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1 Introduction 

1.1 Non-tuberculous Mycobacteria Non-tuberculous mycobacteria (NTM) are referred to as environmental mycobacteria, atypical mycobacteria and mycobacteria other than tuberculosis. They are one group of three in the genus mycobacteria, belonging to the phylum of actinobacteria (Johansen, Herrmann and Kremer, 2020). The other two species of mycobacteria are Mycobacterium tuberculosis complex and Mycobacterium leprae (Table 1). Approximately 200 species of mycobacteria are known. 
1.1.1 Systematics of Mycobacteria The phylogenetic trees of bacteria are generated on the basis of 16S rRNA sequencing (Johnson et al., 2019). Additionally, phenotypic criteria can be used to describe and identify a strain. These include morphology (e.g. staining pattern, see section 1.1.3), susceptibility towards antibiotics, ecological niche, causative disease and immunology (Fritsche, 2016). An accepted species concept is the “phylo-phenetic species concept” (Rosselló-Mora, 2001). It describes: “A monophyletic and genomically coherent cluster of individual organisms that show a high degree of overall similarity in many independent characteristics, and is diagnosable by a discriminative phenotypic property” (Chun, 2017).  According to current publications, the identification of a mycobacterial species is based on molecular methods. For this purpose, 16S rRNA sequencing is used, or identification is carried out using the rpoB and hsp65 genes (Forbes, 2017, Armstrong, Eisemann and Parrish, 2023, Aziz et al., 2017). In addition, there are different criteria for classifying mycobacteria: Runyon's characterisation takes into account not only the growth rate, but also the production of yellow pigment and whether this pigment is produced with or without exposure to light (Photochromogenicity) (Rogall et al., 1990). However, NTM are usually classified according to their growth-rate. A distinction is made between mycobacteria that form colonies on the agar medium in less than seven days (rapid-growing) and mycobacteria that form visible colonies on agar in more than seven days (slow-growing). A classification of some specific mycobacteria is given in Table 1. It should be noted that most pathogenic mycobacteria belong to the group of slow-growing mycobacteria (Johansen, Herrmann and Kremer, 2020).   



Non-tuberculous Mycobacteria 

2 

Table 1 Rapid-growing and slow-growing mycobacteria. Non-tuberculous mycobacteria Other species Rapid-growing mycobacteria Slow-growing mycobacteria 
M. abscessus M. marinum M. tuberculosis complex  subsp. abscessus M. ulcerans M. leprae  subsp. bolletii M. avium complex*   subsp. massiliense  M. avium  
M. chelonae  M. intracellulare  
M. fortuitum  M. chimera  
M. smegmatis M. kansasii  
M. vaccae M. xenopi   true pathogens opportunistic pathogens  Table adapted from (Johansen, Herrmann and Kremer, 2020). *The M. avium complex currently consists of 12 species, shortened here to three for the sake of clarity (van Ingen et al., 2018; Wengenack 

et al., 2024).  Taxonomic nomenclature In 2018 a new nomenclature for mycobacteria was validated and published by the International Journal of Systematic and Evolutionary Microbiology(Oren and Garrity, 2018). Therefore, two nomenclatural names coexist: Mycobacterium/ Mycobacteroides  abscessus. They can be used synonymously. To avoid confusion, leading researchers suggest continuing to use the name Mycobacterium abscessus (Tortoli et al., 2019). 
1.1.2 Epidemiology of NTM infections Reliable information on the epidemiology of NTM infections is difficult to obtain because of under-reporting and lack of differentiation of mycobacterial pathogens. The American Thoracic Society/Infectious Disease Society of America guidelines provide a definition of a case of NTM pulmonary disease (NTM-PD) based on specific microbiological, radiological and clinical criteria. However, a case of infection can be defined differently for epidemiological counts (Prevots et al., 2023). This makes it difficult to consistently count NTM-PD cases worldwide and to compare NTM-PD case numbers. In addition, there is no obligation to report NTM infections. NTM species vary between regions and countries, but microbiological data indicate a global increase in cases of Mycobacterium avium and Mycobacterium 

abscessus. The two pathogens are responsible for 80-85 % of NTM lung infections worldwide (Prevots and Marras, 2015). As in Germany, infections with Mycobacterium tuberculosis/africanum or 
Mycobacterium leprae and Mycobacterium bovis are notifiable (Infektionsschutzgesetz §7), 
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but not cases of infection with NTM. Data from two studies are cited below to assess the epidemiology in Germany. A Delphi study compared prevalence rates in Europe between France, Germany, Spain and the United Kingdom. The prevalence rates in Europe for NTM-PD ranged from 6.1/100,000 to 6.6/100,000 (Prevots et al., 2023). A retrospective epidemiological study evaluated diagnostic data from 22 German laboratories over a 5-year period (2016-2020). The calculated laboratory incidence and prevalence of NTM obtained from respiratory samples in the German population were 4.5 to 4.9 and 5.3 to 5.8/100,000 inhabitants, respectively, and remained stable over the five years (Corbett et al., 2023). In comparison, the incidence of M. tuberculosis infections in Germany in 2020 was 5.0/100,000 (Brodhun et al., 2020).  To obtain a realistic picture of the number of NTM infections, a pulmonologist from one of four hospitals in a large city with a population of around 200,000 was consulted. Prof. Dr. Wolfgang Schütte, Medical Director and Chief Physician of the Clinic for Internal Medicine II and Pneumology at the Martha-Maria Hospital in Halle-Dölau, encounters about 15 cases of new diagnoses of atypical mycobacteria per year, including one to two infections with 
M. abscessus. 
1.1.3 Characteristics of Mycobacteria Non-tuberculous mycobacteria are categorised as Gram-positive bacteria, due to the structure of their cell envelope and RNA-analysis. They are rod-shaped, do not form spores, and are known as obligate aerobes. During evolution, saprophytic bacteria living in soil and water have developed a rapid and effective ability to adapt to different habitats. Together with the ability to form biofilms on different surfaces, the ability to adapt to the environment plays a key role in their pathogenesis.  Mycobacterial cell envelope The waxy lipid-rich layer contributes to the high resistance to environmental influences and acts as an important barrier to antibiotics (Dulberger, Rubin and Boutte, 2020). The schematic structure of a mycobacterial cell wall is shown in Figure 1. From the inside out, the periplasmic space is followed by a layer of peptidoglycan (murein) adjacent to the cytoplasmic membrane. This is a lattice structure consisting of linear chains of two alternatively linked amino sugar, N-acetylglucosamine and N-acetylmuramic acid. The alternating sugars are connected by a β-(1,4)-glycosidic linkage. These in turn are linked by peptides between the N-acetylmuramic acid molecules to form the aforementioned lattice structure. Covalently linked to the peptidoglycan layer is a layer of arabinogalactan, a layer of branched arabinose and galactose molecules. This is followed by the outer membrane, 
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whose mycolic acid components are covalently linked to the arabinogalactan layer. The mycomembrane is also composed of lipids, glycolipids and proteins. Externally, it consists mainly of mycolic acids, which may be free or bound to trehalose sugars (Dulberger, Rubin and Boutte, 2020). The mycolic acid in the cell wall of mycobacteria prevents the penetration of hydrophilic dyes, so the cell envelope does not absorb the Gram stain. Instead, acid-fast stains such as Ziehl-Neelsen or fluorescent stains (eg. auramine–rhodamine stain) can be used to identify the bacteria (Cudahy and Shenoi, 2016). As shown in Figure 1, the mycomembrane consists of a number of different molecules such as lipoglycans and lipids. Some of these molecules such as glycopeptidolipids, trehalose dimycolate, trehalose monomycolate and phosphatidyl-inositol mannoside are clinically relevant as changes and regulation can be observed during pathogenesis (Parmar and Tocheva, 2023). In particular, trehalose dimycolate, known as cord factor, can prevent the fusion of phospholipid vesicles such as phagosomes and lysosomes (Poirier and Av-Gay, 2015). In addition, mycobacterial membrane protein Large (MmpL) proteins embedded in the cytoplasmic membrane are shown in Figure 1. MmpLs play a role in intrinsic resistance mechanisms as they can act as efflux pumps (Boudehen and Kremer, 2021). It is worth noting that different transpeptidases are expressed in M. abscessus compared to M. tuberculosis for the linkage of peptidoglycan, leading to differences in the efficacy of β-lactams (Kumar et al., 2017).  
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Figure 1 Schematic of the mycobacterial cell envelope. 
Figure based on (Boudehen and Kremer, 2021; Parmar and Tocheva, 2023).  Different Morphotypes Several NTM species, including M. abscessus and M. avium, can grow in colonies with either a smooth (S) (“shiny”) or a rough (R) (“stringy”) morphotype (Belisle and Brennan, 1989; Agustí et al., 2008; Rüger et al., 2014; Bernut et al., 2016). Figure 2 shows images of 
M. abscessus and M. aurum colonies grown on agar with visible differences in their appearance. The M. abscessus colonies clearly look not shiny, having a rough texture, while the M. aurum colonies look shiny having a smooth shape. Furthermore, for M. abscessus the change in morphology results in significant changes in physiology and virulence, as the rough variant is associated with higher virulence in humans and animals. The transition from the smooth to the rough variant is caused by reduced levels of glycopeptidolipids (GPLs) in the outer membrane of the cell and can occur in the host during infection (Boudehen and Kremer, 2021; Victoria et al., 2021). Indels in genes involved in the biosynthesis or transport (Proteins MmpL4a und MmpL4b, see Figure 1) of GPLs are thought to be responsible for the different morphologies. The low concentration of GPLs in the outer membrane of the rough variants leads to aggregation, clumping and cord formation. Extracellular cords that exceed the size of immune cells cannot be phagocytised. The increased hydrophobicity promotes biofilm formation of rough M. abscessus (Johansen, Herrmann and Kremer, 2020; Parmar and Tocheva, 2023). 
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Figure 2 Smooth and rough colonies of NTM. 
A: rough colonies of M. abscessus ATCC 19977, B: smooth colonies of 
Mycobacterium aurum DSM 43999. 
(Colonies grown on: 7H10 supplemented with 10% OADC, glycerol, active coal. Pictured with: TOMLOV 
DM602 Pro 10.1 Inch HDMI Digital Microscope by Lea Mann, 2024).  Formation of Biofilms NTM can form biofilms which constitute a kind of persistence strategy in which the bacterial cells adhere to each other and to surfaces. Within the biofilm, in part due to reduced penetration into a biofilm, the tolerance of bacteria to acidic pH, disinfectants, and antimicrobial agents is enhanced (Johansen, Herrmann and Kremer, 2020; Parmar and Tocheva, 2023). Bacteria in a biofilm are characterised by increased virulence and resistance. They exist in close proximity to each other and tend to exchange genes horizontally, facilitating the transfer of mutations. The bacteria within the biofilm can slow down their growth rate and become "persisters" (Gómara and Ramón-García, 2019). In co-diseases of the lung, like cystic fibrosis and chronic obstructive pulmonary disease, the microorganisms can be embedded in biofilms. The fact that bacterial tolerance to antimicrobial agents in biofilms is increasing is seen as a threat to public health (Johansen, Herrmann and Kremer, 2020).  
1.1.4 Pathology Once in the body, bacteria such as M. abscessus are normally phagocytised by immune cells such as macrophages and neutrophils. However, under certain conditions (described below) 
M. abscessus can resist intracellular destruction, leading to the activation and recruitment of immune cells and the formation of a granuloma. As the granuloma matures, the adaptive immune response is activated so that B and T lymphocytes are mobilised to envelop the granuloma (Johansen, Herrmann and Kremer, 2020). How mycobacteria enter the body and in which cases an infection occurs is described in the following sections.  
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1.1.4.1 Aetiology of NTM infections Environmental risk factors As mycobacteria are found in soil, dust and water, including the domestic water supply, they are with us every day. Infections occur when NTM enter the respiratory tract of a susceptible host. The possibility of infection with NTM through contact with soil or water should not be underestimated. The bacteria form biofilms in shower heads, in rainwater barrels or in swimming pools, causing subsequent exposure through aerosols (Feazel et al., 2009; Thomson et al., 2013). NTM have been found in aerosols created by watering potting soil. The predominant bacteria in these patient-derived potting soil samples correlated with the clinically detected mycobacteria from the isolate of the same patient (De Groote et al., 2006). This supports the possibility of infection through gardening. Host risk factors There are many factors that can make a human host susceptible to NTM. Lung diseases such as bronchiectasis, chronic obstructive pulmonary disease (COPD) and interstitial lung disease are associated with increased NTM infections. Of note is cystic fibrosis, which is a strong risk factor for NTM-PD. In some cases, person-to-person transmission between people with cystic fibrosis has been observed. However, person-to-person transmission without a history of cystic fibrosis is not known (Cowman et al., 2019; Johansen, Herrmann and Kremer, 2020). Other factors that increase the risk of NTM disease include treatment with immunosuppressive drugs, such as tumour necrosis factor alpha therapy and oral corticosteroids. The use of inhaled corticosteroids is associated with NTM-PD. Immunodeficiency in AIDS favours infections, for example the reduced CD4+ count favours infections with NTM species such as M. avium complex. Similarly, the risk of infection with certain NTM such as M. avium and M. abscessus can be increased by mutations in the interferon-γ pathway (Collins, 1988; Cowman et al., 2019). Gastro-oesophageal diseases should be mentioned and especially those that cause the recurrent aspiration of stomach contents. Examples of conditions that can promote NTM infection include gastro-oesophageal reflux disease, achalasia or recurrent vomiting (Jarand et al., 2011; Kim et al., 2023). However, risk factors independent of previous disease include increasing age, smoking or a low body mass index, which is associated with a risk of faster disease progression and higher all-cause mortality (Johansen, Herrmann and Kremer, 2020; Yan, Brode and Marras, 2023).   



Non-tuberculous Mycobacteria 

8 

1.1.4.2 Growth inside macrophages It has been demonstrated that M. tuberculosis and various NTM species such as M. avium or 
M. abscessus are able to infect and survive in macrophages (Johansen, Herrmann and Kremer, 2020). The intracellular bacteria have developed mechanisms to compensate for the host's immune defence strategies. These strategies include the acidification of the phagolysosome and the induction of toxic antimicrobial effectors such as nitric oxide and reactive oxygen species (ROS). The access of bacteria to essential nutrients such as fatty acids, iron or amino acids is limited in macrophages. (Weiss and Schaible, 2015). Figure 3 schematically shows differences in processes that happen after phagocytosis of mycobacteria and other pathogens. Figure 4 shows an image of an infection of macrophages with M. abscessus cells.  

 
Figure 3 Simplified scheme of phagocytosis. 
A: A bacterium is taken up by a macrophage by phagocytosis, a phagosome is formed. After fusing with 
lysosomes to form a phagolysosome, the pathogen is dissolved by enzymes. Dissolved material is then 
excreted. 
B: A mycobacterium is taken up by a macrophage by phagocytosis and a phagosome is formed. Within 
the phagosome, mechanisms of the host cell are modulated by the bacterium. 
As a pro-inflammatory cytokine, the tumour necrosis factor (TNF) leads to the production of ROS in the 
mitochondria (Machelart et al., 2017). In addition, there are differences in the phagocytic processes depending on which morphological type of M. abscessus infects the macrophage. Phagosomes infected with the S morphotype of M. abscessus are usually lone phagosomes containing a single bacterium, whereas phagosomes with the R morphotype are usually social phagosomes containing at least two bacteria. The R and S morphotypes of M. abscessus differ in how they reside within the macrophage (Wu et al., 2018; Johansen, Herrmann and Kremer, 2020). The smooth type survives longer in phagosomes, can prevent phagosome maturation, induces less apoptosis and blocks autophagy. A zone known as electron-transparent is described, which is created by the close attachment of the phagosome membrane to the bacterial surface. If the smooth variant remains in the macrophage for a long time, it can recruit phagocytes and trigger 
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granuloma formation. The rough type, on the other hand, fuses with the lysosome, leading to acidification of the phagosomes and activation of apoptosis and autophagy. This type can trigger the formation of granulomas; the activation of apoptosis releases the bacteria, causing extracellular growth, which can be accompanied by tissue destruction and inflammation. (Roux et al., 2016). 

 
Figure 4 THP-1 cell derived macrophages infected with M. abscessus. 
Overlay of a brightfield image with fluorescence staining: Macrophages (DAPI, blue) infected with 
M. abscessus pTEC27 ATCC 19977 (red fluorescent protein, red). The image was taken 4 days post 
infection with the CX5 Thermo Fisher fluorescence microscope at 20-fold magnification by Lea Mann, 
2023.  
1.1.4.3 Infections with NTM In addition to lung infections caused by inhaling environmental pathogens, NTM can cause infections in different parts of the body.  The following are some examples of how infections with different types of mycobacteria manifest themselves. Disseminated infections are most common in immunocompromised individuals and are often caused by M. avium. Bone and joint infections caused by NTM such as M. avium complex or Mycobacterium kansasii are usually caused by trauma. Skin and soft tissue infections are caused by mycobacteria such as M. abscessus, Mycobacterium ulcerans or Mycobacterium marinum and occur after surgery or when the skin barrier is disrupted after contact with contaminated water (Baldwin et al., 2019).  However, lung infections caused by NTM are the most common and the most problematic. Symptoms can be varied and have a significant impact on a person’s quality of life. One of the most common symptoms of lung disease caused by NTM is a cough. This can be chronic and may be bloody. The cough may occur at night and be accompanied by the production of mucus. Other symptoms of NTM-PD infection may include loss of appetite, weight loss, fever and night sweats, fatigue, chest pain, shortness of breath and wheezing, or recurrent respiratory infections. 
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1.1.5 Therapy and resistance An NTM infection is difficult to eradicate. Most of the drugs used to treat M. tuberculosis are not effective. A misdiagnosis of an NTM infection as a M. tuberculosis infection will, therefore, have a significant impact on treatment success. The reasons for the tolerance of NTM lie in several resistance mechanisms, which are discussed in this section.  Intrinsic resistance The intrinsic resistance mechanisms of NTM include the cell envelope, a hydrophobic double membrane, which acts as a fundamental and important permeability barrier (Figure 1). In addition, efflux pumps (such as MmpLs, Figure 1) prevent drugs like macrolides and fluoroquinolones from accumulating intracellularly. Genetic polymorphisms occur in some NTM species. Mutation-related changes in the amino acids in the target can prevent the binding of a drug. In the case of M. abscessus, for example, this applies to ethambutol or BTZ043. Another important characteristic of NTM is the presence of many enzymes that structurally modify drugs (e.g. β-lactamases, acetyltransferases, phosphotransferases and ribosyl transferases), converting them into less effective or inactive derivatives (Wu et al., 2018; Johansen, Herrmann and Kremer, 2020; Holt and Baird, 2023).  Adaptive resistance An example of adaptive resistance is macrolide resistance in M. abscessus mediated by the 
erm(41) gene. The subspecies abscessus and bolletii have a functional erm(41) gene (but not the subsp. massiliense) that confers inducible macrolide resistance, whose expression is activated by the transcriptional regulator WhiB7 (Wu et al., 2018). Exposure of the bacterium to clarithromycin or azithromycin dramatically increases the expression of the gene. This leads to increased levels of a methylase that methylates the adenine (A2058) in the peptidyl region of the 23S rRNA, the target of the macrolides, thus preventing binding (Johansen, Herrmann and Kremer, 2020; Victoria et al., 2021; Holt and Baird, 2023). 
 Acquired resistance Acquired resistance to aminoglycosides or macrolides can occur in M. abscessus. During prolonged use of macrolides, resistance can occur caused by a point mutation at position 2058 or 2059 in the 23S rRNA gene. Mutations (at position 1408 in the 16S rRNA) have been observed to lead to resistance during prolonged therapy with aminoglycosides. As in 
M. abscessus, acquired resistance to macrolides in M. avium can be caused by mutations in the 23S rRNA gene. Mutations in the 16S rRNA are also responsible for amikacin resistance in 
M. avium and Mycobacterium intracellulare (Wu et al., 2018; Johansen, Herrmann and Kremer, 2020; Abdelaal et al., 2022).  
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1.1.5.1 Therapy of NTM-pulmonary disease The diagnosis of NTM-PD is based on clinical, microbiological and radiological criteria (Cowman et al., 2019). As with the facultative pathogen M. avium and M. abscessus, isolation from the respiratory tract does not necessarily indicate disease, as one positive sputum culture may be a false positive due to environmental contamination. In addition, some patients in whom NTM has been isolated from the respiratory tract show no signs of progressive disease. For M. avium and M. abscessus, it is recommended that at least two positive sputum cultures be isolated for diagnostic purposes (Daley et al., 2020). Before starting pharmacotherapy for NTM-PD, the sensitivity of the isolate to the antibiotics to be used should be determined. The breakpoints defined by the Clinical and Laboratory Standards Institute (CLSI) provide an indication of the sensitivity of the pathogen to the respective substance. Testing for resistance to macrolides is particularly important for the success of treatment in the presence of an infection with M. abscessus (Holt and Baird, 2023).  Treatment of M. abscessus-pulmonary disease The optimal treatment strategies for M. abscessus-PD, the choice of drugs, the methods of administration and the duration of treatment are inconsistent. It is generally recommended that at least three effective agents be used in the treatment of M. abscessus-PD. Guidelines recommend a two-phase treatment regimen, shown in Table 2. At the start of treatment, intravenous agents such as amikacin and imipenem are recommended for several weeks to months, combined with oral antibiotics. This should be followed by a second phase of oral agents such as macrolides and inhaled amikacin for more than 12 months after sputum culture conversion.  Therapy can be successful with macrolide-susceptible isolates, but permanent culture conversion is rarely achieved with macrolide-resistant organisms. Data from a systematic review and meta-analysis show the proportion of patients who achieve sustained conversion of sputum cultures with macrolide-containing multidrug therapy. In patients infected with an isolate without macrolide resistance, the proportion is 79%. In patients infected with a macrolide-resistant isolate, the proportion is only 35% (Kumar et al., 2022; Holt and Baird, 2023). It is recommended to reconfirm species identity and repeat susceptibility testing after six months of appropriate antimicrobial therapy (CLSI, 2011).   
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Table 2 Treatment regimen for M. abscessus-PD. 
Macrolide susceptible

Initial Phase At least 4 of: 
1-2 IV: amikacin, imipenem (or cefoxitin), tigecycline 
2 oral: macrolide, clofazimine, linezolid Continuation phase At least 2 of:macrolide, clofazimine, linezolid, inhaled amikacin 

Inducible macrolide resistance/ Constitutive macrolide resistance (with or 

without inducible macrolide resistance) 

Initial Phase At least 4 of: 
2-3 IV: amikacin, imipenem (or cefoxitin), tigecycline 
2-3 oral: macrolide, clofazimine, linezolid Continuation phase At least 2 of: macrolide, clofazimine, linezolid, inhaled amikacin Frequency: Daily (or 3 times/week for IV aminoglycosides), IV = parenteral. Table adapted from (Kumar et al., 2022).  Treatment of Mycobacterium avium-pulmonary disease  The American Thoracic Society 2020 NTM guideline recommends a macrolide-based treatment regimen for M. avium-PD (Nguyen and Daley, 2023) that should include a total of three agents. The susceptibility of the isolate to clarithromycin and amikacin should be tested before starting treatment to ensure a response to therapy.  Treatment of M. avium-PD, as shown in Table 3, usually includes a macrolide, a rifamycin and ethambutol. For cavitary NTM-PD, intravenous amikacin or intramuscular/intravenous streptomycin may be given. Treatment of refractory M. avium-PD includes at least four drugs: a rifamycin, a macrolide, ethambutol and inhaled amikacin (Kumar et al., 2022). Treatment should be continued for up to 12 months after culture conversion. Macrolide-based treatment regimens for M. avium show better results than regimens without the administration of a macrolide. However, the success of the combination of a macrolide, rifampicin and ethambutol depends on the macrolide susceptibility of the isolate. Despite prolonged combination therapy and sometimes a lung resection, relapses are common, often due to reinfection. A meta-analysis of 1,462 patients who were treated for 

M. avium-PD with macrolide-containing regimens showed a success rate of 60% (Kumar et 

al., 2022; Nguyen and Daley, 2023). Other data show cure rates of 39% to 68% (meta-analyses) (Dartois and Dick, 2024a).   
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Table 3 Treatment regimen for M. avium-PD. 

Nodular-

bronchiectatic 
macrolide, rifamycin, ethambutol 

Cavitary 

At least 3 of: macrolide, rifamycin, ethambutol, systemic aminoglycoside (amikacin (IV) or streptomycin) 
Refractory 

At least 4 of: macrolide, rifamycin, ethambutol, amikacin liposome inhalation suspension or systemic aminoglycoside (amikacin (IV) or streptomycin) Frequency: Daily (or 3 times/week for IV aminoglycosides), *3 times/week (daily if advanced or severe disease), IV = parenteral. Table adapted from (Kumar et al., 2022). The long treatment period, the need to take at least three different antibiotics with significant side effects and drug interactions promise to be an unpleasant therapy for the patient together with compliance problems and poor prospects of therapeutic success. In addition, there is evidence in the literature that rifampicin is not effective in the treatment of M. avium-PD and a recommendation has been made to find alternative substances for the treatment (van Ingen et al., 2024).   
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1.2 Challenges in NTM drug discovery 

As evidenced by the treatment regimen and the low likelihood of treatment success, there are currently no reliable options for treating M. abscessus lung infection (Dartois and Dick, 2022). The development and discovery of new drug candidates is necessary but is hampered by the numerous resistance mechanisms of the pathogen. The current NTM-drug pipeline is described as empty and understaffed (Ganapathy and Dick, 2022; Dartois and Dick, 2024a). Only a few new drugs are currently in clinical trials for NTM-PD: omadacycline, epetraborole and SPR720 (NCT04922554, 2021; NCT05327803, 2022; NCT05496374, 2022; Dartois and Dick, 2024a). However, the developing company recently announced that the clinical trials on SPR270 failed as the active ingredient was unable to beat the placebo and showed signs of hepatotoxicity (Spero Therapeutics, 2025). Therefore, strategies have been published to accelerate the pipeline of new anti-NTM compounds and to advance the development of new compounds as NTM drugs. One of the strategies is to repurpose known drugs for new indications, i.e. to test established drugs against new indications/new diseases such as NTM. An advantage of repurposing would be the shorter time to bring a new drug to the clinic, as many lengthy development processes could be skipped. For example, one successful hit found in a screening of FDA-approved drugs is rifabutin, which belongs to the rifamycin class and has activity against 
M. abscessus (Aziz et al., 2017). Another approach is repositioning, i.e. optimising approved classes of antibiotics for activity (bacteriostatic and bactericidal) and resistance. This involves the chemical optimisation of antibiotic classes developed for other infectious diseases against targets that have already been validated, for example rifamycins, fluoroquinolones and oxazolidinones. The compounds have already been tested in humans for tolerability, efficacy and oral bioavailability, which is an advantage because testing in animal models can be postponed (Dartois and Dick, 2022). One example is the development of rifabutin analogues that overcome bacterial metabolism and are 50 to 100 times more effective against M. abscessus (Lan et al., 2022). The identification of new chemical space is a third approach. However, since whole cell screening against mycobacteria is likely to yield only a small number of hits, it is proposed to use collections containing compounds with known activity against M. tuberculosis for screening. The success of this approach has already been confirmed and will be taken up again later (Low et al., 2017; Wu et al., 2018). Strategies have been published on how to develop a compound against NTM, from whole-cell screening to pre-clinical development, which are shown below in Figure 5. 
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Figure 5 NTM drug discovery workflow. 
Adapted from (Wu et al., 2018). After the discovery of an initial hit in the whole cell assay, further testing to determine media-independent activity is suggested. The CLSI recommends the use of Mueller-Hinton broth or Middlebrook 7H9 broth for in vitro testing of drugs against NTM. Drugs should show activity in both media to be considered media independent. In the further course of drug development, it is helpful to test a drug with growth inhibitory activity for bacteriostatic activity against reference strains of M. avium and M. abscessus. This should be followed by a determination of the bactericidal activity. After analysis of pharmacokinetic properties (e.g. mouse pharmacokinetics) and toxicity in vitro, testing in various assay systems should be performed before testing against clinical isolates in the mouse model prior to preclinical development. The recommendation and need for testing in the various assay-systems mentioned is based on the adaptability of mycobacterial pathogens. Properties such as tendency to form biofilms, growth in macrophages and formation of granulomas lead to different growth conditions in the host. A low in vitro minimum inhibitory concentration (MIC) against NTM (with good pharmacokinetic properties) does, therefore, not necessarily mean a positive outcome in vivo (Van Ingen et al., 2012). The discrepancy between in vivo and in vitro results of drug testing against mycobacteria can be explained by the way the MIC 
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is determined. Within the host, bacteria adapt to survive in different environments. They can adapt to a lipid-rich environment, such as in the case of lung lesions, or to a low-oxygen environment and exist within the host as “persisters”. In contrast, the culture conditions of an MIC assay with an optimal nutrient and oxygen supply provide the opportunity for unrestricted, exponential growth. For the development of drug candidates with in vivo activity it is, therefore, advisable to use different test systems that can simulate different conditions in the host. Persister-specific assays should be emphasised here, as the persistence of bacteria in the host significantly hinders their eradication. Various assay systems have been developed to investigate whether active substances are able to eradicate bacteria in a state of persistence.  One of these is the biofilm assay, in which a biofilm is created and the sensitivity of the bacteria to active substances within the mucus layer can be tested (Teng and Dick, 2003; Carter, Young and Bermudez, 2004; Yam et al., 2020). Another equally relevant assay is the caseum assay. Caseum, the central necrotic material of tuberculous lesions, can be obtained from the lungs of infected rabbits, or artificial caseum can be used. The bacteria living within this environment adapt to hypoxia, nutrient deprivation and altered carbon sources. It is possible to investigate the activity of substances against metabolically adapted bacteria ex vivo in caseum by determining minimal bactericidal concentrations (Sarathy and Dartois, 2020; Lanni et al., 2023; Xie et al., 2023). Various models of macrophage infection assays have been developed to investigate the activity of active substances on phagocytised bacteria. The determination of the minimum inhibitory concentration of a substance within this assay system includes not only the effect on the target but components such as the ability to penetrate the macrophage cell and can differ considerably from the MIC determined in liquid medium (Franzblau et al., 2012; Wu et 

al., 2018; Richter, Shapira and Av-Gay, 2019). To evaluate the efficacy of the drug against non-replicating bacilli, a so-called non-replicating assay can be used. Existing models such as the Loebel or Wayne model simulate nutrient or oxygen poverty, so that bacteria in adapted growth states can be examined for their drug sensitivity, which can be quantified by MIC and MBC determination (M. L. Wu, Gengenbacher, and Dick 2016). Due to the complexity of NTM pathology (vascularisation, occurrence in lung lesions), it is difficult to obtain information about the distribution of the drug at the site of infection, such as within the lesions, in patients. There is a direct correlation between the ability of the drug to penetrate lung lesions and the shortening of a patient's treatment duration. It is recommended that the next step is to use a drug assay that can predict the distribution of the drug within the lesions, such as the caseum binding assay according to Sarathy et al. (Sarathy 
et al., 2016; Wu et al., 2018). 
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Prior to the preclinical development of a drug, studies in animal models (nonmammalin eg. zebrafish and mammalian eg. mice), are of ultimate importance. However, it is difficult to generate persistent lung infections in animals that are comparable to human pathology (D Chan and Bai, 2016; Abdelaal et al., 2022).  
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1.3 Nα-aroyl-N-aryl-phenylalanine amides Figure 6 shows the structures of MMV688845 and D-AAP1, which belong to the class of Nα-aroyl-N-aryl-phenylalanine amides (AAPs). The two compounds are shown with an obligatory stereochemical configuration, as only (R)-configured derivatives show activity (Ebright et al., 2015; Lin et al., 2017). This thesis is part of our research towards a drug candidate from this compound class. 

 
Figure 6 Chemical diagrams of MMV688845 and D-AAP1. Discovery of compounds in the class The first compound in the AAP class was discovered in 2013 in a high-throughput screening of a GlaxoSmithKline small-molecule M. tuberculosis lead compound library. Nα-2-thiophenoyl-D-phenylalanine-2-morpholinoanilide (GSK1055950A = MMV688845) showed < 10 µM activity against Mycobacterium bovis and an MIC90 of 7.6 µM against M. tuberculosis H37Rv, with no cytotoxicity against HepG2. However, the compound was not subsequently selected for further investigation (Ballell et al., 2013). MMV688845 was found to be active against M. abscessus in three different drug-discovery screenings, of which a summary of the published MIC values is shown in Table 5. In 2017, Low et al. carried out screenings of the Pathogen Box library (provided by Medicines for Malaria Ventures (MMV, Geneva, Switzerland)), in which 129 out of 400 compounds had already shown activity against M. tuberculosis. The compound MMV688845 showed activity against M. tuberculosis H37Rv MIC90 = 1.7 μM, M. abscessus Bamboo MIC90 = 7 μM and 
M. avium 11 MIC90 = 3 μM in 7H9 medium (Low et al., 2017). Subsequently, in 2018, Jeong et al. published the results of a screening of the Pathogen Box library against 
M. abscessus ATCC 19977 with an MIC50 = 9.3 µM for MMV688845 in a resazurin reduction assay (Jeong et al., 2018) In 2018, Richter et al. also published results of the combined screening of the Pathogen Box library and GlaxoSmithKline small-molecule M. tuberculosis lead compound set. Here, compound MMV688845 with an activity of MIC90 = 7.4 µM in 7H9 medium and MIC90 = 1.0 µM in MHII medium was characterised as a media-independent hit against M. abscessus ATCC 19977 red fluorescent protein (RFP) expressing strain (Richter et 
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al., 2018). Later, MMV688845 was found to be active in the macrophage infection model (Richter, Shapira and Av-Gay, 2019). 
Table 4 Published MIC values of MMV688845 against several mycobacterial strains. 

Mycobacterial strain Medium MIC90 [µM] MIC50 [µM] 

Low et al.  
M. tuberculosis H37Rv 7H9 1.7 < 0.2 
M. abscessus Bamboo 7H9 7.0 1.5 
M. avium 11 7H9 3.0 0.6 

Jeong et al.
M. abscessus ATCC 19977 7H9 - 9.3 

Richter et. al 

M. abscessus ATCC 19977 7H9 7.4 - MHII 1.0 -  - = Not published. In 2017, a study by Lin et al. was published, which found in vitro activity of the substance D-AAP1, the second substance from the class of AAPs shown in Figure 6. It was found that the compound inhibited the growth of M. tuberculosis H37Rv (MIC = 3.13 µg/ml, 8.73 µM), 
M. smegmatis mc2 155 (MIC = 0.78 µg/ml, 2.18 µM) and M. avium ATCC 25291 (MIC = 6.25 µg/ml, 17.44 µM) in vitro but was not active against Staphylococcus aureus or Escherichia coli (Lin et al., 2017). Targeting RNA Polymerase In the study by Lin et al. the active compound D-AAP1 was found by a target-based screening approach using an enzyme inhibition assay against mycobacterial RNA polymerase (RNAP). Specifically, synthetic compounds were screened using an in vitro fluorescence assay for promoter-dependent transcription by the M. tuberculosis RNAP σA holoenzyme. The substance D-AAP1 showed selective, stereospecific activity against M. tuberculosis RNAP (IC50 = 0.4 µM), but weak inhibition of other bacterial RNAP such as Staphylococcus aureus or 
Escherichia coli and human RNAP I, II and III (all IC50 >25 µM).   
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Figure 7 Schematic structure of bacterial RNA polymerase. 
The core enzyme consists of two α subunits (blue), the β and β' subunits (yellow) and the ω subunit 
(orange). The σ factor is required to initiate transcription (green). The magnesium-containing catalytic 
site, three channels (primary, secondary and RNA exit channel) and the bridge helix (blue spiral) are 
located between the β and β' subunits. APPs: Target active site near Mg2+, rifamycins: Target primary 
channel. Figure according to (Kirsch, Haeckl and Müller, 2022).  Crystal structures of M. tuberculosis RNAP alone and together with rifampicin (an RNA-polymerase inhibitor of the rifamycin class) and/or AAPs at 4 Å resolution were published in the study by Lin et al. . This revealed the inhibition binding mode of AAPs and elucidated the mechanism of transcription inhibition by this compound class. A schematic representation of bacterial RNA polymerase is shown above in Figure 7. Lin et al. showed, that AAPs bind to the N-terminus of the RNAP bridge helix (M. tuberculosis RNAP β/β'- subunit). Rifampicin, on the other hand, binds to the β-subunit and sterically blocks the elongation of RNA products by 2-3 nucleotides, preventing the formation of further RNA strands. The structure of 
M. tuberculosis open promoter complex co-crystallized with both, D-AAP1 and rifampicin confirms that the AAP binding site is distinct from the rifampicin binding site and does not overlap. Furthermore, AAPs and rifampicin can simultaneously bind RNAP. It was predicted that due to the lack of overlap between the AAP and rifampicin binding sites, AAPs and rifampicin do not exhibit cross-resistance (Ebright et al., 2015; Lin et al., 2017).
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2 Aim of the dissertation The development of new drugs against NTM, in particular against M. abscessus and M. avium, is of great importance to combat infections with these pathogens. Resistance to many common antibiotics, together with the increasing prevalence of NTM infections worldwide and the associated health risks, emphasise the urgency of developing effective drugs. The overall aim of this thesis is to contribute to the development of a drug candidate with activity against NTM. The focus of my work has been on the microbiological characterisation of the drug candidates.  The aim of my research was the establishment and application of different assay methods against the mycobacterial pathogens M. smegmatis mc2 155, M. intracellulare ATCC 35761 and M. abscessus ATCC 19977 (subsp. abscessus) type strain under S2 laboratory conditions. With the overall intention to develop an antimycobacterial drug candidate, new AAPs synthesised within the working group were characterised against the pathogens under different conditions during my work. Concrete objectives were: 1. In depth characterisation of the assay hit MMV688845 and analogues. 2. Characterisation of AAP derivatives in broth and in the macrophage infection assay. 3. Development of a new fluorescence-based method for MBC determination. 
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3 Collection of articles  
3.1 Information on publications  

Table 5 General information on the journals. 
General information on the journals Title Microbiology Spectrum Journal of Medicinal Chemistry Journal of Microbiological Methods Impact factor  3.7 (2023) 7.3 (2022) 1.7 (2023) 5-Year Impact - 7.3 - Publisher American Society for Microbiology American Chemical Society Elsevier B.V.   

Table 6 Overview of the publications discussed in this paper. 
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In Vitro Profiling of the Synthetic RNA Polymerase Inhibitor MMV688845 against Mycobacterium abscessus 
 
Lea Mann, Uday S. Ganapathy, Rana Abdelaziz, Markus Lang, Matthew D. Zimmerman, Véronique Dartois, Thomas Dick, Adrian Richter.  Microbiology Spectrum 2022 
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 Synthesis and Characterization of Phenylalanine Amides Active against Mycobacterium abscessus and Other Mycobacteria  Markus Lang, Uday S. Ganapathy, Lea Mann, Rana Abdelaziz, Rüdiger W. Seidel, Richard Goddard, Ilaria Sequenzia, Sophie Hoenke, Philipp Schulze, Wassihun Wedajo Aragaw, René Csuk, Thomas Dick, Adrian Richter.  Journal of Medicinal Chemistry 2023 
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 Determination of bactericidal activity against 3HC-2-Tre-labelled 
Mycobacterium abscessus (Mycobacteroides abscessus) by automated fluorescence microscopy  
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In Vitro Profiling of the Synthetic RNA Polymerase Inhibitor MMV688845 
against Mycobacterium abscessus  Lea Mann, Uday S. Ganapathy, Rana Abdelaziz, Markus Lang, Matthew D. Zimmerman, Véronique Dartois, Thomas Dick, Adrian Richter. ASM Journals Microbiology Spectrum, Mann et al., In Vitro Profiling of the Synthetic RNA Polymerase Inhibitor MMV688845 against Mycobacterium abscessus. Microbiol Spectr 10, © 2022 American Society for Microbiology, DOI: 10.1021/acs.jmedchem.3c00009 
 

 

 

 

 

Summary In this study, the compound MMV688845 was evaluated in detail for its activity against 
M. abscessus. The activity against different strains of M. abscessus as well as against different clinical isolates was characterised and compared with rifabutin. Bactericidal activity, including intracellular activity, was investigated. The combination of the RNA polymerase inhibitor with several different antibiotics was tested for synergistic effects of the combination. This was done using 7H9 and MHII media and the macrophage infection model. In addition, the activity against spontaneously resistant mutants was investigated and first pharmacokinetic data on the metabolism of MMV688845 in mice were published.       
Own contribution: Writing, review & editing, writing of the original draft, visualization, software, methodology, investigation and data curation. The following assays were contributed: MIC tests against M. abscessus ATCC 19977 in MHII, 7H9 and in the macrophage infection model (MBC). Including all combination assays.
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3.3 Publication II   
Synthesis and Characterization of Phenylalanine Amides Active against 
Mycobacterium abscessus and Other Mycobacteria  Markus Lang, Uday S. Ganapathy, Lea Mann, Rana Abdelaziz, Rüdiger W. Seidel, Richard Goddard, Ilaria Sequenzia, Sophie Hoenke, Philipp Schulze, Wassihun Wedajo Aragaw, René Csuk, Thomas Dick, Adrian Richter. Reprinted with permission from ACS Journal of Medicinal Chemistry, Lang et al., Synthesis and Characterization of Phenylalanine Amides Active against Mycobacterium abscessus and Other Mycobacteria, J Med Chem 66:5079–5098,  © 2023 American Chemical Society, DOI: 10.1021/acs.jmedchem.3c00009 
 

Summary This paper describes the synthesis and characterisation of derivatives of the hit substance MMV688845. Within the synthetic part of the publication, X-ray crystallographic molecular structures are presented. In addition, the synthesis and docking pose of the structures on the RNAP of M. tuberculosis are discussed. The water solubility (kinetic solubility) and lipophilicity (LogP values) of the derivatives were determined. All 25 derivatives were characterised in the MIC assay against M. abscessus, M. intracellulare, M. smegmatis and 
M. tuberculosis using different media and the macrophage infection assay (for M. abscessus). The MBC against M. abscessus was determined for selected derivatives. The minimum inhibitory concentration against M. abscessus was improved to 0.78 µM, the MBC values of the selected derivatives were improved compared to the lead compound. The compounds were further tested for cytotoxicity against various mammalian cell lines. In addition, pharmacokinetic studies in the form of in vitro plasma and microsomal stability are presented for the derivatives. 
 

 

Own contribution: Writing, review & editing, visualization, methodology, investigation and data curation. This paper was chosen as the second publication to contribute to this work. This was on the grounds that the microbiological work on which the paper is based was done by myself. The experimental contributions were as follows: Characterisation of the compounds against 
M. abscessus ATCC 19977, M. smegmatis, M. intracellulare, against M. abscessus in the macrophage infection model and determination of the MBC against M. abscessus.
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3.4 Publication III  
Determination of bactericidal activity against 3HC-2-Tre-labelled 
Mycobacterium abscessus (Mycobacteroides abscessus) by automated 
fluorescence microscopy 

 Lea Mann, Fabienne Siersleben, Markus Lang, Adrian Richter. Elsevier, Journal of Microbiological Methods, Mann et al., Determination of bactericidal activity against 3HC-2-Tre-labelled Mycobacterium abscessus (Mycobacteroides abscessus) by automated fluorescence microscopy J Microbiol Methods 224:107002,  © 2024 The Authors. Published by Elsevier B.V., DOI: 10.1016/j.mimet.2024.107002 
 

Summary This paper presents a new method for the determination of MBCs against M. abscessus. The method is based on fluorescence microscopy and can be performed in a 96-well plate format. The aim of the work was to establish a method that is simpler, faster and less prone to pipetting errors than plating on agar. A fluorescent dye, a trehalose-coupled chromophore, is used to stain the bacteria. The new method was used to determine the MBC of several antibiotics against M. abscessus, with and without bactericidal activity. Rifabutin, moxifloxacin, amikacin, clarithromycin and bedaquiline were analysed. Compounds with bactericidal activity such as MMV688845 and a more active derivative of the compound were characterised. The results were compared with the method of plating on agar and the resulting colony forming unit (CFU) count in the laboratory; data from the literature were used for an independent comparison. Preliminary work and first data on the staining of M. abscessus with 2-(6-(diethylamino)benzofuran-2-yl)-3-hydroxy-4H-chromen-4-one-conjugated trehalose (3HC-2-Tre) have been published in the following article:  Richter A, Goddard R, Mann L, Siersleben F, Seidel RW. 2024. Structural characterization of a 3-hydroxychromone dye trehalose conjugate for fluorescent labelling of mycobacteria. J Mol Struct 1298:1–8. 
Own contribution: Writing, review & editing, writing of the original draft, visualization, software, methodology, investigation and data curation. In this publication, all results presented are from experiments carried out by the first author. The method was adopted and further improved for M. abscessus on the basis of Fabienne Sierslebens diploma thesis (supervised as part of my PhD).
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4 Discussion 

4.1 In depth characterisation of the assay hit MMV688845 The publication listed in this dissertation as Publication I: ‘In Vitro Profiling of the Synthetic 

RNA Polymerase Inhibitor MMV688845 against Mycobacterium abscessus’ aimed to investigate the suitability of the substance MMV688845 as a drug candidate against 
M. abscessus. For this purpose, various assays were carried out which, as explained in section 1.2, enable a comprehensive and targeted analysis of the substances adapted to the properties of NTM. In addition, checkerboard assays were performed. Figure 8 is intended to illustrate the progress made in the context of Publication I. In comparison to Figure 5 (chapter 1.2), the sub-items of the figure for which results have been published are highlighted in blue. 

 
Figure 8 NTM drug discovery workflow II. 
Adapted from (Wu et al., 2018). In comparison to Figure 5, what has already been analysed for the 
substance MMV688845 in previous studies is highlighted in orange, what was analysed in Publication I 
in blue. *Test systems to simulate host conditions, i.e. tests such as: non-replicating assays, macrophage 
infection assays, caseum assay or persister-specific assays. As only the macrophage infection assay was 
examined in this publication, this point is only partially emphasized.  
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In the publication, the activity against subspecies of M. abscessus and clinical isolates of the bacterium was assessed (Table 1, Publication I). The bactericidal activity of MMV688845 was determined against M. abscessus and published for the first time (Table 2, Publication I). The target RNA polymerase was reconfirmed by sequencing resistant mutants of M. abscessus, which was done in the laboratories of Prof. Thomas Dick. In order to investigate the activity of MMV688845 under host conditions, MIC determinations were carried out in the macrophage infection model (Tables 2, 4 and 5, Figure 3, Publication I). In addition, investigation of the oral bioavailability was carried out but showed rapid metabolism of the substance, as only a plasma concentration of 0.1 µM could be achieved when a dose of 25 mg/kg was administered orally to mice (Figure 4, Publication I). These results emphasise the value of investigating pharmacokinetic properties in addition to activity in the early stages of drug development. For the further development of the substance class, it will be important to optimise the pharmacokinetics in addition to improve the activity. To this end, it is important to investigate the target of the compound in order to understand the binding interactions in detail. Further investigations, such as modelling studies, can significantly facilitate chemical synthesis to find optimised compounds. Since a combination therapy with at least three antibiotics is considered the standard therapy for M. abscessus, the combination of MMV688845 with various antibiotics of different classes used against NTM and M. abscessus was already investigated at this early stage of drug development. Drug interactions can reveal connections between processes in the cell and are, therefore, of interest for basic research in microbial cell physiology (Hsieh et al., 1993). However, the study reveals weaknesses that point to recommendations for future improvements. For the combinations that showed synergy in the determined MIC, a determination of the MBC at which cell viability is detected could have further clarified the efficacy of the drug combination (Gómara and Ramón-García, 2019). It would, therefore, be interesting to test the combination of clarithromycin and MMV688845 for its bactericidal properties and to determine whether there is synergy in terms of bacterial count reduction. Overall, the study is comparable to other M. abscessus drug development literature studies, in terms of the assays performed and the approach used. Examples include a publication on the investigation of benzoxaboroles against M. abscessus (Ganapathy, González del Rio, et al., 2021), another on the characterisation of Decaprenylphosphoryl-β-D-ribofuranose ͪ′-oxidase (DprE1) (Sarathy et al., 2022) and a third on new F-ATP Synthase inhibitors (Ragunathan, Dick and Grüber, 2022). In these studies, tests were carried out on various strains or clinical isolates, the bactericidal properties of the substances were investigated and target validations were performed. Two of the publications show initial pharmacokinetic 
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data (Ganapathy, González del Rio, et al., 2021; Sarathy et al., 2022), and the interaction with other drugs was investigated (Ragunathan, Dick and Grüber, 2022; Sarathy et al., 2022). Publication I is, thus, considered an important step towards the development of drugs against 
M. abscessus. It collects important data for the characterisation of the AAP substance class.
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4.2 Characterisation of AAP derivatives in broth and in the macrophage 

infection assay Publication II was included in the series of listed papers on drug development against 
M. abscessus on the basis of the investigations of Publication I: Testing against various non-tuberculous mycobacteria, including different strains of M. abscessus in different liquid media and in the macrophage infection model (Table 2, Publication II); determination of bactericidal activity (Figure 7, Publication II); toxicity testing (Table 5, Publication II); pharmacokinetic testing (Figure 8, Table 4, Publication II). Importantly, based on Publication I, this paper presents analogues of MMV688845 with improved activity. In addition to the above-mentioned investigations, the paper presents more extensive results, such as the synthesis and, with regard to the properties of the compounds, investigations on solubility and plasma/microsomal stability. Of approximately 100 different derivatives tested during this doctoral thesis, 26 derivatives with activity against M. abscessus are presented in the publication. Some of the substances show improved activity compared to the hit substance, as listed in Table 2 (Publication II). In addition to the tests in broth, tests in the macrophage infection model were carried out for the 26 derivatives in the publication, as mentioned above. The assay-results and evaluation of the data are described in Section 2.3.1 (Publication II) and Sections 4.12.1-4.12.3 and 4.12.6 (Publication II) and also in Publication I.  Table 2 (Publication II) shows the results of the compounds tested in the liquid medium and in the macrophage infection model for M. abscessus ATCC 19977. The results of the macrophage infection assay show higher MIC values compared to the values determined in bacterial growth medium.  In general, intracellular M. abscessus is less susceptible to treatment with inhibitors (Molina-Torres et al., 2018). It is hypothesised that the conditions within the macrophage, such as ROS, nitric oxide, low pH and a lipid-rich environment, lead to bacterial adaptation and the induction of drug tolerance (Wu et al., 2018). As mentioned in section 1.2, the macrophage infection assay can be used as a model to simulate the bacterial environment in the host. The protocol used in our laboratories (again Section 4.12.6, Publication II), which is based on fluorescence evaluation, is a high-content screening approach. Figure 9 shows overlaid fluorescence images taken for image-based analysis. The method enables the screening of drugs against M. abscessus in vitro, taking into account drug permeability, host effects or macrophage inactivation (Richter, Shapira and Av-Gay, 2019). Some clinically used antibiotics for M. abscessus therapy have intracellular activity against the bacterium, such as bedaquiline, tigecycline and macrolides (Molina-Torres et al., 2018) (see Table 4, Publication I).  
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After the hit substance MMV688845 was shown to be active in the macrophage infection model (Richter, Shapira and Av-Gay, 2019), the corresponding derivatives were characterised for their intracellular activity. The fact that the derivatives of the substance MMV688845 with improved MIC against M. abscessus in liquid medium (Table 2, e.g. substances 20,24, 28, 29) maintain the improvement in the macrophage infection model is to be regarded as positive. In general, the efficacy in macrophages is an outstanding property for the substance class, as it could help to eradicate infections more effectively. 

 
Figure 9 Overlay of fluorescence microscopic images. 
DAPI stained nuclei (blue) and red fluorescent protein of M. abscessus pTEC27 ATCC 19977 (red). Image 
acquired with CX5 by Lea Mann, 2023. It would be interesting to investigate the extent to which the efficacy of a substance against bacteria growing in macrophages actually correlates with its efficacy in the clinic, although this may be difficult to determine due to additional pharmacokinetic parameters during clinical administration. For the future, a more comprehensive characterisation of the bactericidal activity of the substances should be added to the results currently obtained. The bactericidal effect on bacteria in macrophages was determined for the lead substance (Publication I, Table 2), but no such study was carried out for the optimised derivatives. Due to the necessary fixation prior to the final evaluation, which was obligatory due to the location of the fluorescence microscope outside the S2 laboratory, no in vitro live cell imaging could be performed to gain more insight into the dynamic process of phagocytosis. Overall, the macrophage infection model for testing substances under simulated conditions of human infection with the pathogen is a useful method for determining the efficacy of substances against M. abscessus. This work generated important data for two papers (Publication I and Publication II). By using this model, it was possible to simulate the host conditions and make progress in the early process of drug development.   
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4.3 Development of a new fluorescence-based method for MBC determination Bactericidal activity of the agents used against NTM is considered to be crucial for the success of the therapy: To sterilise persisters in biofilms, but to eradicate M. abscessus bacilli in immunocompromised patients, where bacteriostatic antibiotics may not be sufficient (Dartois and Dick, 2022). The lack of success in treating M. abscessus can be attributed to the lack of bactericidal activity of the drugs (Dartois and Dick, 2024b). As the clinically used drugs tigecycline and amikacin have weak bactericidal activity against M. abscessus (Maurer 
et al., 2014). Bactericidal properties are therefore essential for the development of new drugs. The determination of MBC is not a standardised method (Greendyke and Byrd, 2008), so the definitions for the evaluation of bactericidal activity differ. In this work, the MBC is defined as the minimum concentration to reduce viability, measured in CFU, by 90% or 99% compared to the initial inoculum. Initially, a method for determining MBC by plating substances on agar was established in the laboratories. This conventional method was developed based on protocols found in literature and methodically adapted to further optimise the method (Franzblau et al., 2012; Maurer et 

al., 2014; Ganapathy, Del Rio, et al., 2021). Due to the constant adaptation of the MBC method during my doctoral work, different methods of MBC determination are described in the publications I-III. They do not differ in quality, but in efficiency in terms of the time required per substance to be tested, which could be reduced. During the process of compound characterisation of AAPs, we constantly optimised the methods in order to accelerate the process. In retrospect, the performance of the MBC determination on agar medium has provided important results for all three publications included in the dissertation. See Publication I, Figure 1 and Table 2, Publication II Figure 7, Section 2.3.2 and 4.12.7, and Publication III Figure 2 and Section 2.4. The third publication, however, deals with a novel method of MBC determination using fluorescence microscopy in a 96-well format in liquid culture. The approach taken was to automate the analysis by software-assisted counting of CFUs. To obtain an optimally analysable microscopic image for evaluation, different growth times, dilutions and dyes were investigated as part of the method development, leading to the method described in publication III. All results presented in the publication were carried out by myself. The method was adopted and further improved for M. abscessus on the basis of the results obtained in Fabienne Siersleben's diploma thesis for testing Mycobacterium aurum (supervised by me). Overall, the development of an improved method should lead to progress within the drug development process (Figure 5) in order to accelerate bactericidal testing and, thus, the 
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entire drug development process. MBC determinations are usually performed at a later stage of drug development as they are very time consuming. Using an automated high-throughput method for this step will help to perform the MBC assessment at an early stage. Since information about the bactericidal activity of a drug is very important, especially for bacteria that tend to develop resistance during therapy, it is valuable to check the bactericidal properties of a drug at an early stage of drug development. Another approach to determine MBCs more quickly, was found in the literature (Bär et al., 2009). However, this is based on a relative ratio of viable to non-viable bacteria determined by differential staining, requiring the use of two dyes that can reliably differentiate bacteria based on viability. In addition, the evaluation is based on graphical extrapolation and a mathematical approximation method, which makes the evaluation more complicated than the method presented in Publication III. In the newly developed method (Publication III), a single dye: 3HC-2-Tre is used for coloring and whose chemical structure is shown in Figure 10. Unlike structurally related dyes, it is not capable of selectively staining viable bacteria (Kamariza et al., 2021). 

 
Figure 10 Chemical diagram of 3HC-2-Tre. For trehalose-conjugated dyes, the mycolation to trehalose mycolates by antigen 85 and its subsequent insertion into the mycobacterial membrane by MmpL transport are described in literature. However, a second, unknown mechanism has been described for the 3HC-2-Tre dye used, which can stain bacteria regardless of their viability and enzyme activity. Due to the solvatochromic property of the dye, the fluorescence should be particularly intense within the lipophilic mycobacterial cell wall compared to the aqueous medium (Kamariza et 

al., 2018, 2021). However, during work with the dye, it was found that a washing/diluting step was necessary to obtain an image with the low background fluorescence required for analysis. To ensure sufficient reduction of the background, a final dilution step was, therefore, implemented in the method to dilute the dye so that the contrasting bacteria could then be sufficiently focused. To stain bacteria in the new method, only one dye is needed that can reliably stain the viable bacteria present in a sample. An advantage of the method is that the dye can be selected to 
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match the fluorescence filter of the device used for the evaluating measurement. Although an RFP-expressing strain of M. abscessus was used in this work, a wild-type strain was deliberately used for this study (the RFP strain was used for validation purposes only). The aim was to show that the MBC test presented here can be carried out with clinical isolates and can generally be performed independently of genetic modification. As mentioned in Publication III, the method described allows an improvement in throughput due to the simplified quantification compared to counting CFU after plating on agar. Another advantage is the dilution of the drugs during the transfer to the second 96-well plate, so that interfering, residual concentrations of drug do not interfere with the bactericidal test. Due to the simplification and acceleration of the method for the determination of MBC, the fluorescence-based assay is already being used in our laboratory. However, this newly developed, improved method for MBC determination, adapted to M. abscessus, has contributed to improving the drug development process, which will hopefully be used in other laboratories, as it will be possible to perform the assay with other NTM after adjusting the incubation times.
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5 Summary  In general, this work demonstrates the potential of the Nα-aroyl-N-aryl-phenylalanine amides (AAPs) of compounds as antimycobacterial agents. The testing of the substance MMV688845 and AAP derivatives against various NTM made an important contribution to the optimisation and further development of the substance class.   The compound MMV688845, which was originally identified by testing compound libraries (see Section 1.3), has been comprehensively characterised in this work (Publication I). In particular, checkerboard assays were used to investigate the effect (synergistic, additive, antagonistic) of a combination of MMV688845 with antimycobacterial agents against 
M. abscessus. A synergistic effect was observed in the combination of clarithromycin with MMV688845. A similar behaviour is described in the literature for the combination of the RNA polymerase inhibitor rifabutin with clarithromycin (Aziz, Go and Dick, 2020). The synergistic effect may be caused by the suppression of inducible macrolide resistance in 
erm41-positive M. abscessus by the combination of an RNA polymerase inhibitor with clarithromycin. In addition, the bactericidal properties of the substance MMV688845 were determined for the first time and compared with the activity of rifabutin. For this purpose, a colony count was performed on agar medium after incubation of M. abscessus in 7H9 and also after incubation in the macrophage infection model. It was shown that in both cases a reduction of colony forming units of 99% (MBC99) was achieved.  Due to the interdisciplinarity within our working group, the activities of the newly synthesised MMV688845 derivatives could be very quickly and directly reproduced by in 

vitro testing of the mycobacteria, which accelerated the optimisation process. For the further development of the substance class, approximately 100 derivatives were tested and analysed against M. abscessus ATCC19977 (subsp. abscessus), M. smegmatis mc2 155 and 
M. intracellulare ATCC 35761, as well as against M. abscessus in the macrophage infection model. The derivatives with improved properties (such as increased activity) have been published in Publication II. In addition, the bactericidal properties of some derivatives were also analysed and lower MBC values were found in comparison with the lead compound.  With the establishment and improvement of a method for the determination of MBC, an assay was developed. The results shown in Publication III are based on the approach of simplifying the process of determining colony-forming units by plating on agar medium and alternatively testing the growth capacity of the bacteria in 96-well plates in liquid culture. For evaluation, 
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an automated, fluorescence microscopic quantification of the bacteria was established, which is preceded by the staining of the bacteria with a trehalose dye 3HC-2-Tre (2-(6-(diethylamino)benzofuran-2-yl)-3-hydroxy-4H-chromen-4-one-conjugated trehalose). This new method was used to determine the bactericidal activity of various antibiotics against 
M. abscessus and the results were compared with literature data or verified by plating on agar. It was shown that the new fluorescence-based method gives comparable results to the enumeration of the colony-forming unit on agar.  In the future, synthetic optimisation of the AAP derivatives will be necessary in order to reduce the metabolisation of the substances. In vitro testing against mycobacteria (MIC/MBC, macrophage infection assay) will continue to be an important aspect in order to understand the influence of the structural change on the effect in the whole cell assay and to optimise both parameters (activity and stability).   There are various approaches for further development of the presented method of MBC determination in liquid culture. For example, the attempt to use it in another laboratory, where a transfer to other mycobacteria as well as to clinical isolates is also conceivable. Another idea would be to carry out the assay following an in vitro combination test. In addition, the use for the time-dependent determination of bactericidal activity, which could be realised by evaluation at different points in time.  For the further development of the substance class, the parameters of antimycobacterial efficacy and metabolic stability must be considered equally in order to establish the active substance class of AAPs as preclinical candidates and to prove their efficacy in a suitable in 

vivo model.  
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5 Zusammenfassung  Grundsätzlich zeigt diese Arbeit das Potential der Substanzklasse der Nα-aroyl-N-aryl-phenylalanin amide (AAPs) als antimykobakterielle Wirkstoffe auf. Die Testung der Substanz MMV688845 und AAP-Derivate gegen verschiedene NTM leistet einen wichtigen Beitrag zur Optimierung und Weiterentwicklung der Substanzklasse.  Die Verbindung MMV688845, welche ursprünglich durch die Testung von Substanzbibliotheken identifiziert wurde (siehe Abschnitt 1.3), ist in dieser Arbeit (Publikation I) umfassend charakterisiert worden. Hierfür wurden insbesondere Checkerboard-Assays herangezogen, um den Effekt (synergistisch, additiv, antagonistisch) einer Kombination von MMV688845 mit antimykobakteriellen Wirkstoffen gegen 
M. abscessus zu untersuchen. Es konnte ein synergistischer Effekt in der Kombination von Clarithromycin mit MMV688845 festgestellt werden. Ein ähnliches Verhalten ist für die Kombination des RNA-Polymerase Hemmstoffes Rifabutin mit Clarithromycin in der Literatur beschrieben (Aziz, Go and Dick, 2020). Der synergistische Effekt kann mit der Suppression der induzierbaren Makrolidresistenz bei erm41-positiven M. abscessus durch die Kombination eines RNA-Polymerase Hemmstoffs mit Clarithromycin verursacht werden. Zudem wurde erstmals eine Bestimmung der bakteriziden Eigenschaften für die Substanz MMV688845 untersucht und mit der Aktivität von Rifabutin verglichen. Hierfür wurde eine Koloniezählung auf Agar-Medium durchgeführt, nach Inkubation von M. abscessus in 7H9 und ebenfalls nach der Inkubation im Makrophagen-Infektionsmodell. Es konnte gezeigt werden, dass in beiden Fällen eine Reduktion der koloniebildenden Einheiten von 99% (MBC99) erreicht wird.  Durch die Interdisziplinarität innerhalb unserer Arbeitsgruppe konnten Aktivitäten der neu synthetisierten MMV688845-Derivate durch in vitro Testung der Mykobakterien sehr schnell und direkt nachvollzogen werden, was den Optimierungs-Prozess beschleunigte. Für die Weiterentwicklung der Substanzklasse wurden für ca. 150 Derivate gegen M. abscessus ATCC19977 (subsp. abscessus), M. smegmatis mc2 155 und M. intracellulare ATCC 35761, sowie gegen M. abscessus im Makrophagen-Infektions-Modell getestet und ausgewertet. Die Derivate mit verbesserten Eigenschaften (wie unter anderem erhöhte Aktivität) sind in Publikation II veröffentlicht worden. Zudem wurden auch hier die bakteriziden Eigenschaften einiger Derivate untersucht und im Vergleich der Leitsubstanz geringere MBC-Werte festgestellt. 
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Mit der Etablierung und Verbesserung einer Methode zur Bestimmung der MBC wurde zusätzlich ein Assay entwickelt. Die in Publikation III gezeigten Ergebnisse basieren auf dem Ansatz, den Prozess der Bestimmung koloniebildender Einheiten über Platierung auf Agar Medium zu vereinfachen und die Prüfung der Wachstumsfähigkeit der Keime alternativ in 96-Well Platten in Flüssigkultur durchzuführen. Zur Auswertung wurde eine automatisierte, fluoreszenzmikroskopische Quantifizierung der Keime etabliert, der die Färbung der Bakterien mit einem Trehalose-Farbstoff 3HC-2-Tre (2-(6-(diethylamino)benzofuran-2-yl)-3-hydroxy-4H-chromen-4-on-konjugierte Trehalose) vorausgeht. Diese neue Methode wurde zur Bestimmung der Bakterizidie verschiedener Antibitoika gegen M. abscessus genutzt und die Ergebnisse wurden mit Literaturdaten verglichen bzw. mittels Platierung auf Agar verifiziert. Dabei zeigte sich das die neue fluoreszenzbasierte Methode vergleichbare Ergebnisse wie die Auszählung der koloniebildenden Einheit auf ergibt.  Zukünftig wird synthetische Optimierung der AAP-Derivate notwendig sein, um die Metabolisierung der Substanzen zu verringern. Dabei wird die in vitro Testung gegen Mykobakterien (MHK/MBC, Makrophagen-Infektionsassay) auch weiterhin einen wichtigen Aspekt darstellen um den Einfluss der Strukturveränderung auf die Wirkung im Ganzzellassay nachvollziehen zu können und beide Parameter (Aktivität und Stabilität) zu optimieren.   Für die vorgestellte Methode der MBC Bestimmung in Flüssigkultur gibt es verschiedene Ansätze der Weiterentwicklung. Zum Beispiel den Versuch der Anwendung in einem anderen Labor, bei der eine Übertragung auf andere Mykobakterien wie auch auf klinische Isolate, ebenfalls denkbar ist. Eine Durchführung im Anschluss einer in vitro Kombinationstestung wäre eine weitere Idee. Außerdem die Nutzung zur Zeit-abhängigen Bestimmung der bakteriziden Aktivität, die durch Auswertung zu verschiedenen Zeitpunkten zu realisieren wäre.  Für die weitere Entwicklung der Stoffklasse müssen die Parameter antimykobakterielle Wirksamkeit und metabolische Stabilität gleichermaßen berücksichtigt werden, um die Wirkstofflasse der AAPs als präklinische Kandidaten zu etablieren und ihre Wirksamkeit in einem geeigneten in vivo Modell nachzuweisen.  
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