and 3 

weeks of infection (Figure 14E). Consistent with the results of CFUs in spleens 

observed at 3 dpi, no significant differences of splenic bacterial numbers were 

observed between Wt and Asm-/- mice at 1 wpi and 3 wpi (Figure 14F). 
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These data suggest that Asm, especially in the liver, regulates the immune response 

to BCG, limits the bacterial replication and potentially regulates granuloma formation. 

 

Figure 14.  Acid sphingomyelinase deficiency enhances BCG infection in vivo. 

(A-B) Wt or Asm-/- mice were infected with 107 BCG per mouse for 1 day or 3 days. The 

total number of BCG in liver (A) and spleen (B) tissue homogenates were determined 

by CFU assays. Shown are means ± SD of the numbers of bacteria in 6 independent 

experiments, p-values are given by ANOVA followed by Bonferroni’s multiple 

comparisons test.  
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Figure 14C-E. Acid sphingomyelinase deficiency enhances BCG infection in vivo.   

(C-D) Wt or Asm-/- mice were infected with 107 BCG per mouse for 1 week or 3 weeks. 

(C) Cryosections of liver tissues 3 wpi were stained with H&E and analyzed by light 

microscopy with a 20 x lens. Arrows indicate granulomas. Shown are representative 

pictures of 3 independent experiments. (D) The number of granulomas in liver tissue (3 

wpi) was determined by counting them after H&E staining in a total of 10 serial sections 

(3-4 sections per mouse liver). Shown are the means ± SD from, n = 6, t-test.  
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Figure 14E-F. Acid sphingomyelinase deficiency enhances BCG infection in vivo. 

(E-F) The total number of BCG in liver (E) and spleen (F) tissue homogenates was 

determined by CFU assays at 1 wpi and 3 wpi. Shown are means ± SD of bacterial 

numbers of 6 independent experiments, p-values are given by ANOVA followed by 

Bonferroni’s multiple comparisons test. 
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4.2.2. Asm deficiency leads to enhanced bacterial load without affecting 

bacterial internalization in macrophages 

The rapid Asm-dependent BCG control in Wt mice, versus the inability of an early BCG 

clearance in Asm-deficient mice in vivo, suggests the involvement of phagocytes. As 

professional phagocytes, macrophages are the first line of defense in bacterial 

infection (Weiss and Schaible, 2015). Therefore, BMDMs from Wt and Asm-/- mice 

were isolated and infected with BCG to investigate the importance of Asm in dealing 

with BCG infection at the early stages. 

The determination of bacterial numbers in the CFU assays revealed that the bacterial 

burden was decreased at 48 hpi compared to that at 24 hpi only in Wt BMDMs, but 

bacterial burden remained constant in Asm-/- BMDMs (Figure 15A). Wt BMDMs 

contained 30%-40% less intracellular bacteria than Asm-/- BMDMs during this time 

(Figure 15A). These results suggest that Wt BMDMs can eliminate BCG while Asm-/- 

BMDMs allow bacterial survival, which is consistent with the in vivo data presented 

above. 

To investigate whether the higher bacterial load in Asm-/- BMDMs was caused by 

defective BCG-internalization by macrophages, BMDMs were infected by GFP-BCG. 

Bacterial internalization by BMDMs was examined by analyzing the GFP signal in 

infected cells via FACS. To avoid signals from GFP-BCG which only bound to cells but 

not internalized, trypan blue quenching was applied. Trypan blue absorbs the 

fluorescence emitted by green-emission fluorochromes or fluorescent proteins (i.e., 

GFP), and it is widely used to quench green fluorescence in microscopy and flow 

cytometry (Hed, 1986; Szollosi et al., 1984; Tschop et al., 2010). Therefore, trypan 

blue rapidly treated and fixed cells exhibited GFP signals only from internalized GFP-

BCG as shown in Figure 15C (internalization), while cells without trypan blue treatment 

represented cells containing both adherent and internalized GFP-BCG as shown in 

Figure 15B (binding + internalization).  

The FACS results suggested that neither bacterial binding nor internalization differed 

between Wt and Asm-/- BMDMs (Figure 15B-C). Around 40% of the cells were GFP 

positive in the first 30 min of infection, but only 20% of the cells remained GFP positive 

after trypan blue quenching in both Wt and Asm-/- BMDMs (Figure 15B-C). After 1 hr 

of infection, cells with trypan blue quenching showed similar GFP positive percentage 
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(about 40%) to cells without trypan blue treatment. This suggested that bacteria were 

all internalized into cells (Figure 15B-C). These results indicated that binding and 

internalization of BCG by BMDMs are independent of the Asm and that the higher 

bacterial burden in Asm-/- macrophages is not caused by enhanced binding and uptake 

of BCG.  

Taken together, these results suggest that, Asm deficiency leads to higher 

susceptibility of macrophages to BCG infection in vitro, which is consistent with the in 

vivo results. 

 

Figure 15. Bacterial overload in Asm deficient BMDMs is not due to enhanced 

internalization. 

(A) Wt or Asm-/- BMDMs were infected with BCG for 24 hrs or 48 hrs, the CFUs were 

determined on agar plates. Shown are the means ± SD from 3 independent experiments. 

The quantitative analysis was performed with GraphPad and analyzed with two-way 

ANOVA followed by Bonferroni’s multiple comparisons test. (B-C) Macrophages were 

infected with BCG-GFP for the indicated time, and bacterial binding (B) and 

internalization (C) was determined by analyzing GFP signals in cells without or with 

trypan blue quenching via FACS analysis of 10.000 cells/sample at BL1 channel. 
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Uninfected cells were used as a control. The results are representative of 3 independent 

studies. 

4.2.3 Asm is essential for BCG degradation by cathepsin D 

Maturation of phagosomes and the subsequent activation of cathepsins are important 

for degradation of bacteria and control of BCG infections (Deretic et al., 1997; Seto et 

al., 2011). The degradative activity or bactericidal capacity of the matured phagosome 

is achieved by hydrolytic enzymes, for example, cathepsins (Pauwels et al., 2017; 

Pires et al., 2016). To determine whether the Asm induces degradation of BCG, 

cathepsin D was investigated. Western blots for cathepsin D showed that this 

hydrolytic enzyme was degraded in Asm-/- macrophages upon BCG infection while it 

remained expressed in Wt at the level of uninfected cells (Figure 16A-B). Moreover, 

immunofluorescent stainings for cathepsin D showed a co-localization between 

cathepsin D and bacteria in infected Wt macrophages, whereas it was absent in 

infected Asm-/- macrophages (Figure 16C). These results suggest that Asm is 

important for phagosome-lysosome fusion and may induce interaction between BCG 

and cathepsin D. To assess whether the activated and colocalized cathepsin D in Wt 

cells functioned as a bactericidal factor, as it is described for L. monocytogenens, 

Streptococcus pneumonia, and S. aureus (Bewley et al., 2011; del Cerro-Vadillo et al., 

2006; Thorne et al., 1976), an inhibitor of cathepsin D, pepstatin A, was used in the 

study. BMDMs from Wt and Asm-/- mice were left untreated or pretreated with pepstatin 

A 1 hr before infection, and the bacterial load was determined 24 hrs after infection 

(Figure 16D). The measurements revealed that pepstatin A treated Wt BMDMs 

showed significantly higher CFUs than untreated Wt BMDMs, whereas the inhibition 

did not lead to a higher bacterial burden in Asm-/- BMDMs.  

Taken together, the results indicate that the Asm contributes to BCG killing in 

macrophages via cathepsin D. 
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Figure 16. Asm is essential for BCG degradation by cathepsin D in macrophages.  

 (A-B) BMDMs were infected with BCG for the indicated periods of time and were then 

subjected to Western blot analysis using antibodies of cathepsin D and β-actin. (C) The 

western blot is representative of 3 independent experiments. (D) The quantitation of the 

cathepsin D/Actin was performed using ImageJ. Displayed are the means ± SD of 3 

experiments, p-values were calculated by ANOVA followed by Bonferroni’s multiple 

comparisons test. 
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Figure 16C-D. Asm is essential for BCG degradation by cathepsin D in 

macrophages. 

(C) Cells were left uninfected or infected with BCG for 60 min, then fixed and stained 

with Cy3-coupled cathepsin D. The samples were analyzed by confocal microscopy. 

Shown are pictures representing 3 independent studies. The scale bar is 10 µm. (D) 

BMDMs were left untreated or pretreated with 10 μM pepstatin A for 1hr and infected 

with BCG for 24 hrs. The number of BCG CFUs was determined after 2 weeks of culture. 

Shown are the means ± SD of the colony-forming units (CFUs) of 3 independent 

experiments. The quantitative analysis was performed with GraphPad and analyzed with 

two-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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4.2.4 Asm mediates cathepsin D activation via ROS 

Reactive oxygen species (ROS) play an essential role in the microbicidal activity of the 

host (Bedard and Krause, 2007; Rybicka et al., 2010). This raises the question of 

whether ROS mediates the Asm-dependent bacterial degradation during BCG 

infection. To address this question, ROS production was investigated in BCG-infected 

BMDMs of Wt and Asm-/- mice. Within Wt BMDMs, ROS (Figure 17A) and superoxide 

levels (Figure 17 B) were rapidly elevated within 5 to 30 min after BCG infection. 

However, Asm-/- macrophages produced 20-30% less ROS after infection (Figure 17A-

B).  

To investigate the connection between ROS and cathepsin D upon BCG infection, the 

ROS inhibitor, apocynin, was used and the expression and distribution of cathepsin D 

were examined in those cells. For this purpose, macrophages from Wt and Asm-/- mice 

were left untreated or were pretreated with apocynin 60 min before infection. 

Subsequently, Western blots and immunofluorescent stainings for cathepsin D were 

performed. As shown in Figure 17C, the cathepsin D level in apocynin-treated Wt 

BMDMs was reduced after BCG infection for 30 min and 60 min compared to untreated 

Wt cells, while apocynin has no influence on cathepsin D expression level in Asm-/- 

macrophages (Figure 17C). Consistently, imaging results showed that the treatment 

with apocynin in Wt BMDMs reduced the co-localization between cathepsin D and 

BCG (Figure. 17D). These data indicate that Asm-mediated interactions between 

bacteria and cathepsin D are regulated via ROS. 

ROS are produced by the activation of NADPH oxidase (NOX, mostly Nox2) via the 

binding of cytosolic subunits (p47phox, p40phox, p67phox, and Rac1 or Rac2) to 

transmembrane subunits (gp91 and p22) (Bedard and Krause, 2007). To figure out 

how Asm induces ROS production and whether Asm regulates Nox2 subunits, analysis 

of some involved proteins was performed by Western blot and immunofluorescent 

staining of infected BMDMs of Wt and Asm-/- mice. Only the expression of the Nox2 

subunit p47phox was different upon infection and showed a higher level in Wt BMDMs 

than in Asm-/- BMDMs (Figure 17E). Other subunits, such as gp91, p22, p67phox, and 

active Rac1, showed no difference in expression between Wt and Asm-/- BMDMs after 

BCG infection (Figure 17E). Moreover, p47phox immunofluorescent staining showed not 

only a higher protein expression in Wt macrophages after 60 min of infection but also 
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an increased colocalization with BCG in Wt. This was absent in Asm-/- BMDMs (Figure 

17E-F). These data suggest that Asm controls ROS production via regulation of Nox2 

subunit p47phox.  

 

Figure 17. Asm regulates cathepsin D activation in BCG infected BMDMs via ROS.   

(A-B) Wt or Asm-/- BMDMs were infected with BCG for the indicated time, (A) To 

determine ROS burst, cells were incubated with a fluorescence probe, ROS deep red 

dye, and the fluorescence was determined by a fluorescence microplate reader at 

Ex/Em=650/675 nm (cut off 665 nm) after 30 min. Relative fluorescence unit (RFU) was 

used to represent the ROS release. (B) Superoxide production was measured by 

electron spin resonance. Shown are means ± SD of 3 independent experiments, p-

values were calculated by ANOVA followed by Bonferroni’s multiple comparisons test.  
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Figure 17C-D. Asm regulates cathepsin D activation in BCG infected BMDMs via 

ROS. 

(C-D) BMDMs were left untreated or pretreated with 10µM apocynin for 1hr and infected 

with BCG for 1 hr. (C) After the indicated time of infection, cells were lysed and subjected 

to western blot to determine cathepsin D expression. Actin levels were used for 

normalization. (D) Cells were infected for 30 min, fixed and stained with Cy3-coupled 

cathepsin D. Representative confocal fluorescence and western blot images of 3 

independent experiments are shown. 
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Figure 17E-F. Asm regulates cathepsin D activation in BCG infected BMDMs via 

ROS.   

(E) BMDMs from Wt and Asm-/- mice were infected with BCG for the indicated time or 

left uninfected and then lysed. Western blot or immunoprecipitation was performed to 

determine the expression of Nox2 subunits, gp91phox, p67phox, p47phox or the activation of 

Rac1. Shown are representative results from 3 independent studies. (F) Cells were left 

uninfected or infected with BCG for 30 min then fixed and stained with Cy3-coupled 

p47phox. The samples were analyzed by confocal microscopy. Shown are representative 

pictures of 3 independent studies. The scale bars are 10 µm.  
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4.2.5 Asm regulates ROS via the Sphingosine kinase (SphK)/S1P 

To better understand how Asm regulates the activation of NADPH oxidase and its 

enhancement of ROS, and which types of sphingolipids were influenced by the 

infection, conversion of sphingolipids upon BCG infection was measured. For this 

purpose, the Asm and Ac activities were measured in infected BMDMs of Wt and Asm-

/- mice. In BCG-infected Wt BMDMs, Asm and also Ac activities were significantly 

increased upon BCG infection for 5 min until 2 hrs and reached for both enzymes a 

maximum after 30 min of infection (Figure 18A-B). In contrast, neither Asm nor Ac 

activity was significantly elevated in Asm-/- macrophages after infection (Figure 18A-

B).  

These results suggest a sphingolipid metabolism shift during BCG infection. Previous 

work has shown a bactericidal role of several sphingolipids. Some of them are also 

related to ROS release (Anes et al., 2003). Therefore, sphingolipids levels were 

investigated upon BCG infection. Mass spectrometry measurements of sphingolipids 

levels showed that sphingomyelin was accumulated in Asm-/- BMDMs after BCG 

infection whereas other sphingolipids, such as ceramide, sphingosine and S1P, were 

not affected upon BCG infection in this genotype (Figure 18C-F). The basal level of 

sphingomyelin in Wt BMDMs was lower in comparison to Asm-/- macrophages. In 

contrast to the levels in Asm-/- macrophages, sphingomyelin remained unchanged in 

Wt BMDMs during the infection. The basal levels of ceramide, sphingosine, and S1P 

in Wt cells were higher than in Asm-/- macrophages (Figure 18C-F). Neither ceramide 

nor sphingosine level was increased upon infection in Wt BMDMs, although both Asm 

and Ac were activated upon BCG infection (Figure. 18 C-E). Instead, S1P was 

significantly elevated in Wt BMDMs after BCG infection but not in Asm-/- BMDMs 

(Figure 18F). These data indicate that the activation of Asm upon BCG infection leads 

to the production of S1P. In addition, the determination of the individual ceramide 

species by mass spectrometry showed that certain ceramides (C16, C18, C20, C22) 

were not different between Wt and Asm-/- BMDMs (Figure 18G-J), whereas C24 and 

C24:1 ceramides were dependent on the expression of Asm (Figure 18K-L). 

SphK produces S1P via phosphorylation of sphingosine. Both S1P and SphK have 

been shown to effectively control mycobacterial infection (Garg et al., 2004; Malik et 

al., 2003; Prakash et al., 2010; Yadav et al., 2006). S1P has also been shown to induce 
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ROS production (Catarzi et al., 2007). To examine these relationships with regard to 

mycobacterial infection, the SphK inhibitor, SKI-I was used, and expression of the 

Nox2 subunit, p47phox upon BCG infection was determined in Wt macrophages. 

Western blot and immunofluorescent stainings revealed that the inhibition of S1P by 

SKI-I reduced the expression of p47phox in Wt macrophages after 30 min of BCG 

infection (Figure 18 M) and diminished the co-localization of p47phox with mycobacteria 

(Figure 18N). Consistently, ROS production was downregulated upon SKI-I treatment 

after 30 min of BCG infection in Wt macrophages (Figure 18O). To assess whether 

Sphk/S1P was related to bactericidal function, the bacterial load in Wt and Asm-/- 

BMDMs under the influence of the inhibitor of SphK was detected. BMDMs were left 

untreated or pretreated with SKI-I for 1 hr before infection, and the bacterial burden 

was determined after 24 hrs of infection (Figure 18P). SKI-I treated Wt BMDMs 

contained significantly higher CFUs than untreated Wt BMDMs, whereas there was no 

significant change in Asm-/- BMDMs (Figure 18P).  

Taken together, these data suggest that Asm controls ROS production and Nox2 

subunit p47phox via the SphK/ S1P system and that SphK mediates bactericidal effects. 
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Figure 18. Asm regulates Nox2 subunit p47phox in macrophages upon BCG 

infection via SphK/S1P.  

(A-B) BMDMs were left uninfected or infected with BCG for the indicated time. Asm 

activity (A) and Ac activity (B) was assessed using, respectively, BODIPY-labeled 

sphingomyelin and NBD-labeled ceramide as a substrate. Given are the means ± SD of 

n = 3. (C-F) Wt or Asm deficient BMDMs were infected with BCG for the indicated times 

and the consumption of sphingomyelin (C), ceramide (D), sphingosine (E), S1P (F) 

levels were measured by rapid resolution liquid chromatography/mass spectrometry. 

Displayed are the means ± SD of 3 experiments. 
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Figure 18G-L. Asm regulates Nox2 subunit p47phox in macrophages upon BCG 

infection via SphK/S1P.  

(G-L) Wt or Asm deficient BMDMs were infected with BCG for the indicated times and 

the consumption of ceramide species C16 (G), C18 (H), C20 (I), C22 (J), C24 (K), C24:1 

(L) levels were measured by rapid resolution liquid chromatography/mass spectrometry. 

Displayed are the means ± SD of 3 experiments.  
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Figure 18M-N. Asm regulates Nox2 subunit p47phox in macrophages upon BCG 

infection via SphK/S1P.  

(M) Wt BMDMs were left untreated (0 μM) or pretreated with 1 μM or 5 μM SphK inhibitor 

(SKI-I) for 1 hr and infected with BCG for 30 min. Cells were lysed to determine p47phox 

expression. Shown are representative results of 3 independent experiments. (N) Cells 

were left untreated or pretreated with 1 μM SphK inhibitor (SKI-I) for 1 hr. Cells were 

then infected with BCG for 30 min. Cells were fixed and stained with Cy3-coupled 

p47phox. Shown are representative confocal fluorescence images of three independent 

experiments. 
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Figure 18O-P. Asm regulates Nox2 subunit p47phox in macrophages upon BCG 

infection via SphK/S1P.  

(O) Wt BMDMs were left untreated or pretreated with 1μM SKI-I for 1 hr. Cells were then 

infected with BCG for 30 min. Cells were washed and incubated with a fluorescence 

probe, ROS deep red dye, and fluorescence was determined by a fluorescence 

microplate reader after 30 min. Relative fluorescence unit (RFU) was used to represent 

the ROS release. (P) Wt or Asm deficient BMDMs were left untreated or pretreated with 

1 μM SKI-I for 1hr and then infected with BCG for 24 hrs. Cells were lysed, and bacterial 

numbers were counted on agar plates. Shown are the means ± SD of the CFUs of 3 

independent experiments. The quantitative analysis was performed with GraphPad and 

analyzed with one-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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4.2.6 Transplantation of Wt BMDMs partially reverses susceptibility of 

Asm-/- mice to BCG infection 

To further prove that the Asm is important for BCG infection in vivo and to clarify if 

macrophages are responsible for clearance of early BCG infection, in vivo 

transplantation experiments were performed. Therefore, Wt or Asm-/- mice were 

transplanted either with Wt or Asm-/- BMDMs.  

To establish the protocol of macrophage depletion with clodronate liposomes and 

reconstitution, mice were transplanted with various numbers of macrophages and 

compared with non-transplanted or untreated mice. The percentages of macrophages 

from bone marrows, livers and spleens were measured by FACS (Figure 19A). The 

results showed that the depletion of macrophages with clodronate liposomes was quite 

efficient in all tested organs. In bone marrow and liver, macrophages were 90% 

depleted at day 2 (24 hrs), and the effect persisted for at least 2 weeks after a single 

depletion (indicated in the bars “clod d2” and “clod d14”). In the spleen, the depletion 

of macrophages was 50% after 2 weeks. The results of reconstitution with 

macrophages showed that 1 million cells were not sufficient for reconstitution of 

macrophages in mice (indicated in the bar “1m d2”). Both macrophages in liver and 

bone marrow were just recovered by 50% after the transplantation, while, 

transplantations with 5 million or 10 million macrophages were sufficient to reconstitute 

macrophages in all organs after 24 hours (indicated in the bars “5m d2” and “10m d2”). 

Therefore, for the following studies, mice macrophages were depleted once with 

clodronate liposomes for 24 hrs, and on the next day, mice were transplanted with 5 

million BMDMs from Wt or Asm-/- mice. At day 3, mice were then infected with 107 BCG 

and monitored for an infection time of 1 day or 3 days. Bacterial burdens in the livers 

and spleens of transplanted mice were determined by CFUs. 

Quantification of the bacterial burden after transplantation and infection revealed that 

bacterial burden in the liver of Asm-/- mice transplanted with Asm-/- BMDMs was 

significantly higher than that in Asm-/- mice transplanted with Wt BMDMs, both at 1dpi 

and 3dpi (Figure 19B-C). Surprisingly, Wt mice transplanted with Asm-/- BMDMs were 

not suffering a higher hepatic bacterial burden compared to those mice transplanted 

with Wt BMDMs (Figure 19B-C). These results indicate that Wt mice may have other 

complementing immune responses to prevent an uncontrolled infection. 
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However, the bacterial burden in the spleen was not significantly altered in Asm-/-mice 

transplanted with Wt BMDMs compared to Asm-/- mice transplanted with Asm-/- 

BMDMs at 1dpi and 3dpi (Figure 19D-E). These results suggest a limited immune 

defense function of transplanted macrophages in the spleen. 

Together, these results suggest that, at least in the liver, the susceptibility of Asm-/- 

mice to BCG infection is due to the impaired microbicidal effect of Asm-/- macrophages, 

and that the transplantation of Wt BMDMs can reverse this effect.  

 

Figure 19. Transplantation of Wt macrophages partially reverses the bacterial 

burden in Asm-/- mice. 

(A) To analyze the percentage of macrophages after depletion and reconstitution, mice 

were intravenously injected with clodronate liposomes or left untreated (control), and the 

depletion state was analyzed 24 hrs or 14 days after depletion (clod d2, clod d14). Mice 

were transplanted either with 1 million, 5 million or 10 million BMDMs (1m, 5m, 10m) 

24hrs after depletion. The reconstitution was analyzed 24hrs after transplantation (1m 

d2, 5m d2, 10m d2) with FACS.  
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Figure 19B-E. Transplantation of Wt macrophages partially reverses the bacterial 

burden in Asm-/- mice. 

(B-E) Wt or Asm-/- mice were intravenously injected with clodronate liposomes or 

untreated 2 days before infection and were transplanted with 5×106 Wt or Asm-/- BMDMs 

via intravenous injection 1 day before infection. Transplanted and control mice were 

infected with 107 BCG for 1 day or 3 days. The total numbers of BCG in liver 

homogenates were determined at 1 dpi (B) and 3 dpi (C), in spleen homogenates at 1dpi 

(D) and 3dpi (E) by CFUs, p-values were determined by one-way ANOVA followed by 

Bonferroni’s multiple comparisons test, n=6. 
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5 Discussion 

5.1 The role of Nsm in mycobacterial infection  

The results of this study show that neutral sphingomyelinase (Nsm) dependent 

activation of β1-integrin is a functional mediator of Bacillus Calmette-Guérin (BCG)-

induced granuloma formation in mice. 

Granulomas, a histopathological feature and a hallmark of TB have been described 

and studied for more than a century (Adams, 1976). Current results show that active 

β1-integrin is a novel mediator for the regulation of granulomas, which are a favorable 

niche for mycobacteria during infection.  

Based on the present work, the following scenario is assumed (Figure 20): BCG 

infection activates Nsm in macrophages which results in activation and trapping of 

surface β1-integrin via the p38K/JNK pathway, Rac1 activation, and actin protrusion. 

The activation of Rac1 and the rearrangement of actin lead to the migration of 

macrophages and the formation of multiple granulomas in vivo, which seem to be a 

secure reservoir for mycobacteria. Infecting mice, which are heterozygous for Nsm 

(Nsm+/-) or neutralizing active β1-integrin in wild-type (Wt) mice by administering 

corresponding antibodies disrupt the formation of granulomas and reduces the 

bacterial burden in infected hosts. This interrupts the trajectory of the BCG infection 

and protects the host from mycobacterial infection. 

 

Figure 20. The scenario of β1-integrin regulated cytoskeleton redistribution and 

granuloma formation upon BCG infection.  

BCG infection activates Nsm in macrophages which results in p38K/JNK activation 

followed by stimulation of surface β1-integrin, Rac1 activation, and actin reorganization. 
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The rearrangement of actin leads to migration of macrophages and the formation of 

multiple granulomas in vivo.   

Nsm and 1-integrin 

Integrins are widespread adhesion receptors and migration mediators, as well as 

mechanosensors transmitting biochemical signals and mechanical forces across cell 

membranes (Calderwood et al., 2000; Weber et al., 2011). Among these, β1-integrin 

is one of the most common integrins associated with bacterial adhesion and actin 

cytoskeleton rearrangements (Calderwood et al., 2000). Also, β1-integrin leads to the 

invasion of mycobacteria into macrophages, their persistence in these cells, and their 

spread into other macrophages (Bermudez et al., 1997). It has been documented that 

the fusion of macrophages and the generation of in vitro granulomas are in part 

dependent on β1-integrin (McNally and Anderson, 2002; Puissegur et al., 2007).  

Despite the characterization of β1-integrin in mycobacterial infection, the mechanism 

behind it remained largely unknown. Notable and recently described functions of active 

β1-integrin include the regulation of pulmonary metastasis of melanoma cells in mice 

and of the susceptibility of mice and humans with cystic fibrosis to P. aeruginosa 

infections via Asm/ceramide system (Carpinteiro et al., 2015; Grassme et al., 2017). 

The present work, for the first time, indicates that active β1-integrin is directly 

responsible for cell cytoskeleton rearrangement and the formation of granulomas upon 

mycobacterial infection. 

It is known that β1-integrin can exist in three states: an inactive bent state, a primed 

extended closed state, and an active extended open state (Luo et al., 2007; Su et al., 

2016). In the present study, 9EG7 antibodies are used to neutralize active β1-integrin 

on the cellular surface. The 9EG7 antibody recognizes the activated extended closed 

or open state form of β1-integrin, which binds to the integrin-epidermal growth factor 

domain 2 (I-EGF2) within the β1-integrin molecule (Su et al., 2016). Treatment with 

9EG7 antibodies recognized β1-integrin and stabilized its activation state, after that it 

can be endocytosed, thus neutralizing its function. 

Therefore, the results of immunoprecipitation with 9EG7 antibodies indicate that BCG 

infection induces a conformational change of β1-integrin from the inactivated to the 

activated form and that this conformational change is strictly dependent on Nsm 

activation. The BCG-induced activation of β1-integrin is insufficient to induce β1-
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integrin trafficking and internalization. Neutralization of active β1-integrin with 9EG7 

dramatically blocked granuloma formation by approximately 40% and reduced 

bacterial burden after BCG infection. This effect was dependent on Nsm both in vitro 

and in vivo. The results in this study showed marked Nsm- and β1-integrin-dependent 

phosphorylation of p38K and JNK upon BCG infection. Pretreatment of infection with 

pharmacological inhibitors of p38K and JNK, SB239063 and SP600125, blocked β1-

integrin activation, granuloma formation, and bacterial burden upon infection. These 

findings are consistent with a previous report, indicating that hypoxia activates β1-

integrin via p38K in human vascular smooth muscle cells (Blaschke et al., 2002). 

Besides, the Karakashian group has reported that the stimulation of JNK 

phosphorylation is dependent on the Nsm/ceramide-activated protein phosphatase in 

primary hepatocytes (Karakashian et al., 2004). 

Nsm and cytoskeleton 

Rac1 has been described to precede foreign body giant cell formation (Jay et al., 

2007). This formation seems to be dependent on interleukin-4, which induces 

multinucleation of murine BMDMs, accompanied by elongation and lamellipodia 

formation before fusion. Inhibition of Rac1 limited lamellipodia formation in a dose-

dependent manner, thus reducing the fusion of macrophages (Jay et al., 2007). The 

data presented here demonstrate that the activation of β1-integrin induces the 

stimulation of Rac1 and the generation of F-actin-composed lamellipodia upon BCG 

infection. Genetic heterozygosity for Nsm or functional blockade of active β1-integrin 

with 9EG7 in Wt mice leads to apical F-actin depolymerization and Rac1 deactivation. 

A similar downregulation of granuloma formation was observed after pretreatment with 

the Rac1 inhibitor NSC23766. Thus, this study demonstrates that Nsm dependent 

activation of β1-integrin induces cytoskeleton rearrangement, which in turn drives 

macrophage migration into granuloma formation upon BCG infection.  

Nsm and mycobacterial granuloma  

The role of granulomas in balancing the host defense and bacterial survival remains 

controversial because various mechanisms control initiation and maintenance of 

granuloma formation. Real-time visualization of Mycobacterium marinum, a zebrafish 

model of TB, showed that bacteria-containing macrophages led to the initiation of 
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granuloma formation (Davis et al., 2002). Studies using zebrafish suggest that, 

although participating macrophages may partially restrict the growth of mycobacteria, 

the newly recruited cells transform the granuloma from a protective environment into a 

hostile surroundings to the host (Clay et al., 2008; Davis and Ramakrishnan, 2009; 

Pagan and Ramakrishnan, 2014; Pagan et al., 2015). The results of the experiments 

reported here indicate that BCG uses granulomas for persistence: a reduction in 

granuloma formation in Nsm+/- mice or in mice treated with anti-1-integrin antibodies 

is consistent with a lower bacterial burden. In contrast, Wt mice or mice treated with 

isotype control antibodies contain more granulomas and higher bacterial burden. Thus, 

it is suspected that bacteria use active β1-integrin as a driver for the recruitment of 

newly uninfected cells, which promotes granuloma formation.  

Two observations support the possibility that the formation of granulomas in 

mycobacterial infections affects disease transmission. First, macrophages use 

classical epithelial pathways to generate mycobacterial granulomas. Because 

granuloma formation also creates a barrier against immune cell access and thus 

increases the bacterial load, it also damages the host (Cronan et al., 2016). Second, 

foamy macrophages, which could be described as lipid synthesis-dysregulated cells, 

within granulomas support the persistence of bacteria by providing a nutrient-rich 

reservoir. This changes the tissue pathology, thus resulting in cell destruction and the 

release of infectious bacteria (Peyron et al., 2008; Russell et al., 2009). The presented 

in vivo studies did not show classical TB granuloma since in vivo studies showed 

neither a tightly organized layer of cells surrounding the center of granuloma nor a 

necrotic center. This observation is not only due to the fact, that BCG are attenuated 

mycobacteria, but also because structures of granulomas seem to differ between mice 

and humans with a lack of necrotic centers even in TB-induced granulomas in mice 

(Guirado and Schlesinger, 2013; Rhoades et al., 1997). However, lipid droplet 

accumulations were found in Wt granuloma, which was almost absent in Nsm+/- mice 

or in Wt mice after treatment with anti-1-integrin antibodies. It is assumed, that lipid 

droplets in mycobacterial induced granulomas serve as the sole carbon sources for 

the bacteria. Therefore, they are essential for mycobacterial survival and growth within 

granuloma (Peyron et al., 2008; Russell et al., 2009). The observed lipid droplets seem 

to be quite similar to those found in nascent granulomas detectable in the lungs of 

humans with TB (Kim et al., 2010). 
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Previous studies have found that BCG infection in macrophages increases the 

formation of lipid droplets (D'Avila et al., 2006). Also, ceramide levels are reported to 

be raised in mycobacteria-induced necrotic lung granulomas (Kim et al., 2010). More 

recently, Senkal et al. identified a pathway whereby ceramide is converted to 

acylceramides for storage in lipid droplets (Senkal et al., 2017; Shamseddine et al., 

2015). The current study reports that Nsm is rapidly activated after BCG infection in 

Wt BMDMs and that this activation results in the generation of ceramide at the inner 

leaflet of the plasma membrane via hydrolysis of sphingomyelin. This finding raises the 

possibility that ceramide may be a source of lipid droplets in BCG infection and that 

these droplets could be further translocated and metabolized by bacteria (Airola et al., 

2017).  

Nsm, sphingosine, and ROS 

Previous studies have shown that M. tuberculosis can inhibit SphK and block the Ca2+ 

flux to arrest phagosome maturation and to induce a pro-inflammatory response (Malik 

et al., 2003; Yadav et al., 2006). Also, it has been reported that S1P induces 

antimicrobial activity in human macrophages (Garg et al., 2004). Together, these 

findings suggest that the sphingosine metabolism is involved in and mediates 

mycobacterial infections. Most recently, it has been shown that the accumulation of 

luminal β1-integrin results in sphingosine depletion and thereby enhances the 

susceptibility of CF mice towards pulmonary P. aeruginosa infection (Grassme et al., 

2017). It would be exciting to study the role of sphingosine metabolism in BCG-induced 

β1-integrin-mediated granuloma formation because it could lead to extended 

knowledge about mycobacterial infections in the future.  

Previous studies have shown that BCG-induced rapid activation of Nsm results in an 

over-release of superoxide (reactive oxygen species, ROS). Thereby autophagy is 

suppressed, and bacterial killing is decreased both in vitro and in vivo (Li et al., 2016). 

The findings in the present studies show another consequence of Nsm activation 

during BCG infection, namely, the generation of granulomas via active β1-integrin. It 

would be intriguing to study whether these two mechanisms are co-orchestrated during 

mycobacterial infection. Especially since the antimicrobial effect of ROS is also 

reported to be a necessary condition for necrosis of granulomas (Roca and 

Ramakrishnan, 2013). The results in this work show that active β1-integrin induces the 
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activation of Rac1, which may well serve as a contributor to ROS generation via 

NADPH oxidase (Hordijk, 2006; Li et al., 2017). 

Overall, this study suggests that Nsm dependent active β1-integrin plays a central role 

in macrophage migration and granuloma formation. The study also clearly indicates 

that an organized granuloma can be a protective niche for Mycobacteria (Cronan et 

al., 2016; Dorhoi and Kaufmann, 2014; Philips and Ernst, 2012; Ramakrishnan, 2012; 

Volkman et al., 2004). The interruption of granuloma formation by heterozygosity of 

the Nsm or anti-β1-integrin treatment results in protection against systemic BCG 

infection. This suggests that existing therapies may be enhanced by modulating the 

generation of granulomas.  
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5.2 The role of Asm in mycobacterial infection 

The mycobacterial infections have been reported to be mediated by Asm (Roca and 

Ramakrishnan, 2013; Utermohlen et al., 2008; Vazquez et al., 2016), but the role of 

Asm in regulating the infection is controversial, and several fundamental questions 

remain to be answered. It has been shown that Asm regulates cell fusion by changing 

the lipid composition on the cellular membrane. Thereby, it contributes to the spreading 

of mycobacterial infection, while the inhibition of Asm prevents uncontrolled 

mycobacterial infection (Utermohlen et al., 2008). Another study showed that 

mycobacterial infection leads to activation of the Asm, thereby increasing ceramide, 

which in turn resulted in necrosis of infected cells (Roca and Ramakrishnan, 2013). 

Vazquez et al. showed that Asm is forwarded to phagosomes by Sortlin1, thus 

mediating phagosome-lysosome fusion, and controlling bacterial infection (Vazquez et 

al., 2016). These findings not only emphasize the importance of Asm in mycobacterial 

infections but also raise some key questions: how does Asm promote elimination or 

persistence of mycobacteria and what are the factors involved in this process? 

Elucidation of the mechanism of Asm mediated mycobacterial infections may explain 

the discrepancies between the mentioned studies and provide novel therapeutic 

targets for controlling tuberculosis, one of the most important diseases caused by 

mycobacteria. 

The present data provide a novel mechanistic link between mycobacterial infections 

and Asm functions. An attenuated mycobacterial strain, BCG, causes a disease in 

mice, which is similar to tuberculosis in humans. In this study, BCG was used to infect 

mice to reflect the in vivo situation or infect BMDMs isolated from these mice to study 

the molecular mechanisms of the infection in vitro. The findings in this thesis suggest 

that Asm is essential for controlling BCG infection and limiting BCG survival both in 

vivo (especially in the liver) and in vitro. By using BMDMs isolated from Wt and Asm-/- 

mice, the study elucidates that Asm mediates expression of cathepsin D and 

degradation of BCG by cathepsin D, thus providing crucial evidence for the 

involvement of Asm in the fight against mycobacterial infections. The results in the 

thesis lead to the following scenario (Figure 21): Internalization of BCG induces 

activation of Asm and Ac, enhances SphK activity and thereby increases the S1P 

levels. The elevated S1P increases Nox2 subunit p47phox and triggers production of 

ROS, which in turn activates cathepsin D. Subsequently, BCG are exposed to 
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cathepsin D, thus triggering bacterial killing. All of these events were abolished in Asm-

/- mice, leading to their high susceptibility to BCG infection. The importance of these 

findings was confirmed in an in vivo BMDMs-transplantation model: Asm-/- mice 

received BMDMs either from Wt mice or Asm deficient mice and were then infected 

with BCG. This model showed that reduced bacterial burden of Asm-/- mice occurred 

when Wt BMDMs were transplanted, while transplantation of Asm-/- BMDMs does not 

affect BCG load in Asm-/- mice. These results suggest that Asm is essential in 

enhancing anti-mycobacterial immunity in mice and that macrophages are crucially 

involved in this defense.   

 

Figure 21. The scenario of Asm regulated BCG infection in macrophages.  

BCG infection stimulates Asm and Ac in macrophages which increases S1P by 

activating SphK and triggers ROS production via Nox2 subunit p47phox. Subsequently, 

ROS-activated cathepsin D is co-localized with BCG and mediates bacterial killing. 

Abbreviations: Lamp1, lysosomal-associated membrane protein 1; BCG, Bacillus 

Calmette-Guérin; SM, sphingomyelin; Asm, acid sphingomyelinase; Ac, acid 

ceramidase; Sph, sphingosine; SphK, sphingosine kinase; S1P, sphingosine-1-

phosphate. 

Asm and mycobacterial phagocytosis 

The present data show that deficiency of Asm leads to a high sensitivity of BCG 

infection both in vitro and in vivo. Furthermore, transplantation of Wt BMDMs to Asm-/- 

mice partially reverses the susceptibility of Asm-/- mice to BCG infection. These data 

suggest that macrophages, as professional phagocytes, play an essential role in 

ingesting mycobacteria. Previous work has linked Asm with bacterial phagocytosis, 
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reporting either increased bacterial internalization or phagosome-lysosome maturation 

(Li et al., 2017; Schramm et al., 2008). Recognition of microbial pathogens by 

phagocyte surface receptors and their phagocytic uptake are the first step of immune 

defense against bacterial infections. This study here shows that both the binding and 

internalization of BCG into macrophages are independent of Asm. These results imply 

that other Asm-independent pathways are relevant in mycobacterial adherence and 

internalization. Some studies already provide evidence that mycobacteria can be taken 

up by Asm/ceramide-independent pathways. One potential candidate is complement 

receptor 3 (CR3) (Velasco-Velazquez et al., 2003). Previous studies showed that CR3 

mediates the binding of M. tuberculosis to macrophages (Velasco-Velazquez et al., 

2003). Alexander Gluschko et al. showed that CR3 is upstream of Asm activation in L. 

monocytogenes infection of macrophages  (Gluschko et al., 2018). A Canadian group 

has demonstrated that CD14, another mycobacteria receptor (Peterson et al., 1995), 

upregulates CR3 activity during BCG infection and promotes bacterial phagocytosis in 

THP-1 cells (Sendide et al., 2005). Therefore, CD14 may also be one of the potential 

Asm independent receptors for mycobacterial binding and internalization. Interestingly, 

CD14 has been shown to activate Asm, thereby generating ceramide-enriched lipid 

rafts which cluster the TLR4 receptor upon LPS stimulation (Cuschieri et al., 2007). 

Thus, TLR4, which acts as a mycobacterial receptor (Sanchez et al., 2010), may not 

play a significant role in the present study. However, further investigations must be 

conducted to confirm these hypotheses.  

Asm and cathepsins 

Mature phagolysosomes contain high levels of cathepsins, the expression of 

cathepsins in phagolysosomes is critical for killing intracellular bacteria. Previous 

studies have shown that M. tuberculosis infection induces a general down-regulation 

of cathepsin expression within macrophages (Pires et al., 2016). This was associated 

with a decrease in cathepsin protein levels and enzymatic activity, favoring an 

increased intracellular survival of the pathogen. The enzymes significantly 

downregulated by M. tuberculosis in macrophages are cathepsin B, D, and S (Pires et 

al., 2016). Cathepsin D is a well-known enzyme which is activated by Asm-generated 

ceramide (Heinrich et al., 1999). An early study has shown that cathepsin D is involved 

in mycobacterial uptake by phagosomes and phagosomal maturation (Ullrich et al., 

1999).  
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The current study shows that Asm mediates the activation of cathepsin D upon BCG 

infection, as well as the co-localization of BCG and cathepsin D, which is important for 

BCG degradation in BMDMs. In contrast, cathepsin D levels progressively decrease 

upon infection of Asm-/- BMDMs. Similar to the present work, cathepsin D has been 

shown to facilitate the elimination of L. monocytogenes in both macrophages and 

fibroblasts by degrading its main virulence factor, Listeriolysin O (del Cerro-Vadillo et 

al., 2006; Prada-Delgado et al., 2001). Another study showed that the infection of 

macrophages with Streptococcus pneumonia activates cathepsin D, thereby inducing 

apoptosis and facilitating bacterial clearance (Bewley et al., 2011). These findings are 

consistent with the observation presented in this thesis: The expression and activation 

of cathepsin D in Wt BMDMs lead to a high bactericidal environment in phagosome 

and promote degradation of BCG. This mechanism, however, is impaired in Asm-/- 

BMDMs.  

Apart from its role in the bacterial killing, cathepsin D has also been reported to mediate 

antigen presentation during mycobacterial infection (Singh et al., 2006). A study 

conducted by Singh et al. (Singh et al., 2006) showed that cathepsin D is required for 

the generation of the Ag85B (a mycobacterial antigen) epitope by macrophages. 

Additionally, the silencing of cathepsin D reduced macrophage-induced IL-2 from T 

cells. Interestingly, they also demonstrated that phagosomes with the virulent 

mycobacterial strains, BCG and M. tuberculosis H37Rv, contained a 46-kDa form of 

cathepsin D, whereas phagosomes with the avirulent mycobacterial strain, H37Ra, 

possessed a 30-kDa form of cathepsin D, both being active forms of cathepsin D 

(Ullrich et al., 1999). Immunobiological studies of macrophages revealed that 

cathepsin D is involved in antigen processing (Singh et al., 2006). This might explain 

the high BCG burden in Asm-/- mice livers after 1week and 3 weeks of infection in the 

current work. Due to a partial inability in antigen processing or a delayed antigen 

presentation in Asm-/- macrophages (probably Kupffer cells in the liver), the adaptive 

immune response in vivo could be diminished.  

An earlier study reported that cathepsin D mediates apoptosis in fibroblasts by cleaving 

proapoptotic Bcl-2 protein family member, Bid, in Rab5-positive vesicles (Heinrich et 

al., 2004). A later work demonstrated that some Rab GTPases control the recruitment 

of cathepsin D to phagosomes during M. tuberculosis infection. LysoTracker staining 

and immunofluorescence microscopy revealed that Rab7, Rab20, Rab22b, Rab32, 
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Rab34, Rab38 and Rab43 control the recruitment of cathepsin D to the phagosome 

(Seto et al., 2011). Although the results here suggest that Rab7 trafficking was not 

altered by Asm deficiency, it might be of interest to investigate whether other Rab 

family proteins are involved in mediating cathepsin D recruitment.  

The current study focused only on the cathepsin D investigation upon BCG infection, 

while other cathepsins have also been described as being important for infectious 

diseases. Cathepsins B, G, and S have been shown to directly or indirectly interact 

with Cryptococcus neoformans and mycobacteria, thereby contributing to the 

elimination of these microorganisms (Hole et al., 2012; Rivera-Marrero et al., 2004; 

Soualhine et al., 2007; Steinwede et al., 2012). Cryptococcus neoformans was taken 

up by DCs and killed by DC lysosomal enzymes. Their growth was specifically inhibited 

by cathepsin B (Hole et al., 2012). It has been shown that the infection M. tuberculosis 

of THP-1 monocytes down-regulates cathepsin G and thereby facilitates bacterial 

viability (Rivera-Marrero et al., 2004). Cathepsin G deficient mice showed significantly 

impaired BCG killing and pronounced pulmonary granuloma formation upon BCG 

infection (Steinwede et al., 2012). Intracellular cathepsin S has been demonstrated to 

improve antigen presentation by MHC class II in BCG-infected macrophages and 

stimulate CD4(+) T cells (Soualhine et al., 2007). Cathepsins S, F, L, and V have been 

described to play multiple roles in antigen presentation during infection, to be critical 

for the balance of proteolytic activity and to have various activity kinetics in different 

cell types (Beers et al., 2005; Hsing and Rudensky, 2005; Shi et al., 2000; Tang et al., 

2006; Villadangos and Ploegh, 2000). On the one hand, the increased activities of the 

enzymes can kill the bacteria. On the other hand, their reduced activities preserve the 

epitopes for provoking efficient lymphocyte priming (Pierre and Mellman, 1998; Russell 

et al., 2009; Savina and Amigorena, 2007; Savina et al., 2006; Yates et al., 2007). 

Therefore, the investigation of extended profiles of other cathepsins, besides cathepsin 

D, during BCG infection may help to elucidate the mechanism of Asm-regulated 

phagosome maturation and BCG killing.  

 

Asm and ROS 

The results in this study reveal a new pathway in mycobacterial infection, which 

suggests that Asm-induced ROS contribute to altering cathepsin D activation and 
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target BCG to cathepsin D. The rapid ROS accumulation after BCG infection is 

abolished in Asm-/- BMDMs. Pharmacological inhibition of ROS in BMDMs by using 

apocynin reduced cathepsin D activation and its co-localization with BCG.  

ROS play controversial roles during mycobacterial infections. ROS have been 

reported as being both, susceptibility and resistance factors, in mycobacterial 

infections. They initially increase the microbicidal activity of macrophages, but can 

also rapidly induce programmed necrosis, thereby leading to the release of 

mycobacteria into the growth-permissive extracellular milieu (Roca and 

Ramakrishnan, 2013). The activity of NADPH oxidase affects not only the grade of 

phagosomal proteolysis but also the pattern of proteolytic digestion (Allan et al., 2014). 

Recently, it has been reported that Nsm-induced ROS inhibit autophagy and thereby 

negatively control BCG infection (Li et al., 2016). These findings imply a critical role 

of ROS in directly and indirectly affecting mycobacterial infection.  

It has been previously demonstrated that Asm deficiency abolishes ROS release in 

P. aeruginosa and S. aureus infections (Li et al., 2017; Peng et al., 2015; Zhang et 

al., 2008). Asm-generated ceramide-enriched platforms are required for the 

activation of NADPH oxidase and the subsequent generation of ROS. Two subunits 

of NADPH oxidase p47phox and gp91phox have been shown to be critically involved in 

Asm/ceramide-regulated signaling (El-Benna et al., 2009; Reinehr et al., 2006; 

Zhang et al., 2008). This is consistent with the results reported here that Asm 

induces ROS release by regulating the Nox2 subunit p47phox.  

Other studies show that Asm can be directly activated by oxidation (Zhang and Li, 

2010) and that Asm-induced ROS may be part of a positive feedback loop to boost 

Asm activation during P. aeruginosa infection (Zhang et al., 2008). These findings 

are consistent with the observations here that Asm and ROS have similar kinetics. 

An increase in Asm activity could be initially observed after 5mpi and peaked at 30 

mpi, corresponding to the ROS production kinetics which was also initiated at 5 mpi 

and reached its peak at 30 mpi. The present study indicates that the positive 

feedback loop between Asm activity and ROS production is the underlying 

mechanism of ROS-controlled activation of cathepsin D. Upon BCG infection, the 

Asm is activated and triggers ROS production via activation of NADPH oxidase. ROS 

in turn increase Asm activity. The ROS-mediated increase in Asm activity leads to 

ceramide production. Ceramide is well known to directly interact with cathepsin D 
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(Heinrich et al., 1999) resulting in activation of the enzyme, which consistent with 

the results shown in this thesis.  

Podinovskaia et al. reported recently that superoxide bursts are enhanced in both 

M. tuberculosis-infected human and murine macrophages (Podinovskaia et al., 

2013). They found decreased phagosome acidification is due to enhanced NADPH 

oxidase activity in human but not in murine macrophages. This is accompanied by a 

reduction of phagosomal lipolysis and consequently increased retention of lipids. 

These lipids are known to serve as a nutrition source that might be accessed by 

bacteria in infected human macrophages (Peyron et al., 2008; Russell et al., 2009).  

Interestingly, several studies discovered that Nox2 negatively regulates the levels of 

cysteine cathepsins within the maturing phagosome of macrophages and dendritic 

cells (Balce et al., 2011; Mantegazza et al., 2008; Rybicka et al., 2012; Rybicka et 

al., 2010; Savina et al., 2006). Later on, it was reported that the redox environment 

within phagolysosomes influences local proteases, including cathepsins S and L. 

These results indicate altered antigen processing in a cell-specific and antigen-

specific manner (Allan et al., 2014). Further studies regarding the crosstalk between 

ROS and cathepsins in BCG infection would be appropriate. 

Asm and SphK/S1P 

Previous work suggested that Asm-derived ceramide triggers ROS production (Zhang 

et al., 2008). The study herein provides an additional mechanical link between Asm 

and ROS during BCG infection: The Asm-induced ROS production was achieved via 

the activation of the SphK/S1P system. Anes and coworkers first showed that a large 

range of sphingolipids is involved in mycobacterial infection to varying degrees. 

Sphingomyelin, ceramide, sphingosine, and S1P significantly increase the actin 

polymerization in phagosomes of mycobacteria-infected macrophages, activate 

phagosome-lysosome fusion, lower phagosomal pH and increase pathogen killing 

(Anes et al., 2003). These studies are consistent with the presented finding that Asm-

/- BMDMs have a significantly lower level of microbicidal lipids, such as sphingomyelin, 

ceramide, sphingosine, and S1P in comparison to Wt macrophages and are impaired 

in phagosome and lysosome fusion and bacterial killing. 
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Other studies provide insights into mechanisms of sphingolipid-controlled 

mycobacterial infections. Most of these studies showed that SphK and S1P play a 

prominent role in mycobacterial infections as microbicidal factors. In 2003, Zulfiqar et 

al. first published a mechanism of M. tuberculosis-induced inhibition of phagosome-

lysosome fusion and acidification via inhibition of SphK. The inhibition of SphK leads 

to the failure of Ca2+-dependent phagosome maturation (Malik et al., 2003). Another 

group revealed that SphK is acting together with phosphoinositide-specific 

phospholipase C (PI-PLC), and a conventional protein kinase C (cPKC). They are 

required for ERK1/2 and PI3K activation and secretion of TNF-α, IL-6, RANTES and 

G-CSF (Yadav et al., 2006). Later on, Prakash et al. showed that the selective inhibition 

of SphK-1 increases the sensitivity of RAW macrophages to M. smegmatis infection. 

The sensitivity of RAW macrophages to M.smegmatis infection is due to the reduction 

in the generation of NO and secretion of TNF-α via downregulation of p38K (Prakash 

et al., 2010).  

Garg et al. were the first to report a function of S1P in the induction of antimicrobial 

activity in mycobacterial infection (Garg et al., 2004). In vitro, they used human 

macrophages while in vivo mice were either infected with nonpathogenic M. smegmatis 

or pathogenic M. tuberculosis H37Rv. They showed that S1P induces host 

phospholipase D (PLD), which favors the acidification of mycobacteria-containing 

phagosomes. Mycobacteria-infected mice treated with S1P showed a significant 

reduction of bacterial load both in the lung and in the spleen, as well as less pulmonary 

tissue damage (granuloma) (Garg et al., 2004). Another work dealing with M. 

tuberculosis-infected monocytes shows that S1P plays a role in enhancing antigen 

presentation. Treatment with S1P increases antigen processing and presentation, 

enhances the frequency of M. tuberculosis-specific CD4+ T cells, and regulates IFN-γ 

production by antigen-specific CD4+ T cells (Santucci et al., 2007).  

These studies demonstrate that SphK and S1P influence the bacterial elimination by 

promoting phagosome-lysosome fusion and play a role in the enhanced antigen 

presentation and adaptive immune response. However, they did not imply a potential 

regulator of SphK and S1P during mycobacterial infection. The results in this thesis 

suggest that Asm regulates SphK and S1P: In Wt BMDMs there was a significant 

increase of S1P upon BCG infection, whereas the S1P levels in Asm deficient 
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macrophages were not affected by infection, indicating that Asm is the mediator of 

SphK and S1P signaling during BCG infection. 

The presented study shows that BCG infection induces not only an increased activity 

of Asm but also of Ac in Wt BMDMs. Mass spectrometry data, analyzing the 

sphingolipid metabolism, demonstrate a significant increase of S1P but no change in 

the level of sphingosine upon BCG infection of Wt macrophages. Since Ac hydrolyzes 

ceramide into sphingosine which can be phosphorylated by SphK into S1P, it is 

possible that ceramide and sphingosine are consumed and rapidly converted to S1P. 

Taken together, these results suggest that Asm controls SphK and S1P during BCG 

infection. 

The data in this work suggest that SphK and S1P may also regulate ROS production 

upon mycobacterial infection. Asm-/- macrophages, which contain low levels of 

sphingosine and S1P, significantly reduce Nox2 subunit p47phox and ROS production 

upon BCG infection. Consistent with this, inhibition of SphK by SKI-I in Wt BMDMs also 

reduces the expression level of p47phox as well as ROS. These findings are consistent 

with some previous studies. S1P has been reported to increase NADPH oxidase 

activation in fibroblasts via phosphoinositide-3-kinase (PI3K) and protein kinase C 

(PKC). Also, the S1P-induced H2O2 production is necessary to maximize c-Src kinase 

activation (Catarzi et al., 2007). Another study reported that S1P transporter spinster 

homolog 2 (SPN2), S1P receptor 1 (S1PR1) and S1P receptor 2 (S1PR2) play a role 

in hypoxia-mediated ROS generation (Harijith et al., 2016). Also, p47phox activation and 

ROS generation were reduced by inhibition of SphK-1 in human lung microvascular 

endothelial cells (Harijith et al., 2016). However, there are also contrary studies. One 

study showed that SphK 1 suppresses lipopolysaccharide (LPS)-induced neutrophil 

oxidant production (Di et al., 2010) and S1PR2 knock out mice were shown to 

accumulate ROS (Herr et al., 2016). Previous work showed that S1P-mediated 

amelioration of lung pathology and disease severity in TB patients is mediated by the 

selective activation or rearrangement of various S1P receptors (S1PRs) particularly 

S1PR2. Furthermore, S1PR2 is effective in controlling respiratory fungal pathogens 

(McQuiston et al., 2011). The current data show that in Wt macrophages, intracellular 

S1P is highly elevated until 30 min of infection and then reduced again. The S1P might 

be secreted via S1P transporters after infection and interact with other cells via S1P 

receptors. To elucidate the mechanism of the SphK/S1P regulation of p47phox and 
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ROS, further studies addressing the role of S1P transporters and receptors may be 

very promising.  

Asm and macrophages 

The study presented here indicates that the deficiency of Asm results in high 

susceptibility of mice to BCG infection. Compared to Wt mice, an increased bacterial 

burden is observed in the livers of Asm-/- mice throughout the whole observation period 

(3 weeks). However, in the spleen, a higher burden in Asm-/- mice is only present at 

the beginning of the infection (1 day). After only 3 days of infection, the number of 

splenic bacteria in Asm-/- mice was similar to the level of Wt mice. 

Similarly, after transplantation of Wt BMDMs into Asm-/- mice, hepatic bacterial load in 

Asm-/- mice is significantly reduced throughout the whole observation period (3 days) 

compared to non-transplanted, or Asm-/- BMDM transplanted Asm-/- mice. Instead, 

spleens of such transplanted Asm-/- mice even show a higher bacterial load than those 

of non-transplanted mice. The reversed susceptibility to BCG by transplantation of Wt 

macrophages to Asm-/- mice is observed only in the liver, but not spleen. 

The discrepancy in hepatic and splenic bacterial load may be due to different immune 

responses of resident macrophages and other lymphocytes in those tissues.   

One study compared different resident macrophages, murine Kupffer cells, splenic 

macrophages and peritoneal macrophages phenotypically and functionally (Movita et 

al., 2012). Under steady-state conditions, liver macrophages exert potent endocytic 

activities and display relatively high basal levels of ROS compared to splenic and 

peritoneal macrophages. Additionally, ligation of TLR4, TLR7/8, and TLR9 on Kupffer 

cells resulted in lower or undetectable levels of IL-12p40 and TNFα, as well as higher 

CD40 on the surface compared to other macrophages (Movita et al., 2012). These 

findings suggest that Kupffer cells are specialized phagocytes, which only play a 

limited immune-regulatory role (Movita et al., 2012). BMDMs have been reported to 

have similar properties as Kupffer cells (Beattie et al., 2016). Compared to splenic 

macrophages, BMDMs show a stronger capacity for proliferation and phagocytosis 

(Wang et al., 2013). However, BMDMs produce high levels of suppressive cytokines 

(IL-10 and TGFβ), while splenic macrophages maintained high levels of pro-

inflammatory cytokines (IL-6, IL-12, and TNFα) (Wang et al., 2013). 
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Another common notion is that hepatic dendritic cells (DCs) are generally weak 

activators of immunity, although they are capable of producing inflammatory cytokines, 

and certain subtypes potently activate T cells. A recent study showed that hepatic DCs 

are less mature, capture fewer antigens, and induce less T cell stimulation than splenic 

DCs because of differences in their subtype composition (Pillarisetty et al., 2004). A 

study based on investigations of the in situ expression of MHC class II on hepatic DCs 

found that these cells do not display measurable levels of the T cell-costimulatory 

molecules CD40, CD80 and CD86. This implies a low immune-stimulatory capacity of 

hepatic DCs (Inaba et al., 1994). Furthermore, Kupffer cells have been shown to play 

a critical role in mycobacterial infections. A recent study investigated M. tuberculosis 

growth in murine Kupffer cells and found that significant increases in autophagy and 

cytoskeletal molecules contribute to the improved restriction of M. tuberculosis growth 

(Thandi et al., 2018). 

These findings may explain differences between liver and spleen in Asm-/- mice upon 

BCG infection. On the one hand, the different phenotypes of BMDMs and splenic 

macrophages indicate different mechanisms for regulating the immune response. This 

suggests that BMDMs in the spleen are dysfunctional despite the success of the 

transplantation. On the other hand, in the context of mycobacterial infections, tissue-

resident macrophages in the liver and spleen may be of varying importance. Other 

tissue lymphocytes, such as DCs or T lymphocytes, could play a leading role in the 

spleen. In order to better understand BCG clearance in tissues, further studies on the 

role of Asm in other cell types are essential. 

In summary, these studies point out some potential and new mechanisms for Asm-

dependent regulation of mycobacterial infections. The BCG infection activates the 

Asm/ceramide system, increases S1P and triggers the release of ROS thus activating 

cathepsin D. Cathepsin D colocalizes with BCG and functions as degrading bacteria. 

To better understand the complex molecular mechanisms of the effect of Asm in 

mycobacterial infections and to develop antibacterial therapies, especially for 

tuberculosis, further studies are needed. 
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6 Summary 

The presented thesis studied the role of sphingomyelinases in mycobacterial infection, 

focusing on Nsm and Asm. The work employed M. bovis BCG as a model for 

mycobacterial infection since BCG causes a disease in mice which is similar to 

tuberculosis in humans caused by M. tuberculosis. 

The results concerning the role of Nsm in mycobacterial infection suggested a novel 

mechanism responsible for mycobacteria-induced granuloma. The major findings are: 

 BCG infection rapidly induces activation of Nsm in BMDMs. 

 The activation of Nsm leads to phosphorylation of p38K/JNK. 

 Phosphorylated p38K/JNK activate β1-integrin. 

 Activated β1-integrin results in the reorganization of the cytoskeleton. 

 Cytoskeleton redistribution leads to the migration of macrophages and the 

formation of granulomas. 

 Neutralization of active β1-integrin reduces granuloma numbers and bacterial 

burden in vivo. 

The present data regarding the role of Asm in mycobacterial infection provide a novel 

mechanistic link between mycobacterial infections and Asm function. The main 

findings include the following: 

 Asm deficiency leads to increased susceptibility of mice to BCG infection in 

comparison to Wt mice. 

 BCG infection rapidly induces the activation of Asm and Ac in BMDMs. 

 Asm and Ac activation trigger elevated levels of SphK and S1P. 

 SphK/S1P increase p47phox and ROS generation. 

 ROS promotes the expression and activity of the lysosomal enzyme, cathepsin 

D. 

 Cathepsin D is important for BCG degradation within BMDMs. 

 Transplantation of Wt BMDMs into Asm-/- mice reduces hepatic bacterial 

burden. 
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The studies presented in this thesis elucidate the role of sphingomyelinases in 

mycobacterial infection with regard to two important aspects related to mycobacterial 

infection, i.e., granuloma formation, and bacterial degradation. A combined study 

involving both neutral and acid sphingomyelinases may provide a novel therapeutic 

strategy against mycobacterial infection.  
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