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3 Introduction 

Tuberculosis (TB) is a communicable disease that poses significant health challenges 

worldwide. It is caused by the inhalation of airborne Mycobacterium tuberculosis (Mtb), which 

is expelled into the air through activities such as coughing, singing or speaking 1. This 

mycobacterium primarily infects the lungs, leading to pulmonary TB, but can also affect other 

parts of the human body, such as lymph nodes, bones, joints and the central nervous system, 

resulting in extrapulmonary TB 2. Before the COVID-19 pandemic, TB was the leading cause 

of death caused by a single infectious agent, even surpassing HIV. In 2021, an estimated 

10.6 million people were diagnosed with an active TB, leading to 1.6 million deaths. 

Furthermore, the World Health Organization estimates that roughly a quarter of the global 

population is potentially infected with Mtb, showing an asymptomatic, latent TB 3. 

3.1 Mycobacterium tuberculosis and Host Cell Infection 

Throughout history, TB has afflicted humanity and earned a variety of different names, 

including ‘Scrofula’, ‘the King’s Evil’ and ‘the white plague’. By the 19th century, it was 

commonly referred to as ‘consumption’, even though Johann Schönlein had already identified 

and classified it as “tuberculosis” 4-7. In 1882, Robert Koch's groundbreaking work isolated Mtb 

as the causative agent of TB 8. He was also able to extract the microorganism from patients and 

inoculate laboratory animals such as guinea pigs 9. 

Today, it is known that the M. tuberculosis complex includes Mtb and other mycobacteria such 

as M. bovis, M. caprae, M. microti, M. canetti, M. africanum and M. pinnipedii 10. Phylogenic 

analysis classifies Mtb into the following genealogy: the southeast Asian and Oceanian clades 

(lineage 1), the Eurasian clades (lineages 2-4), the African clades (lineages 5 and 6), and the 

Ethiopian clade (lineage 7) 11. Interestingly, split-offs of lineage 1 can be correlated with the 

first and second wave of human migration, which matches the dispersal of this organism 

throughout Eurasia 11. Mtb is an aerobic, nonmotile, rod-shaped and acid-fast microorganism 

with a guanine and cysteine-rich, 4.4 million base pair long genome containing 3,924 genes 

(strain H37Rv) 12,13. Mycobacteria are especially robust microorganisms, mainly because of 

their unique and impermeable cell wall, containing an unusual additional layer of cross-linked 

mycolic acids 14.  

After inhalation of airborne droplets containing mycobacteria, the pathogen is transported to 

the lower respiratory tract, where macrophages and dendritic cells phagocytose the foreign 
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organism 1. During phagocytosis the membrane of the macrophage indents and thus absorbs the 

target cell into a novel compartment, the phagosome 15. Inside the phagosome the 

mycobacterium is then exposed to gradually decreasing pH to then be delivered to the lysosome 

where the degradation process is finalized 16. As a defense mechanism Mtb developed the ability 

to escape the phagosome by utilizing the type VII secretion system ESX-1 (see chapter 5.3.1) 17. 

The secretion of virulence factors by Mtb hinders phagosomal maturation, allowing the 

pathogen to escape the phagosome and to enter the nutrient-rich cytosol 17,18. By escaping the 

phagosome, Mtb induces a highly inflammatory form of host cell death: necrosis. This form of 

cell death is not intended by the host cell and manifests in three prominent ways: necroptosis, 

pyroptosis and ferroptosis 19. Necroptosis is triggered through the activation of specific cell 

surface receptors, such as the tumor necrosis factor receptor 1 (TNFR1) 20. Upon activation, 

TNFR1 engages the receptor-interacting protein kinase 1 (RIPK1) and RIPK3, forming the 

necrosome complex 20. Activation of the necrosome leads to phosphorylation of mixed lineage 

kinase domain-like protein (MLKL), which subsequently translocates to the cell membrane, 

causing disruption and cell lysis 20. Pyroptosis, on the other hand, involves the activation of 

intracellular protein complexes, such as the NLRP3 inflammasome 21,22. NLRP3 activates 

caspase-1, which cleaves pro-inflammatory cytokines like pro-interleukin-1β (pro-IL-1β) and 

pro-interleukin-18 (pro-IL-18) into their active forms: IL-1β and IL-18. Simultaneously, 

caspase-1 cleaves gasdermin D, leading to the formation of membrane pores and eventual cell 

swelling and rupture. Ferroptosis is characterized by the accumulation of lipid peroxides and 

iron in host cells, which can potentially be induced by Mtb and is mediated by decreased levels 

of glutathione peroxidase-4 (Gpx4). 23. Iron is an essential nutrient for Mtb, and the pathogen 

employs various strategies to acquire iron from the host 23. This competition for iron may result 

in cellular iron overload, promoting lipid peroxidation and eventual cell death 23. 
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3.2 An Overview of Currently Employed Anti-Mtb Drugs and Drug Targets 

The currently applied standard treatment regimen for drug-sensitive Mtb, which includes the 

administration of multiple antibiotics (isoniazid, rifampicin, pyrazinamide and ethambutol) for 

6 months, is effective but unwieldy 24. Incompetent treatment regimens promote the 

development of antibiotic resistance, necessitating direct supervision, which in turn leads to an 

increased burden on medical infrastructure and financial resources 25. Notably, the highest 

incidence per capita is observed in economically weak or highly populated countries, such as 

central and south Africa, as well as of southeast Asia 25. The lack of medical infrastructure in 

low-income countries complicates case detection and successful treatment of active 

tuberculosis, further promoting the emergence of resistant Mtb (Figure 1).  

 

Figure 1: Estimated number of incident cases of MDR/RR-TB in 2021 for countries with at least 

1000 incident cases. The seven countries with the highest burden in terms of numbers of MDR/RR-TB 

cases, and that accounted for two thirds of global MDR/RR-TB cases in 2021, are labelled. Used with 

permission 3. 

An individual infected with an Mtb strain that is resistant to isoniazid and rifampicin, referred 

to as a multidrug-resistant (MDR) strain, is practically incurable using the standard treatment 

regimen 26. In 2021, 450 000 cases of MDR or at least rifampicin-resistant (RR) strains were 

reported 3. The WHO recommends a 6-month treatment regimen for MDR-TB, consisting of 

bedaquiline, pretomanid, linezolid and moxifloxacin 27. MDR-strains that are additionally 

resistant to any fluoroquinolone and capreomycin, kanamycin or amikacin, are classified as 

extensively drug resistant (XDR) strain 26. Approximately 20% of isolated MDR-strains are at 

least resistant to fluoroquinolones (pre-XDR), putting them at high risk of evolving into 

XDR-strains 3. Treating pre-XDR and XDR strains is extremely challenging, as they exhibit 

resistance against most major treatment options and complex personalized treatment regimen 
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need to be applied 26. Drug susceptibility testing is crucial here to identify second-line 

antibiotics to which the XDR-strain is still sensitive. This information is essential for 

developing a personalized treatment regimen, which should consist of four different second-line 

anti-tuberculous drugs, making treatment of XDR-strains even more expensive 25. However, 

it’s important to note that this combination may result in more adverse side effects 26,28.  

The currently exploited molecular targets of anti-mycobacterial drug are essential for 

mycobacterial propagation or metabolic maintenance (Figure 2). This includes the inhibition of 

DNA replication by targeting the DNA gyrase, most notably done by fluoroquinolones 

(e.g. moxifloxacin, ciprofloxacin, levofloxacin) 29, or the inhibition of the DNA-dependent 

RNA polymerase (e.g. rifampicin, sorangicin, myxopyronin, streptolydigin) 30-33. An alternative 

target involves the disruption of protein biosynthesis through the alteration of the ribosome 34, 

which is the mode of action for the substance classes such as macrolides (e.g. erythromycin, 

telithromycin, clarithromycin) 35,36, aminoglycosides (e.g. streptomycin, kanamycin, amikacin, 

gentamicin) 37,38 and oxazoldionines (e.g. linezolid) 39. Furthermore, the synthesis of the unique 

mycobacterial cell wall is a highly utilized target of several (first-line) anti-tuberculous 

compounds (e.g. isoniazid, ethionamide, ethambutol, delamanid and pretomanid, see 

chapter 3.2.1) 40-42. In addition, attenuation of the mycobacterial metabolism by inhibiting the 

cholesterol metabolism 43 or amino acid biosynthesis 44 are essential targets (see chapter 3.2.2). 

The recent discovery of bedaquiline has identified the disruption of the mycobacterial energy 

supply as a novel promising anti-mycobacterial target (bedaquiline, imidazoypridines (Q203) 

and lansoprazole sulfide, see chapter 3.2.3) 45-47. 
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Figure 2: Schematic overview of antibiotic targets in Mycobacterium tuberculosis. The most 

common mycobacterial targets of well-described antibiotics include the gyrase, the RNA polymerase, 

the respiratory chain, the cholesterol metabolism, the ribosome, the amino acid synthesis and the cell 

wall synthesis. Scheme was created with BioRender.com. 

Although several compounds are currently in clinical phase I and II trials with promising 

progresses, all lead substances act on the targets described above (Table 1). Nevertheless, these 

current advances in drug development against Mtb do not provide fundamentally new concepts. 

Most compounds focus on either on disrupting the genetic translation or transcription, the cell 

wall synthesis or the mycobacterial cell supply. This demonstrates the urgent need for the 

discovery of novel modes of action. 
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Table 1: Overview of the global clinical development pipeline for new anti-Mtb drugs in 2022. 

Name, main characteristics and target category of drugs currently investigated in clinical studies are 

described 48. 

Phase Name Description Target category 

I 

Macozinone49 
Benzothiazinone; BTZ-403 

derivative; DprE1 inhibitor 
Cell wall synthesis 

BVL-GSK09850 
Amino piperidine; Ethionamide 

booster 
Cell wall synthesis 

GSK-28651 
Inhibitor of cholesterol catabolism 

in Mtb 
Metabolism 

TBAJ-58752 
Diarylquinoline; inhibitor of Mtb 

ATP synthase 
Energy metabolism 

TBAJ-87653 
Diarylquinoline; inhibitor of Mtb 

ATP synthase 
Energy metabolism 

TBI-16654 

Riminophenazine; clofazimine 

derivative; inhibits the translation 

of DNA 

DNA transcription 

TBI-22355 
Oxazolidinones; inhibits the 

transcription of mRNA 
mRNA translation 

II 

BTZ-04356 
Benzothiazinone;  

DprE1 inhibitor 
Cell wall synthesis 

GSK303665657 
Inhibitor of Mtb leucyl-tRNA 

synthetase 
mRNA translation 

OPC-16783258 
carbostyril derivative; DprE1 

inhibitor 
Cell wall synthesis 

SPR720 

(Fobrepodacin)59  

aminobenzimidazole; inhibits Mtb 

DNA gyrase 
DNA transcription 

Telacebec 

(Q203)60 

imidazopyridine amide; QcrB 

inhibitor, inhibits Mtb ATP 

synthase 

Energy metabolism 

TBA-737161 Azaindole; DprE1 inhibitor Cell wall synthesis 

Delpazolid62 
Oxazolidinone; inhibits 23S 

ribosomal subunit 
mRNA translation 

SQ10963 Ethylenediamine; inhibits MmpL3 Cell wall synthesis 

Sutezolid64 
Oxazolidinone; inhibits the 

transcription of mRNA 
mRNA translation 

Sudapyridine  

(WX-081) 65 

Diarylquinoline; Bedaquiline 

derivative; inhibits ATP synthase 
Energy metabolism 

III 
Treatment regimens of bedaquiline in combination therapies 

Treatment regimens of established antibiotics for use against resistant strains 
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3.2.1 The Mycobacterial Cell Wall Synthesis as Potential Target 

The cell wall biosynthesis of Mtb is a highly utilized target for antibiotics. The unique 

mycobacterial cell wall consists of the cytoplasmic membrane, the cell wall and the cell 

envelope (Figure 3) 66,67. The cytoplasmic membrane is similar to other bacteria, providing 

structural integrity and being involved in transport, cell signaling and energy generation 68,69. 

Surrounding the membrane is the cell wall, consisting of cross-linked peptidoglycans that form 

covalent complexes with arabinogalactans and lipoarabinomannan 68,70. The cell wall provides 

additional integral support and acts as a permeability barrier 71. Outwards connected is the outer 

cell envelope consisting of a mycolic acid layer unique to mycobacteria and responsible for the 

high robustness and natural resistance of mycobacteria to antibiotic compounds 72. Mycolic 

acids are long chain α-alkyl β-hydroxyl fatty acids that are either linked to the arabinogalactans 

in the cell wall or exist as unlinked trehalose or glycerol esters 73. The biosynthesis of 

mycobacterial cell wall and mycolic acid layer is essential for mycobacterial growth and 

requires highly coordinated and localized protein machineries, making their disruption unique 

targets for highly specific anti-mycobacterial drugs 74.  

  

Figure 3: Schematic overview of the plasma membrane, cell wall and cell envelope of 

Mycobacterium tuberculosis. The unique cell wall of mycobacteria consists of peptidoglycans 

connected with lipoarabinomannan, arabinogalactans and an outer envelope of mycolic acids. Scheme 

was created with BioRender.com. 

The most notable targets of the cell wall synthesis include the decaprenylphosphoryl-β-D-

ribofuranose-2-epimerase DprE1/DprE2 complex 75-77, the NAD-dependent Enoyl-acyl carrier 

protein (ACP) reductase InhA 78, the membrane-bound transporter MmpL3 (mycobacterial 
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membrane protein Large 3) 79, the type I polyketide synthase 13 (Pks13) 80, and the 

arabinosyltransferases (AmbA, AmbB and AmbC) 81. DprE1 and DprE2 are essential in the cell 

wall synthesis as they are directly responsible for producing the arabinan component of 

arabinogalactan and lipoarabinomannan 75. The most prominent inhibitors of the decaprenyl-

phosphoryl-β-D-ribose epimerization are the 1,3-benzothiazin-4-ones (BTZs) 56,82. InhA is part 

of the fatty acid synthase type II system, which is essential in mycolic acid biosynthesis 78. This 

central enzyme can be targeted by several antibiotics, including the clinically used isoniazid 

(INH) and ethionamide (ETH). Both of these drugs are so called prodrugs, which are not 

bioactive against Mtb in their applied form but need prior bioactivation by the pathogen’s own 

enzymatic machinery. For INH and ETH, this activation is catalyzed by KatG or a specific 

Bayer-Villiger monooxygenase (EthA, EthA2 or MymA), respectively 83,84. These enzymes 

convert the previously inactive drug into the active NAD adduct, INH-NAD or ETH-NAD, 

which then directly inhibits the activity of the essential enzyme InhA 78. 

The transporter MmpL3 belongs to the resistance-nodulation-division superfamily (RND) and 

is centrally involved in the translocation of trehalose monomycolate to the periplasm where it 

is used for mycolic acid synthesis 82. Although the concerns that MmpL3 might also allow 

efflux-mediated drug-resistance have been discerned by the discovery of the inhibitor SQ109 63, 

there is still a certain promiscuity associated with unspecific effects of MmpL3 inhibitors on 

the proton motive force 85. MmpL3 represents one of the more common anti-tuberculous targets 

identified during anit-Mtb drug screening in recent years 82,86. Besides the ethylenediamine 

derivative SQ109, several other classes of compounds, such as several carboxamide derivatives, 

adamantly ureas, pyrroles and pyrazoles, benzimidazoles, spiropiperidines and piperidinoles 

have been found to inhibit MmpL3 82,86-88. The multi-domain polyketide synthase Pks13 is also 

essentially involved in mycolic acid production. Utilizing the thioesterase activity of Pks13, 

trehalose molecules are processed into the monomycolate precursors used for mycolic acid 

biosynthesis 89. Compounds with antibiotic activity targeting Pks13 include several thiophene 

and benzofuran scaffolds 82,90,91. In addition, the arabinosyltransferases EmbA, EmbB and 

EmbC are also involved in the cross-linking of the highly branched arabinogalactan and thus 

are essential for mycobacterial growth 73. The activity of the arabinosyltransferases can be 

disrupted by inhibitors such as the first-line antibiotic ethambutol, leading to abrogated cell wall 

biogenesis and therefore preventing cell division 81,92,93.  
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Overall, recent drug discovery attempts have shown that the mycobacterial cell wall provides 

several essential targets, resulting in a pleiotropy of diverse chemical scaffolds with promising 

anti-tuberculous activity for further drug development. 

3.2.2 The Amino Acid Biosynthesis as Potential Target 

Amino acid biosynthesis pathways are a novel approach to deal with (drug-resistant) Mtb 44 as 

they are naturally essential for metabolic maintenance and growth. Although Mtb can use 

certain amino acids from intracellular macrophages as a nitrogen source (aspartate, glutamate, 

glutamine, glycine, alanine, leucine, valine and isoleucine), de novo synthesis of amino acids is 

still required. As the biosynthesis pathways for tryptophan (trp), histidine, leucine and cysteine 

are not present in humans, enzymes utilized in these are promising antibiotic targets 44. For 

example, the tryptophan biosynthesis employs several consecutive enzymatic steps, which 

provide potential interaction points with bioactive molecules. This can be done by allosteric 

inhibition, for example, by indole propionic acids or anthranilate derivatives, which bind to the 

anthranilate synthase TrpE 94,95. Another example is the allosteric inhibition of the TrpAB 

holoenzyme by the azetidine derivative BRD4592 96. This highly specific inhibition of an 

essential metabolic pathway might result in a high potential of patient tolerance, allowing 

administration of sufficient concentrations to reduce development of resistance. 

3.2.3 The Respiratory Chain as Potential Target 

Although Mtb can survive in an anaerobic environment as obligate aerobic bacterium, it thrives 

in the presence of oxygen as terminal electron acceptor. The electron transfer from electron 

donors, such as NADH and succinate, to oxygen is utilized to translocate H+ from the 

mycobacterial cytoplasma to the periplasma (Figure 4) 69,97,98. The thus created gradient of H+ 

concentrations between both sides of the inner membrane is called the proton-motive force and 

is utilized by the F1F0 ATP synthase for the oxidative phosphorylation of ADP to ATP 69,98. 

This electron transport chain in Mtb is composed of a number of different enzyme complexes, 

including NADH dehydrogenase (also known as complex I), succinate dehydrogenase 

(complex II) and the two proton-pumping, terminal oxidases cytochrome-bc1-aa3 (complex III 

and IV) and cytochrome bd 99. Under aerobic conditions the cytochrome-bc1-aa3 supercomplex 

is by far more efficient as a terminal oxidase and is thus primarily utilized by Mtb to maintain 

the proton gradient necessary for ATP synthesis. Because of this, optimal growth of Mtb is 
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dependent on cytochrome-bc1-aa3 functionality, although it is not essential for growth as 

cytochrome bd can act as compensatory system. 

 

Figure 4: Schematic overview of the respiratory chain of Mycobacterium tuberculosis. In order to 

generate the membrane spanning H+ gradient which is responsible for the proton motive force, several 

multiprotein complexes including the NADH dehydrogenase, the succinate dehydrogenase, cytochrome 

bc1/aa3 and cytochrome bd are utilized. The proton motive force is then used by the ATP synthase to 

catalyze the reaction of adenonsine diphosphat (ADP) and phosphate (P) to adenosine triphosphat 

(ATP). This scheme was inspired by Bald et al., 2017 99 and recreated under the creative commons 

attribution 4.0 international license. Scheme was created with BioRender.com. 

The identification of bedaquiline (BDQ) was the first time since the 70s that a drug was 

approved which targeted Mtb in a novel way 45. BDQ directly inhibits the F1F0 ATP synthase, 

thus disrupting the ATP synthesis. This discovery marked the start of the investigation of the 

membrane-bound energy metabolism of Mtb as potential molecular target, resulting in the 

discovery of compounds inhibiting the ATP synthase (BDQ, squaramides) 100,101, NADH 

dehydrogenase (clofazimine) 102, the cytochrome-bc1-aa3 (Q203, lansoprazole sulfide) 47,60 and 

the proton motive force (pyrazinamide, SQ109) 103,104. 

3.3 An Overview of Anti-virulence and Promising Anti-virulence Targets 

In addition to well-established antibiotics, there are different concepts to battle pathogens, such 

as host-directed or anti-virulence approaches. Host-directed therapies are designed to target 

either the host cell or a specific mechanism of the host-pathogen interaction, thereby supporting 

the host organism in dealing with the infection 105,106. On the other hand, anti-virulence 

compounds directly target the pathogen to significantly reduce its effectiveness in infecting the 

host cell (virulence) potentially even render it avirulent 82,107. In comparison to conventional 

antibiotics, both of these approaches are predicted to have a drastically reduced evolutionary 

pressure on the pathogen hence diminishing the development of potential resistance 
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mechanisms against these drugs 107. Furthermore, these compounds vastly increase the number 

of potentially druggable molecular targets and thus increase the possibility of discovering 

substances with novel modes of action against Mtb. 

Currently investigated strategies for host-directed therapies include the promotion of 

phagosome maturation and enhancing autophagy 105. There are several promising compounds 

regarding these targets like rapamycin, which inhibits mTOR, a negative regulator of autophagy 

108; Metformin, as inductor of mitochondrial reactive oxygen species 109 and tyrosine kinase 

inhibitors such as Imatinib 110, which acidify lysosomes and thus attenuate mycobacterial 

multiplication. In addition, Vitamin D has shown to increase the response of monocytes to 

interferon-ɣ (IFN-ɣ) which in turn promotes autophagy and phagosomal maturation 111. An 

emerging and promising field in host-directed therapy focuses on inhibition of Mtb-induced 

inflammation and host cell death by investigation of necrosis (ferroptosis, pyroptosis) 112-114, 

TNF mediated signaling 115, the p38 mitogen-activated protein kinase 116-118 or the NLRP3 

inflammasome  22. 

Investigation of bacterial-associated targets also unveiled various promising anti-virulence 

approaches (Figure 5), including the identification of compounds that inhibit the formation or 

secretion of a diverse set of molecules, so-called virulence factors. These factors are important 

for mycobacteria as they enable the pathogen to successfully infect its host, to obtain necessary 

nutrition while doing so, and to evade or suppress the immune system 119. The activity of a 

small molecule or protein to disrupt these properties is therefore called “anti-virulence” 120. 

While compounds with anti-virulence activity significantly affect a pathogen’s ability to infect 

and propagate inside its host cell, they should not show growth inhibitory or bactericidal activity 

directly against the microorganism 121. By avoiding to directly disrupt mycobacterial growth 

these compounds are less likely to provide sufficient evolutionary pressure to promote 

resistance 122. 

Already postulated anti-virulence targets of Mtb include the PhoPR regulon 123, inhibition of 

phagosomal regulation and maturation as well as inhibition of protein secretion that is essential 

for virulence 124. The two-component system PhoPR consists of the response regulator protein 

PhoP and the sensor protein PhoR and is centrally involved in various regulation processes of 

Mtb 124,125. A recent microarray-based transcriptomic study has shown that roughly 2% of the 

Mtb genome is regulated by PhoP 126. In addition, the PhoP deletion mutant (ΔphoP-H37Rv) 

represents a dysregulation of the synthesis of cell wall components specific to pathogenic 
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mycobacteria 127, whereas a SNP (S219L) in phoP was shown to negatively affect ESX-1 gene 

expression 128. One promising small molecule targeting the PhoPR regulatory system is the 

carbonic anhydrase inhibitor ethoxzolamide, for which inhibition of PhoPR-facilitated 

virulence of Mtb has been demonstrated 123. Phagosomal regulation and maturation is currently 

investigated by inhibitors targeting the Mtb protein-tyrosine-phosphatase B (MptpB) 129, the 

secreted acid phosphatase M (SapM) 130 or the zinc peptidase Zmp1 131. The most promising 

example of an anti-virulence target remains the ESX-1 secretion system, which is crucial for 

the secretion of several virulence-associated proteins and therefore for the high virulence of 

Mtb. In addition, ESX-1-facilitated export of virulence factors has already been shown to be 

druggable 17,132. 

 

Figure 5: Schematic overview of anti-virulence targets in Mycobacterium tuberculosis. Prevention 

of phagosomal maturation is caused by the Mtb protein-tyrosine-phosphatase B (MptpB), secreted acid 

phosphatase M (SapM) and the zinc peptidase Zmp1. The ESX-1 secretion system is centrally involved 

in the secretion of proteins important for infection (EsxA/EsxB). Expression of ESX-1 is regulated by 

MprB and, like other virulence-associated genes, by PhoP. Reprinted with permission from Gries et al., 

2020 105. 
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3.3.1 The ESX-1 Type VII Secretion System 

Several mycobacterial secretion systems are involved in the host-pathogen interaction between 

Mtb and its host cell. This includes Sec-mediated secretory pathways (Sec2) or twin-arginine 

translocation (TAT) systems, but most importantly, type VII secretion systems 133. 

Mycobacteria developed five different type VII secretion systems ESX-1, ESX-2, ESX-3, ESX-

4 and ESX-5, with each transporter system being involved in a different biological task 134. The 

ESX-1 secretion system for example is well-known to be centrally responsible for Mtb 

virulence. Attenuation of this secretion system by deletion of key components was shown to 

result in an avirulent phenotype. The most famous example of this phenotype is the attenuated 

Mycobacterium bovis BCG vaccine strain 135. This M. bovis strain lacks, among others, the so-

called “region of difference 1” (RD1) genomic locus, which includes two of the ESX-1 

substrates in addition to several ESX-1 components, resulting in significantly reduced virulence 

135,136. The genetic RD1 deletion (ΔRD1) similarly affects Mtb, also resulting in an avirulent 

phenotype 137. Mtb therefore requires a fully functional ESX-1 secretion system in order to 

optimally infect host cells 133,138. This avirulent phenotype can be utilized in in vitro infection 

models, such as fibroblast survival assays based on MRC-5 human lung fibroblasts 132. In these 

experimental setups wild type Mtb strains are easily distinguishable from strains that show an 

avirulent phenotype, either caused by genetic deficiencies or by exposure to compounds with 

anti-virulence activity 132. 

The ESX-1 secretion system is a highly conserved, yet complex system that employs several 

specialized proteins to transport a multitude of substrates across the cytoplasmic membrane 

(Figure 6) 139. The core structure of ESX-1 consists of various membrane-bound ESX conserved 

components (Eccs) EccB, EccCa, EccCb, EccD, EccE and MycP 134,140. The unique 

multidomain structure of EccC consists of a short domain of unknown function (DUF) and three 

ATPase domains that potentially provide the energy for the secretion of EsxB 140,141. This 

substrate presumably acts as a chaperone protein for the strictly co-secreted major ESX-1 

effector protein EsxA 142. Other substrates of ESX-1 include the ESX-associated proteins (Esps) 

EspA, EspB, EspC, EspE, EspF, EspJ, EspK, the Pro-Glu family protein PE35 and the 

Pro-Pro-Glu family protein PPE68 134,140. The final ESX-1 components, espG and EccA, are 

located in the cytosol and exhibit activity as a chaperone or ATPase, respectively 143. 

The most important ESX-1 substrates, EsxA and EsxB, also called early secreted antigenic 

target 6 kDa (ESAT-6) and culture filtrate protein 10 kDa (CFP-10), are directly associated 

with virulence of Mtb 17,144. While both proteins are strictly co-secreted, it is believed that EsxA 
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is the virulence effector protein that plays an important role during infection, and EsxB is more 

likely to be a stabilizing carrier protein, as the EsxAB heterodimer shows a higher melting 

temperature as EsxA alone 17,138,142,145,146. In addition, EsxA is proposed to mediate the 

phagosomal escape of Mtb, meaning the translocation of Mtb from the maturating phagosome 

into the cytosol of the host cell 147,148. The acidic-pH-dependent membrane-permeabilizing 

activity of EsxA potentially disrupts the lipid membranes of the phagosome at low pH, allowing 

the cytosolic translocation of the pathogen 147,148. Additionally, EsxA is described as a strong 

immunoregulator that binds to cellular proteins and stimulates the secretion of several 

cytokines. Treatment of peripheral blood monocytic cells (PBMCs) from Mtb-infected donors 

with EsxA showed significantly increased secretion of IFN- ɣ, IL-2, IL-6, IL-8, IL-10, the 

monocyte chemoattractant protein-1 (MCP-1), the macrophage inflammatory protein-1 α (MIP-

1α) and TNF- α 149. The abundance of EsxA and EsxB is often used in vitro as a molecular 

probe. This is done by detecting or quantifying the amount of secreted protein, which indicates 

inhibition of the ESX-1 secretion system 132,150. 

From a genetic perspective, it is important to note that the espACD operon, which encodes 

EspA, EspC and EspD, is located outside of the RD1 locus. Although EspD is not a substrate 

of ESX-1, it is necessary to stabilize the substrates EspA and EspC 151. The expression of the 

ESX-1 system’s operon is associated with the two-component regulatory system PhoPR and 

the transcription factors WhiB6 and EspM 152-154. Concerning the expression of ESX-1 

substrates, several proteins have been shown to bind to the espACD promotor region, including 

EspR, MprA and lsr2 155-157. All of these regulators are essential for a fully functional ESX-1 

secretion system 134,139,158. All in all, the ESX-1 secretion system is a highly complex multi-

protein complex that has proven to play a central role in Mtb virulence. Thus, it is a promising 

target for novel anti-mycobacterial compounds suitable for combination treatments of existing 

and novel antibiotics 82. 
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Figure 6: Conserved aspects of ESX-1 protein transport in M. tuberculosis. This schematic overview 

shows localization and interaction of ESX-1 conserved components (EccA, EccB, EccC, EccD and 

EccE) and ESX-1 associated proteins (EspA, EspB, EspC and EspG) as well as associated Pro-Glu (PE) 

family protein and Pro-Pro-Glu (PPE) family protein and the membrane-bound MycP. Reprinted with 

permission from Gröschel et al., 2016 140. 

  



3 Introduction 

21 

3.4 Objectives 

The increasing prevalence of drug-resistant Mtb is a persisting and exacerbating global health 

problem. This issue is further aggravated by the lack of identification of novel molecular targets 

which could be exploited to combat drug-resistant Mtb or to improve currently employed 

treatment regimens. Although great combined efforts of academia and industry are currently 

being undertaken, they have not yet produced a satisfactory amount of novel lead structures, as 

attrition rates for bioactive compounds to be considered as anti-Mtb drug are extraordinarily 

high. In addition to conventional antibiotics with activity against Mtb, there is also the emerging 

field of anti-virulence drugs. These compounds potentially abrogate infection by Mtb via 

several promiscuous targets and thus may benefit anti-Mtb regimens as adjunct therapy. In order 

to scientifically contribute to solving these drug discovery issues in the future, the following 

major objectives were set for this thesis: 

(I) Identification and characterization of compounds of interest with growth inhibitory or 

anti-virulence activity against Mtb to potentially derive molecular structures as 

promising lead compounds 

(II) Identification of putative molecular targets of above-mentioned compounds to decipher 

the respective mode of action 
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4 Materials and Methods 

Since this monograph is structured similarly to a cumulative dissertation, two manuscripts are 

included as chapter 5.2.2 and 5.3.1. Therefore, this materials and methods section will only list 

materials and methods used in experimental setups described outside of these publications. The 

material and methods used in the publications are described separately in the respective 

chapters. 

4.1 Cultivation Conditions 

Mycobacterium tuberculosis 

The Mycobacterium tuberculosis Erdman strain (provided by S.T. Cole, Institut Pasteur Paris) 

was grown in two different growth media. The first medium consisted of BD Difco™ 

Middlebrock 7H9 broth (Becton Dickinson, Franklin Lakes, USA) supplemented with 0.2% 

glycerol (Th. Geyer GmbH & Co. KG, Renningen, Germany), 10% albumin dextrose catalase 

(ADC Middlebrook; Becton Dickinson, Franklin Lakes, USA), and 0.05% Tween80 (Carl Roth 

GmbH + Co. KG, Karlsruhe, Germany). The second medium used was Sauton's medium, which 

is protein-free and consists of the following ingredients per 1 liter: 0.5 g monopotassium 

phosphate (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), 0.5 g magnesium sulfate 

(Thermo Fisher Scientific, Waltham, USA), 4 g L-asparagine (Sigma-Aldrich, St. Louis, USA), 

0.05 g ammonium ferric citrate (Thermo Fisher Scientific, Waltham, USA), 2 g citric acid (Th. 

Geyer GmbH & Co. KG, Renningen, Germany), 100 µL 1% zinc sulfate (Sigma-Aldrich, St. 

Louis, USA), and 60 mL glycerol. 

MRC-5 human lung fibroblasts 

MRC-5 human lung fibroblasts (obtained from the Coriell Institute for Medical Research, 

Camden, USA) were cultured in Gibco Minimum Essential Medium (Thermo Fisher Scientific, 

Waltham, USA). This culture medium was further enriched with 10% heat-inactivated fetal 

bovine serum (FBS; sourced from Thermo Fisher Scientific, Waltham, USA), 1% Gibco 

nonessential amino acids (Thermo Fisher Scientific, Waltham, USA), and 1 mM Gibco sodium 

pyruvate (Thermo Fisher Scientific, Waltham, USA). The cell line was maintained at a 

temperature of 37°C with a 5% CO2 atmosphere. 
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THP-1 human monocytes and THP-1-derived macrophages 

THP-1 cells and THP-1-derived macrophages were cultivated in Gibco RPMI 1640 medium 

(Thermo Fisher Scientific, Waltham, USA), supplemented with 10% FBS (Pan-Biotech, 

Aidenbach, Germany). The cells were maintained at a temperature of 37°C with a 5% CO2 

atmosphere. Differentiation into macrophages was done in the presence of 200 nM phorbol 

12-myristate 13-acetate (PMA; Sigma-Aldrich, St. Louis, USA) for 24 h. Experiments using 

THP-1-derived macrophages were performed after a 24 h rest period in medium without PMA. 

4.2 Fibroblast Survival Assay (FSA) 

Assessment of cytoprotection was conducted by utilizing the Fibroblast Survival Assay using 

MRC-5 human lung fibroblasts 132. A total of 4,000 cells were placed in 384-well plates. These 

cells were then subjected to a pre-incubation period of 3 hours with the relevant test compounds. 

Following this, they were exposed to Mtb at a Multiplicity of Infection (MOI) of 10 and allowed 

to incubate for 72 hours. To determine cell viability, the luminescence-based reagent 

CellTiter-Glo (Promega, Fitchburg, USA) was used and analyzed using a Biotek3 microplate 

reader (Agilent technologies, Santa Clara, USA). 

4.3 Resazurin Microtiter Assay (REMA) 

In this experiment frozen Mtb samples were thawed and their concentration adjusted to an 

optical density (OD560) of 0.0003. Subsequently, 90 µL of this suspension was mixed with 

10 µL of the test substance, which had been serially diluted (1:2), within the testing plates. 

These plates were then placed in an incubator set at 37°C for a duration of 7 days. After this 

incubation period 10 µL of resazurin (obtained from Sigma-Aldrich, St. Louis, USA) were 

introduced into each plate and they were incubated for an additional 24 hours. To quantify the 

growth of mycobacteria, the amount of catalyzed resorufin was analyzed using a plate reader 

measuring absorbance at 560 nm and 590 nm. 

4.4 L-tryptophan Rescue Experiment 

This experimental setup is based on a growth associated assay such as REMA in with the final 

product of the putative enzymatic pathway, which is potentially targeted by the test compound, 

is added to the broth in sufficient surplus. In this case 0.1 % L-tryptophan were added to the 

7H9c broth used a REMA. 
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4.5 Thermal Stability 

Separate microtiter plates were prepared containing 10 µL of a ten-times concentrated, serial 

dilution (1:2) of the respective test compound for each time point. The plates were then airtight 

sealed using SealPlate® film (Sigma-Aldrich, St. Louis, USA) and incubated at 37°C. After the 

specific time period the airtight seal was removed, a fresh serial dilution of reference compound 

and controls were added and the microtiter plate was then subjected to a REMA. MIC was 

calculated using GraphPad Prism 8. 

4.6 Generation of Resistant Mutants 

Mtb was cultured in 7H9c medium at 37°C under aerobic conditions. To generate spontaneous 

mutants resistant to the test compounds, a range of 3x107 to 3x109 bacteria were plated on 7H10 

agar plates containing five to ten times the MIC of the respective test compounds. Following 

an incubation period of 14 to 28 days, colonies were selected and subsequently subcultured on 

7H10 agar plates both with and without the respective compound. Subsequent cultivation of 

these mutants was conducted in 7H9c medium, followed by testing for resistance in microtiter 

plates (REMA), both in the presence and absence of the respective compound. 

4.7 Whole Genome Sequencing 

Mutants were rendered nonviable through heat treatment and subsequently suspended in TE 

buffer. These samples were then dispatched to the Leibniz Research Center Borstel. 

Chromosomal DNA (gDNA) extraction was carried out using the cetyltrimethylammonium 

bromide (CTAB) method, a procedure previously described 159. For the preparation of libraries 

intended for next-generation sequencing (NGS), gDNA underwent processing using a modified 

Nextera protocol, as briefly described below: The input DNA was fragmented using 

tagmentation, and indexed adapters were incorporated through a reduced-cycle amplification 

process. Sequencing of DNA libraries was performed using a paired-end sequencing strategy 

with 2 × 150 bp reads on an Illumina NextSeq 500 platform, following the manufacturer's 

guidelines (Illumina, San Diego, CA). Raw read data (fastq files) were subjected to sequencing 

analysis using MTBseq v1.0.3, a semi-automated bioinformatics pipeline tailored for the 

examination of Mycobacterium tuberculosis complex isolates, as referenced in 160. In summary, 

the raw reads were aligned to the reference genome of M. tuberculosis H37Rv (GenBank 

accession number NC_000962.3) employing the BWA-MEM algorithm, with subsequent 
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refinement through the GATK software package. To be considered confident variant calls, 

variants (including single nucleotide polymorphisms [SNPs] and insertions and deletions 

[indels]) needed to meet specific criteria: a minimum coverage of 4 reads in both forward and 

reverse orientations, a minimum of 4 reads supporting the allele with a Phred score of at least 

20, and an allele frequency of 75%. Consecutive SNP calls within a 12-base pair window, which 

could potentially signify artificial variant calls around indels or within regions associated with 

drug resistance genes and repetitive sequences (such as PPE/PGRS genes), were excluded from 

the analysis. 

4.8 Determination of Intracellular Growth in THP-1-derived Macrophages 

For this experiment 50,000 THP-1-derived macrophages were differentiated in 96-well plates 

(see above). These cells were then subjected to a pre-incubation period of 2 hours, followed by 

infection with an eGFP-expressing Mtb strain at a Multiplicity of Infection (MOI) of 2. The 

cells were allowed to incubate for a total duration of 48 hours. To assess the intracellular growth 

of Mtb the cells were fixated with 4% paraformaldehyde, washed with PBS and subsequently 

counted, after staining the cell nuclei with 4’,6-diamidino-2-phenylindole (DAPI; sourced from 

Thermo Fisher Scientific, Waltham, USA). Intracellular growth of Mtb was determined by 

fluorescence microscopy. For this at least two pictures were taken at the central region of each 

well. The amount of infected THP-1-derived macrophages was determined using ImageJ by 

overlaying the respective DAPI image with the fluorescence image 161. Thus, the general region 

of Mtb location can be found and infected cells can be counted.  

4.9 Secretome Assay 

Mycobacteria were cultured initially as a pre-culture until reaching the mid-logarithmic growth 

phase (OD560 0.8) in Sauton’s medium supplemented with 0.05% Tween80. Subsequently, they 

were transferred to a main culture in Tween80-free Sauton’s medium containing the respective 

test compound, commencing at OD560 0.4. After 72 hours of incubation, both the supernatant 

and cell pellet were harvested. For the analysis of intracellular proteins, the cell pellet was 

resuspended in Dulbecco's Phosphate Buffered Saline (PBS; Thermo Fisher Scientific, 

Waltham, USA), supplemented with a protease inhibitor (c0mplete mini EDTA-free; Roche, 

Basel, Switzerland). The cell suspension was then lysed by subjecting it to five cycles of beating 

with glass beads (150-212 µm; Sigma-Aldrich, St. Louis, USA) using a cell disruptor (Disruptor 

Genie; Scientific Industry, Bohemia, USA). Each cycle consisted of 1 minute of beating at 
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maximum speed, with 1-minute cooling intervals in between. Subsequently, the supernatant, 

free of beads, was filtered through a 0.22 µm filter (Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany). For Western blotting, supernatant samples were filtered again (0.22 µm) and 

concentrated 100-fold using Vivaspin20 centricons (Sartorius, Göttingen, Germany). During 

the concentration process, larger proteins were removed using 100 kDa cutoff centricons, 

followed by further concentration using 5 kDa cutoff centricons for the collected flow-through. 

Concentrated samples were then separated using TruPAGE™ Precast Gels 4-12% (Sigma-

Aldrich, St. Louis, USA) and semi-dry blotted using iBlot2 (Invitrogen, Waltham, USA). 

Immunodetection was carried out using antibodies, including anti-ESAT6 HYB 076-08 (Santa 

Cruz, Dallas, USA), anti-Mycobacterium tuberculosis HSP65 (Invitrogen, Waltham, USA), and 

anti-AG85 NR-13800 (BEI Resources, Manassas, USA). These primary antibodies were paired 

with the respective secondary antibodies (anti-mouse or anti-rabbit; Cell Signaling Technology, 

Cambridge, UK). The quantification of band intensities was performed using ImageJ 161. 
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5 Results 

Since this monograph shows structural characteristics of a cumulative dissertation, the results 

section presents experimental concepts and data from unpublished work, as well as finished 

manuscripts that are either already published or currently under peer review. These manuscripts 

are included along with their respective supplementary data and a brief complementary 

summary in chapter 5.2.2 and chapter 5.3.1. The accompanying summaries of the manuscripts 

briefly describe the context of each manuscript and my respective contribution to them.  

5.1 Screening for Small Molecules with Anti-mycobacterial Activity 

The first step of top-down drug discovery consists of identification of potentially active 

substances by screening large quantities of diverse chemical structures 162. To identify 

substances active against Mtb, a dual screening platform was employed, combining the 

resazurin microtiter assay (REMA) 163, a standardized growth inhibitory assay, with the host 

cell-based fibroblast survival assay (FSA) 132. In a REMA, the NADH-dependent conversion 

of the blue resazurin to the highly-fluorescent, pink resorufin is catalyzed in the presence of 

bacteria, and can thus be used to measure bacterial growth. Based on this, compounds that 

inhibit mycobacterial growth can be identified. Growth inhibitory effects include direct 

interaction with Mtb, which reduces mycobacterial propagation but could also indicate general 

cytotoxicity of the tested substance. To exclude cytotoxic effects and validate activity in a host 

cell-associated context, the complementary FSA is employed to assess anti-mycobacterial 

activity in a host cell-based infection model. Here, MRC-5 human lung fibroblasts are infected 

with a high Mtb load (MOI 10; multiplicity of infection of 10) and host cell survival will be 

determined three days post infection by viability measurement (CellTiterGlo). Furthermore, 

growth inhibitory effects on Mtb are cross-verified through microscopy. In the following, this 

dual screening platform was applied to two molecule libraries totaling 60,000 small molecules 

in order to identify compounds with novel anti-mycobacterial activities. Depending on the 

project the dual screening platform was applied in a different manner. In project I, 50,000 

compounds from a library provided by the Leibniz Forschungsinstitut für Molekulare 

Pharmakologie (Berlin, Germany) were analyzed to specifically identify molecules with novel 

antibiotic activity. Therefore, the screening was optimized to promptly exclude compounds 

with no growth inhibitory effect in the REMA (Figure 7). Furthermore, excluding structures 

already described in the literature and compounds lacking activity in the host cell context (FSA) 

resulted in a high attrition rate, with only eleven compounds (a hit rate of 0.022 %) selected for 
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further investigation. In contrast, in project II, 10,000 small molecules from the World Diversity 

Set 3 library provided by SPECS (Zoetermeer, Netherlands) were analyzed. In this case, the 

dual screening platform was utilized to identify compounds with either antibiotic or anti-

virulence activity. Therefore, all 10,000 compounds were initially tested in both the REMA and 

the FSA, resulting in two (0.020%) compounds with antibiotic activity and 43 (0.43 %) 

compounds with anti-virulence activity. The characterization and investigation of the respective 

targets of hit compounds identified in both screening attempts are further described for 

compounds showing antibiotic activity in chapter 3.2 and for compounds showing anti-

virulence activity in chapter 3.3. 

 

Figure 7: Schematic overview of the utilized screening approaches. This medium-throughput 

screening included 60,000 compounds divided in two separate projects. Project I (left) was focused on 

identifying antibiotic compounds, thus utilizing top-down screening processes, by which compounds 

from the library were excluded if they showed less favorable attributes during antibiotic (REMA) 

testing, if they provided novel structures and if they showed activity in a host cell model (FSA). During 

the II. screening project (right) all compounds were directly cross-screened utilizing the experimental 

setup for testing for antibiotic activity (REMA) and simultaneously the experimental setup screening 

for cytoprotection (FSA). This allows the categorization of potential hit compounds into two groups: 

potential antibiotics and potential anti-virulence compounds. Scheme was created with BioRender.com. 
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5.2 Hit Compounds with Growth Inhibitory Activity against Mtb 

The combined screening efforts of both projects yielded 12 compounds that exhibited promising 

antibiotic activity and were commercially available. For these hit substances, new powder was 

ordered, the activity was re-confirmed in the respective assays. Additionally, potential 

molecular targets were further investigated. In order to gain insights into the molecular mode 

of action, the evolutionary pressure induced by the antibiotic activity of the test compounds was 

harnessed to generate spontaneous resistant mutants for each compound (Figure 8). As Mtb 

generally exhibits a relatively low genomic mutation rate 164,165 and contains only a relatively 

small number of multi-drug exporters 166, mutants displaying Single Nucleotide Polymorphisms 

(SNPs) and showing a less susceptible phenotype are likely to indicate a target that is essential 

for mycobacterial growth. These SNPs potentially represent the molecular target for the 

respective compound, which may include genes essential for mycobacterial propagation, such 

as those encoding enzymes involved in the central carbon metabolism, extended energy 

metabolism, protein biosynthesis, cell wall synthesis and any gene associated with the 

regulation thereof 91,167.  

Subsequent testing started with plating high bacteria numbers (108-1010) on 7H10 agar plates 

containing the respective compounds at concentrations five to ten times the MIC (Table 2). 

After two weeks of incubation, visible colonies were picked, subcultivated on medium without 

compound and subsequently tested in REMA to confirm resistance. Mutants that exhibited 

reduced growth inhibitory efficacy of the test substance were labelled as resistant mutants and 

further investigated. Since resistance is caused by gene modifications, the identification of these 

alterations might indicate genes that facilitate resistance and, consequently, potential molecular 

targets. To identify SNPs, confirmed resistant mutants were selected and sent in for whole 

genome sequencing at the Leibniz Research Center in Borstel. A summary of hit compounds 

with growth inhibitory activity and their putative target can be found in Table 2.  
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Figure 8: Schematic overview of utilized pipeline for target identification. Mycobacterium 

tuberculosis cultures were plated on 7H10 agar plates containing the test compound in concentrations 

five to ten times the MIC90. After two to four weeks single colonies were picked from these plates, 

separately cultivated on agar plates with and without the test compound (not shown) and then 

subcultivated in liquid culture. The sensitivity of the potentially resistant strains was then tested in a 

REMA to evaluate the shift in MIC90. Confirmed resistant strains were then harvested, inactivated and 

sent for whole genome sequencing. The following analysis of single nucleotide polymorphisms (SNPs) 

identified potential molecular targets. Scheme was created with BioRender.com. 

For compounds B1-B4, B8 and B10, this approach did not yield any resistant mutants. Colonies 

picked from mycobacteria exposed to the compounds B1, B2 and B8 showed no reduced 

sensitivity to the respective compound in REMA validation. Additionally, a retrospective 

investigation of bacterial growth on plates containing the respective compound revealed an 

increased abundance of colonies compared to other compounds. This occurrence was similar to 

Mtb exposed to the bacteriostatic compound LPZS, which were used as a control. Hence, it is 

conceivable that B1, B2 and B8 are potentially also bacteriostatic, but no specific target could 

be identified. Mycobacteria exposed to B3, B4 and B810 at various concentrations above the 

MIC did not show any colonies until roughly three to four weeks after plating. At that point, an 

increasing number of colonies started to appear. To verify if these compounds suffered from 

thermal degradation, which could explain a sudden loss of activity, they were preincubated at 

37°C for one to four weeks and subsequently tested in REMA (Figure 9). This experimental 
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setup clearly visualizes the drastic loss of efficacy even after one or two weeks of pre-incubation 

at 37°C. Therefore, the compounds were labeled thermally instable and no target could be 

identified. 

 

Figure 9: MIC shift of compounds after pre-incubation at 37°C. Test compounds were pre-incubated 

in the assay plate for a specific time-period before performing REMA. The respective minimal inhibitory 

concentration (MIC) was calculated for each plate. Shown are the mean and standard deviation of the 

mean of at least two replicates. 

Using this pipeline, alterations in genes coding for various essential genes were found for the 

remaining six compounds: B5, B6, B7, B9, S7 and S32. Identified targets by this approach 

include alterations in genes associated with cell wall synthesis: katG (Rv1908c; B7), dprE1 

(Rv3790; B9), mmpL3 (Rv0206c; S7) and ethA (Rv3854c; S32). In addition, compounds B5 

and B6 favored resistance-conveying mutations in the genes trpA (Rv1613)/trpB (Rv1612) and 

qcrB (Rv2106), respectively. The enzyme complexes encoded by trpA/trpB are essential in the 

biosynthesis of L-tryptophan and the protein encoded by qcrB is centrally involved in the ATP-

synthesis. These two targets were subsequently further investigated (see chapter 5.2.1 and 

chapter 5.2.2.). 
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Table 2: Overview of hit compounds with growth inhibitory activity. 90% Minimal inhibitory 

concentration (MIC90) was determined by REMA, whereas 50% effector concentration (EC50) was 

calculated based on host-survival in FSA. Targets represent single nucleotide polymorphisms found in 

resistant mutants. 

ID MIC90[µM] EC50[µM] Target Comment 

B1 5.4 12.06 n/a potentially bacteriostatic 

B2 0.4 2.6 n/a potentially bacteriostatic 

B3 0.6 3.6 n/a thermally instable 

B4 16.0 0.4 n/a thermally instable 

B5 1.0 0.8 TrpA/TrpB aminoacid biosynthesis 

B6 1.12 0.78 QcrB ATP synthesis 

B7 6.25 1.4 KatG prodrug activation 

B8 3.1 2.2 n/a potentially bacteriostatic 

B9 1.3 1.8 DprE1 cell wall synthesis 

B10 4.0 2.3 n/a thermally instable 

S7 6.8 5.21 MmpL3 cell wall synthesis 

S32 10.63 5.79 EthA cell wall synthesis prodrug activation 
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5.2.1 B5 – a Potential Inhibitor of L-tryptophan Biosynthesis 

The compound B5 showed growth inhibitory activity in broth, as was demonstrated in a growth 

inhibition assay (REMA), where it exhibited an MIC of 1 µM (Figure 10 A). In addition, the 

presence of B5 resulted in cytoprotection of MRC-5 fibroblasts during infection with a high 

abundance of Mtb (MOI 10; Figure 10 B). Furthermore, infection experiments of 

THP-1-derived macrophages with eGFP-expressing Mtb showed reduction of intracellular 

mycobacterial growth in the presence of 10 µM B5, comparable to the control 10 µM rifampicin 

(Figure 10 C). The control antibiotic gentamycin (10 µM), which cannot permeate the 

macrophage membrane, on the other hand, only slightly reduced intracellular growth of 

mycobacteria. This indicates that B5 potentially permeates eukaryotic membranes and can also 

act as a growth inhibitor inside the host cell. In order to identify a putative target for B5, WT 

Mtb were exposed to 5 µM B5 on 7H10 agar plates for two weeks according to the target 

identification protocol (Figure 8). During this selection process for resistant mutants, twelve 

colonies could be selected, resulting in a mutation frequency of 4x10-7. All mutants showed an 

increased resilience against B5 compared the wild type parental strain in a REMA. The MIC 

shifted from 1 µM for the WT to roughly 52 µM for the mutants. The shift in MIC of one 

representative mutant is shown in Figure 10 A, whereas growth inhibition curves of all mutant 

are displayed in Appendix Figure 1.WGS of all twelve resistant Mutants identified SNPs in 

either trpA (Rv1613; 50%) or trpB (Rv1612; 50%). Both SNPs always occurred at the 

respectively same position as P65T (trpA) or P321L (trpB). These genes encode for the proteins 

TrpA and TrpB, which together form an αββα heterotetramer that is essential for the final step 

of the L-tryptophan biosynthesis (Figure 10 D). As a follow-up step to validate the trpA/B 

complex as a potential target of B5, a rescue experiment in which L-tryptophan, the product of 

this enzymatic step, was added to cultures exposed to different concentrations of B5 (Figure 

10 E). In the presence of 0.1% L-tryptophan, the wild type lost sensitivity to the compound B5 

at concentrations well above the MIC (100 times the MIC, 100 µM). Therefore, it is conceivable 

that the compound B5 potentially inhibits the trpA/B heterotetramer.  



5 Results 

34 

 

Figure 10: Compound B5 shows potential anti-mycobacterial activity by inhibiting L-tryptophan 

biosynthesis. (A) Bacterial growth in the presence of different concentrations of B5 tested in a resazurin 

microtiter assay (REMA) against the wild type (WT; white) and a B5 resistant mutant (black). (B) 

Fibroblast survival of MRC-5 cells infected by Mtb (MOI 10) in the presence of different concentrations 

of B5. (C) Intracellular growth of GFP-expressing Mtb during infection of THP-1-derived macrophages. 

As controls 0.1% DMSO, 10 µM gentamicin (Genta) and 10 µM rifampicin (RIF) were used. Statistical 

significances are based on a one-way ANOVA combined with Bonferroni post-hoc test (ns = not 

significant; ***=p<0.001). (D) Schematic overview of the last step of trpA/B facilitated L-tryptophan 

biosynthesis. Molecular structures of trypA/B of Streptococcus pneumoniae are based on WWPDB 

entry 5KIN 168,169 (D) Rescue experiment of Mtb exposed to different concentrations of B5 in 

combination with or without 0.1% L-tryptophan. Data shown as mean and standard deviation of the 

mean of at least three independent experiments.   
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5.2.2 Characterization of Two Novel Inhibitors of the Mycobacterium tuberculosis 

Cytochrome bc1 Complex 

Resistance conveying spontaneous mutants against B6 indicated a putative target in the 

respiratory chain of Mtb. In order to confirm this activity and to further characterize the 

anti-mycobacterial properties of this compound, several experiments have been performed. 

This includes REMA, intracellular growth assays utilizing dsred2-expressing Mtb and 

eGFP-expressing THP-1 cells, cytoprotection in THP-1-derived macrophages, investigation of 

the mycobacterial intracellular ATP levels, relative transcription studies of the potential protein 

(cydB) and cross-resistance studies using mutation strains harboring the most common SNPs 

found in clinical isolates resistant to inhibitors of the cytochrome bc1 complex. This functional 

investigation of the compound B6 is described in more detail in the following publication. In 

addition, this publication also includes similar experiments and data about the compound 

MJ-22. Initial identification of this compound was performed during the bachelor thesis of 

Jason Chhen who is listed as shared first author of the publication. The whole-genome 

sequencing data were created by Dr. Viola Dreyer and Dr. Stefan Niemann from the Leibniz 

Research Center in Borstel. The Biological relevance was then analyzed by me and 

Dr. Michael Dal Molin. 

I contributed to the following publication by performing the experiments determining the effect 

of the compound B6 on intracellular ATP levels, cytoprotection of THP-1-derived macrophages 

and intracellular Mtb growth. This includes establishing and validating the bioanalytical 

correlation between dsred2 signal and mycobacterial growth. In addition, I developed and partly 

did the quantitative real-time PCR of cydB. Investigation of the effect of B6 on cytoprotection 

of MRC-5 human lung fibroblasts during infection and growth inhibition experiments were 

performed by me with the help of Jason Chhen and Edeltraud van Gumpel. Furthermore, all 

resistant mutants generated against the compound B6 and the control compound Q203 were 

created by me. With the help of Dr. Michael Dal Molin, I analyzed all of the mutation patterns 

of resistant mutants. The manuscript was written by me and proofread by 

Dr. Michael Dal Molin and PD Dr. Dr. Jan Rybniker. All illustrations of the following 

publication were created by me. 

The following manuscript has been accepted for publication in the peer-reviewed journal 

Antimicrobial Agents and chemotherapy.  
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5.3 Hit Compounds with Potential Anti-virulence Activity against Mtb 

In addition to the compounds of interest with direct growth inhibitory activity, as described 

above, the initial cross-screening regarding cytoprotection (fibroblast survival; FSA) also 

revealed interesting compounds with anti-virulence activity (Figure 11).  

 

Figure 11: Screening for anti-virulence compounds. 10,000 compounds of the SPECS biodiversity 

set 3 molecule library were tested for their respective antimycobacterial activity (REMA) and 

cytoprotection (fibroblast survival, FSA). Compounds were tested at 10 µM in two independent 

replicates and normalized to 5 µM rifampicin or 0.1% DMSO. The highlighted rectangle includes 

potential anti-virulence compounds. 

Extensive literature review and consideration of commercial availability reduced the initial 

43 hits to eleven compounds that were further investigated (Table 3). Despite not directly 

leading to death or growth inhibition of exposed Mtb in broth, these molecules potentially 

inhibit Mtb during infection, either by modulation of the host cell or by abrogating the ability 

of Mtb to successfully infect its host 105,170. One major, and potentially the best-described, 

virulence factor of Mtb is the type VII secretion system ESX-1. Deletion of ESX-1 leads to a 

phenotype with strongly abrogated infection efficacy. As described in the literature, ESX-1 

inhibitors also exhibit a distinct phenotype that aligns with the outcomes of the initial screening 

process, including the absences of bacterial growth inhibition in broth, cytoprotection during 

infection, and, to some extent, even a co-cultivation of host cell and pathogen during 

experiments, which is observable through microscopy 132. All of the selected hits already fit this 

phenotype leading to the assumption that some of these compounds might be able to inhibit 
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ESX-1. To validate this hypothesis, the effect of the test compounds on the ESX-1 secretion 

system was analyzed. In the used standardized experimental setup, Mtb is cultivated in 

relatively large volumes (30 mL) in protein free Sauton’s medium, while being exposed to the 

test compounds 132,150,151,155,156,171. The supernatant is then collected, 100 times concentrated 

and analyzed by SDS-PAGE followed by Western Blot detection. Here, the strictly 

ESX-1-mediated substrate EsxA is probed by a specific, monoclonal antibody and a secondary 

polyclonal antibody conjugated to a horseradish peroxidase to detect the abundance of the 

substrate in the supernatant. A decrease of extracellular EsxA directly correlates with 

abrogation of ESX-1 activity. To exclude potential expression changes of the probed ESX-1 

substrate, the respective cell lysates were also investigated. Further controls include the 

intracellular heat shock protein HSP65 to exclude potential cell lysis and the TAT substrate 

Ag85 to exclude abrogation of general secretion. As this experimental setup requires a great 

amount of substance and pathogenic biomass, an optimal range of concentration needed to be 

evaluated before testing. For the individual testing of the anti-virulence test compounds, the 

efficacy in the host cell associated infection model FSA was used to determine the potential 

concentration to test for ESX-1 inhibition. Here, five times the concentration of the EC50 was 

tested (Figure 12) with 0.02% DMSO being used as control and reference for native protein 

levels. 

Of the eleven tested compounds only three reduced EsxA level in the supernatant (cell filtrate) 

but not in the cell lysate, namely S1, S3 and S10. These three molecules also did not induce cell 

lysis, which in contrast is clearly visible for compound S5, as the HSP65 signal is distinctly 

detectable in the supernatant sample (Figure 12). Neither S1, S3 nor S10 led to a reduction in 

the intracellular protein levels, nor did exposure to these compounds visibly impact the 

secretion of Ag85. The intracellular levels of EsxA after exposure to S3 or S10 potentially even 

increases slightly. This indicates that S1, S3 and S10 might not impact the protein biosynthesis, 

nor at least one alternative secretion system (TAT).  
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Table 3: Overview of hit compounds with anti-virulence activity. Shown is the concentration at 

which 50% effective cytoprotection was still measurable in a fibroblast survival assay (EC50) and if the 

compound tested positive for inhibition of ESX-1 in Western Blot analysis of secreted EsxA (EsxA 

inhibitor). 

ID EC50 EsxA inhibitor 

S1 9.2 Yes 

S3 7.2 Yes 

S4 5.0 No 

S5 8.9 No 

S8 2.5 No 

S9 1.3 No 

S10 8.8 Yes 

S11 0.7 No 

S13 2.9 No 

S14 1.8 No 

S25 2.76 No 

 

Interestingly, two of the three ESX-1 inhibitors are structurally similar. S3 and S10 both contain 

a 1,3,4-oxadiazol scaffold extended by a sulfanyl-ethanone. Based on this, the following 

research focused on S3 as the slightly more promising candidate molecule. Extensive 

investigation and characterization of S3 as an anti-virulence compound are described in 

chapter 5.3.1. 
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Figure 12: Representative Western blots of samples taken from Mtb cultures after exposure to 

anti-virulence compounds. Representative Western Blots of two replicates of supernatant samples (cell 

filtrate) and cell lysate samples of Mtb cultures exposed to five times the EC50 of the respective 

compound are depicted. EsxA was probed as indicator for ESX-1 activity. DMSO was used as a solvent 

control, the intracellular heat shock protein HSP65 as a lysis control and the TAT substrate Ag85 as a 

control for general abrogation of secretion.  
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5.3.1 Discovery of dual-active ethionamide boosters inhibiting the Mycobacterium 

tuberculosis ESX-1 secretion system 

The 1,3,4-oxadiazol compound S3 was identified as potential ESX-1 inhibitor during initial 

anti-virulence screening. This small molecule was further investigated regarding its effect on 

Mtb and its interaction with Mtb in a host cell context. The respective results culminated in the 

following manuscript, which is currently under peer-review. The initial investigation included 

dose-dependent testing of ESX-1 inhibition, cross-testing of cytoprotection in peripheral blood 

mononuclear cell (PBMCs)-derived macrophages, investigation of cytokine (IL-1β) release 

during infection and impact on intracellular Mtb growth during infection. In addition, in-depth 

analyzes of translational changes using RNA sequencing (RNA-Seq) of Mtb exposed to S3 

revealed a highly favorable secondary effect. This experimental setup indicated the presence of 

S3 leads to up-regulation of the gene ethA (Rv3854c), which encodes the prodrug-activating 

enzyme EthA. The reprocessing of RNA-Seq date was greatly assisted by 

Dr. Lindsay Sonnenkalb and Dr. Christian Utpatel from the Leibniz Research Center in Borstel, 

as well as Dr. Michael Dal Molin. The secondary effect was then validated by growth inhibition 

studies that combined S3 with the prodrug ethionamide, an EthA substrate. This phenomenon 

was labeled as the ‘ethionamide booster effect’. Protein-small molecule interaction studies 

revealed that S3 binds to the repressor protein EthR, which is responsible for inhibition of ethA 

expression. This experiment was done with the help of Dr. Kamel Djaout and Dr. Alain Baulard 

from the Pasteur Institute in Lille. In an attempt to identify a 1,3,4-oxadiazol derivative with 

improved activity, a structure-activity relationship study was performed, testing 112 analogues 

of S3. To streamline the Western blot-based screening setup for ESX-1 inhibition, an 

ELISA-based method was developed. This method appears to have an increased specificity as 

it avoids the 100x concentration step, and it significantly increases testing throughput. Utilizing 

this novel testing platform, two promising S3 analogues were identified, namely S3_100 and 

S3_106. All three analogues (S3, S3_100 and S3_106) inhibit the ESX-1 secretion system but 

differ in their described booster effect. While S3_106 did not show any booster effect on 

ethionamide efficacy, S3_100 confirmed this effect. Interestingly, S3_100 does not bind to the 

repressor protein EthR but upregulates an alternative prodrug-activating enzyme, MymA. This 

was confirmed by targeted quantitative real-time PCR. Furthermore, the following manuscript 

attempts to identify the molecular interaction of S3 with ESX-1 to explain the mode of action 

of inhibition. Firstly, the secondary effect on EthA expressing could be uncoupled of the ESX-1 

inhibition. Neither overexpression by chemical induction (BDM41906) nor biological means, 
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using an ethA overexpressing plasmid, lead to inhibition of ESX-1. Furthermore, the direct 

interaction partner of S3 with the ESX-1 secretion system remains elusive.  

The initial screening was conducted by myself with substantial help from Edeltraud van 

Gumpel for the REMA. Western blot-based secretome assays were developed by myself and 

were performed with great help from Edeltraud van Gumpel and Jason Chhen. All host 

cell-associated experiments were performed by myself. Dr. Sebastian Theobald conducted the 

cytokine quantification ELISA. Investigation of intracellular growth of Mtb, development of 

the ELISA-based testing platform for ESX-1 inhibition and subsequent testing of compounds 

and biologically modified Mtb were carried out by myself. RNA extraction for qRT-PCR and 

RNA-Seq were established by myself and were performed together with Edeltraud van Gumpel 

and Jason Chhen. The ethA overexpressing plasmid was designed and created by myself support 

help from Edeltraud van Gumpel. Evaluation of ethionamide booster effects was executed by 

myself with help from Jason Chhen. RNA-Seq data were evaluated by myself with the 

supervision of Dr. Michael Dal Molin and PD Dr. Dr. Jan Rybniker. Gene ontology 

investigation of these data was performed by myself. In addition, the EthA-deficient mutant 

was also generated by myself.  

The manuscript was written by myself and prof-read by PD Dr. Dr. Jan Rybniker. All 

illustrations were created by myself. With the exception of the RNA-Seq associated statistics, 

all statistical analyses and interpretation in the following publication were performed by myself. 

Preliminary Data of this manuscript have been presented as a poster at the internal Retreat of 

the Clinic I at the University Hospital Cologne in 2021 and 2023 in Cologne, Germany, as well 

as at the DGI-DZIF Joint Annual Meeting 2022 in Stuttgart, Germany. The following 

manuscript has been published in the peer-reviewed journal Cell Chemical Biology. 
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6 Discussion 

This cumulative work contributes to the ongoing battle between drug discovery and the 

emergence of drug-resistant Mtb by exploring traditional and novel approaches to identify 

potential novel lead compounds. Here, two different screening approaches, testing a total of 

60,000 compounds, were described, yielding promising compounds with bioactive effects on 

Mtb. These include antibiotic compounds, targeting various potential pathways, such as a 

putative inhibitor of the L-tryptophan biosynthesis and also an interesting inhibitor of the 

respiratory chain. Additionally, compounds with promiscuous anti-virulence activity were 

identified, some of which have been classified as inhibitors of the ESX-1 secretion system. 

Furthermore, a series of compounds with a novel dual-activity were discovered, and their 

impact on Mtb host cell infection and Mtb functionality were further elaborated. 

6.1 Screening for Small Molecules with Anti-mycobacterial Activity 

Since the Nobel Prize-winning discovery of streptomycin, several other antibiotics for the 

treatment of Mtb have been discovered and combined into anti-TB regimens 25. Yet, the 

treatment regimen remains unwieldy as it consists of at least four antibiotics being administered 

over a long period of time. Even with the currently trialed shortened regimen, this treatment 

spans four months 172,173. Therefore, novel compounds are necessary to increase regimen 

compliance and patient well-being, improving treatment outcomes and avoiding the emergence 

of drug-resistant Mtb. To discover these compounds, novel, more unconventional screening 

approaches are required.  

There are currently two primarily used screening approaches to identify antibiotics or other 

pharmaceutically active compounds: the bottom-up and the top-down strategy 174.The 

bottom-up, or target-directed, screening approach investigates test compounds for their activity 

against a specific, pre-determined, essential molecular target 174,175. This knowledge-driven 

screening can theoretically be used to identify compounds that target essential pathways that 

are so far unexplored. Unfortunately, up to date, this screening approach has been mostly 

unsuccessful for finding new compounds with activity against Mtb 176. This is attributed to the 

fact, that extremely promising hit compounds fail to reach their target inside of the 

mycobacterial cell or are metabolized inside the cell into an inactive form 176.  

In contrast, the top-down, or drug-to-target, screening approach screens a great abundance of 

small molecules or natural products using scalable, phenotypic screening platforms that can 
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distinguish between unremarkable and bioactive, potential hit compounds. Following initial and 

confirmatory screenings, the next step is to identify the mode of action of these hits 177. One 

way of doing this is by evaluating resistance-conveying SNPs as it is described in this work. 

The advantages of this approach are the potential high-throughput, lower cost and, most 

importantly, the significantly higher possibilities for finding a novel mode of action 177,178. As 

shown in project II of this thesis, the experimental setup routinely used for top-down anti-

tuberculous screening (REMA) can easily be adjusted to identify compounds of interest with 

alternative anti-Mtb activity. The complementary application utilizing another phenotypic 

whole cell-based assay (FSA) even allowed the expansion of hit compounds to identify 

promising anti-virulence compounds. Thus, the top-down approach in this thesis yielded 

interesting molecular targets that would not have been discovered by the bottom-up approach. 

The screening attempts focusing on antibiotic activity of both screening projects described in 

this thesis resulted in roughly the same hit rate (project I: 0.022% vs project II: 0.020%). 

Combined, the investigation of 60,000 small molecules yielded 13 compounds that inhibited 

Mtb growth in broth, were not cytotoxic in MRC-5 human lung fibroblasts and also protected 

these eukaryotic cells during infection from mycobacteria-induced cell death. This hit rate is 

significantly lower, when compared with similar screening attempts of phenotypic screenings 

of small molecule libraries against Mtb which are reported to range between 0.1% and 1.8% 179-

182. It is important to note here that the above-cited screening approaches usually report initial 

screening hits, describing activity against Mtb in broth. Unfortunately, this also includes 

compounds that are generally cytotoxic or even membranolytic 183. Based on the combination 

of complementary screening assay testing the compounds in a host cell-associated infection 

model, the screening approach described in this thesis is more restrictive against these 

unfavorable compounds 132. Hence, we report a lower hit rate which already excludes a high 

number of cytotoxic substances. Interestingly, the SPECS world diversity set 3 library 

(screening project II) was recently also screened for antibiotic compounds against Salmonella 

enterica subsp. enterica ser. Typhimurium (ST) and Mycobacterium abscessus (Mabs) 184,185. 

Initial screening attempts against both organisms also report comparably low hit rates 

(ST: 0.01%; Mabs: 0.07%). In addition, the alternative approach utilized in project II also 

allowed the identification of more bioactive compounds. These 43 compounds proposedly 

could be active in a host cell-directed manner or could directly abrogate the infection 

capabilities of Mtb. Thus, this screening concept already opened up a pool of compounds which 

would have been immediately excluded in a common top-down screening platform focusing 

solely on antibiotic activity. 
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6.2 Hit Compounds with Growth Inhibitory Activity against Mtb 

Despite the existence of several promising drug candidates in today’s drug pipeline, the 

emerging drug-resistant Mtb strains call for the discovery of novel structures. In addition, there 

is a high attrition rate during clinical studies and also already rapidly emerging resistance to 

recently approved drugs 186. Optimizing the efficacy and patient tolerance of already existing 

drugs cannot solve all issues in the battle against Mtb, as prevalent resistance-conveying SNPs, 

e.g. mutations in gyrA or gyrB (fluoroquinolones 187), in rpoB (rifamycins 188) or in genes 

encoding prodrug activation (katG, ethA 189,190) still contribute to a significant loss of sensitivity 

against the whole respective class of drugs 191. The current anti-Mtb drug pipeline for clinical 

phase I and II studies mostly includes compounds with a limited variety of modes of action, 

such as inhibitors of cell wall synthesis (DprE1, MmpL3), inhibitors of the ATP synthesis, 

translational or transcriptional inhibitors (Table 1). Therefore, it is important to continue and 

even extend existing screening attempts to find novel structures or scaffolds. 

After the initial screening described in this thesis, the next step was to determine whether the 

investigated compounds exhibit a novel mode of action. For target identification, we employed 

an approach that identifies putative molecular targets by leveraging evolutionary pressure 

resulting from the antibiotic effect of the test compounds. The genome of Mtb strains which 

show resistance to the test compound is sequenced and is analyzed for SNPs. These SNPs then 

indicate potential molecular targets. While generating resistant mutants, it became evident that 

this method cannot be universally applied to every test compound. This approach is suitable 

only for molecules that exhibit reasonably stability at 37 °C for several weeks, given that the 

generation of Mtb mutants is a time-consuming process. The three compounds, B3, B4 and B10 

did not meet this requirement and were excluded from this study due to thermal instability 

rendering them unsuitable for further drug discovery purposes 192. Exposure of these 

compounds to 37°C for up to four weeks drastically reduced their anti-tuberculous efficacy. 

While stability is crucial for ensuring reproducible in vitro experiments and robust data, it 

becomes absolutely essential for in vivo experimentation. Therefore, the structures and potential 

scaffolds of B3, B4 and B10 were not further investigated in this study. 

Furthermore, the potential molecular targets of compounds B1, B2 and B8 remained 

unidentified, as colonies of mutants carrying a resistance-conveying SNPs could not 

outcompete the wild type. This suggests a potentially bacteriostatic mode of action of the 

compounds, which was observed for LPZS, a bacteriostatic antibiotic used as a control during 

these experiments 47. In theory, target identification for all of the aforementioned compounds 
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(B1, B2, B3, B4, B8 and B10) could still be possible using this method to generate resistant 

mutants. This necessitates meticulous monitoring of agar plates during the initial step of 

generating mutants resistant to the respective test compound. It also requires the isolation and 

testing of numerous colonies to identify a resistant train among a larger population of wild-type 

strains. To make this extended effort feasible, a significant reduction in the number of cells per 

agar plate is essential. However, this reduction will lead to a substantial increase in the number 

of required agar plates, resulting in a significant rise in the consumption of expensive and rare 

test compounds.  

In the end, this approach to identify putative molecular targets showed promising results for the 

remaining compounds: B5, B6, B7, B9, S7 and S32. Exposure to these compounds revealed 

resistance-conveying mutations in the genes trpA or trpB, qcrB, katG, dprE1, mmpL3 and ethA, 

respectively. This approach is based on the hypothesis that detectable genetic modifications 

provide an evolutionary advantage against the activity of the test compounds. For example, 

such modifications may change the conformation of an essential protein, rendering it no longer 

susceptible to inhibition by the antibiotic. It is important to note here that this is feasible because 

Mtb exhibits a relatively low mutation frequency in its genome and does not engage in 

horizontal gene transfer, as is common in other bacteria 193. This allows a direct association 

between SNPs and potential molecular target as long, as the SNP is located in an essential gene. 

Accordingly, the proteins encoded by the putative target genes identified for B7 and S32, KatG 

and EthA, respectively, are unlikely to be the molecular interaction partners of these 

compounds. Both SNP-containing genes encode non-essential monooxygenases known to be 

involved in prodrug activation. It is highly unlikely that these genes are involved in the 

molecular mode of action and were thus not further investigated. Nevertheless, this method, 

based on the generation of spontaneous mutations, could still be used to identify SNPs 

representing the mode of action of B7 or S32. To do so, the activated derivative of the respective 

prodrug needs to be identified. This can be achieved by mass spectrometric analysis of the 

metabolome of Mtb exposed to sub-inhibitory concentrations of the test compound. In this 

manner, mycobacteria will perform the bioconversion without the active form of the compound 

leading to mycobacterial cell death. After identifying the active form of the compound, it must 

be extracted and purified in vitro. However, this is a time-consuming process and requires 

highly specialized expertise in metabolomics, bioanalytics and biochemistry. In the end, the 

isolation of the bioconverted molecule is only possible and feasible under the assumption that 

the respective activated product is suitably stable to be isolated. 
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For the compounds B5, B6, B9 and S7 it was possible to identify SNPs in essential genes. These 

SNPs indicated potential molecular modes of actions involved in either L-tryptophan 

biosynthesis (B5), the respiratory chain (B6), or the cell wall synthesis (B9 and S7). Both targets 

related to cell wall synthesis, DprE1 (B9) and MmpL3 (S7), are already known and widely 

recognized antimycobacterial targets 82. DprE1 is responsible for the synthesis of the critical 

arabinose precursor necessary for the formation of arabinogalactans and lipoarabinomannans 82. 

Although this target appears to be promising, with two BTZ-derived compounds currently 

under investigation in clinical trials, it has also been frequently encountered in several screening 

attempts. Between 2009 and 2022, more than 1500 DprE1 inhibitors have been reported in 

literature, representing at least 23 diverse scaffolds 194. Therefore, this compound was not 

further investigated in this study. MmpL3, the second potential target identified, which is 

associated with cell wall biosynthesis, presents a similar scenario. This protein complex exhibits 

quite promiscuous properties as an anti-tuberculous target. As an RND exporter, it is 

responsible for transporting trehalose monomycolates to the periplasm. On the other hand, 

inhibition of this transmembrane protein complex reportedly also affects the transmembrane 

proton motive force 85. Nonetheless, this molecular target has already been identified in various 

screenings, and inhibitors disrupting MmpL3 activity are widely reported as well 82,86,195-197. 

Given the wide variety of currently investigated MmpL3 inhibitors, including SQ109, which is 

currently being tested in clinical phase II studies, we did not further research S7 as anti-

tuberculous compound. 

The remaining two small molecules, B5 and B6, on the other hand were of great interest in this 

thesis. As a putative inhibitor of the amino acid biosynthesis of L-tryptophan, B5 represents a 

promising candidate molecule for a lead compound. The disruption of an essential protein 

complex which is not essential for mammals provides an excellent drug target as it is highly 

conceivable to show no adverse effect on the patient, even if administered in potentially high 

doses. B5 was shown to inhibit mycobacterial growth in broth, protect MRC-5 human lung 

fibroblasts during infection and also reduce intracellular growth of Mtb after infection. 

Furthermore, WGS of Mtb mutant strains resistant to B5 identified two separate SNPs, either 

located in TrpA (P65T) or TrpB (P321L). This target could then be validated by initial 

biological data. During a rescue experiment, in which L-tryptophan, the final product of the 

potential target, was added, a complete reversal of activity of the test compound was observable. 

This effect was measured even at 100 times the MIC of B5. In addition, mutations in either 

TrpA or TrpB are also known to confer resistance against other inhibitors of the L-tryptophan 

biosynthesis in Mtb, including sulfolanes, indolline-5-sulfonamides as well as BRD4592 198-200. 
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These mutations are reported for TrpA as P65Q, G66V, Y108C, D136V and for TrpB as I184S, 

N185S, F188L, P208L, F293C 200. Notably, these SNPs are not directly located in the active 

center of the TrpA/B holoenzyme 200. Furthermore, the TrpA/B protein complex is known to be 

heavily allosterically regulated 201-204. The SNP detected in TrpA (P65T), which led to 

resistance against B5, is also located at amino acid position 65. In both cases, P65Q and P65T, 

the native non-polar proline is exchanged with a polar amino acid (glutamine or threonine), 

likely resulting in the same configurational changes for the αββα heterotetramer. On the other 

hand, the SNP detected in TrpB (P321L) for B5-resistant mutants has not yet been reported, 

making this resistance-conveying SNP unique for B5. It is important to note that the proline at 

position 321 is structurally closely located to the phenylalanine at position 293 205. The locations 

of the resistance-conveying SNPs found in mutants resistant to B5 suggest, therefore, an 

allosteric inhibition of trpA/B by B5. In order to verify a potential binding of B5 to TrpA/B, 

crystallography or, at the very least, small molecule-protein interaction studies, such as thermal 

shift assays (TSA) or electrophoretic mobility shift assay (EMSA), are required.  

The final compound with antibiotic activity investigated in this thesis is B6. In addition to its 

anti-tuberculous activity in broth and its cytoprotective effect during infection of fibroblasts, 

this small molecule significantly reduced the intracellular ATP levels of Mtb. This combined 

effect, along with the identification of a SNP in qcrB as resistance-conveying mutation against 

this compound, strongly suggets the respiratory chain as putative target of B6. Further 

investigation into the upregulation of the compensatory terminal oxidase cytochrome bd caused 

by B6 solidified this hypothesis. Interestingly, testing for cross-resistance in strains harboring 

SNPs that are well-described in the literature to convey resistance against alternative respiratory 

chain inhibitors, revealed that the T313A QcrB mutant exhibited hypersensitivity to B6 60,206. 

This increased sensitivity opens up a novel avenue for the combined application of B6 with the 

current frontrunner drug, Q203. This combination could potentially exploit the most commonly 

occurring Q203 resistance-conveying mutation (T313A), reducing the risk of developing a 

resistant strain. Furthermore, the creation of a resistant strain against B6 was only possible in a 

knock-out strain that lacks the alternative oxidase cytochrome bd. To fully understand this 

relationship, additional research on B6, especially on its interaction with QcrB, is required. It 

still remains unclear why the mutation frequency for resistance against B6 is so low. One way 

to further evaluate combinatory uses of B6 with Q203 would be to test antibiotic synergy in 

wild type, Q203 resistant strains and clinical isolates. Additionally, creating an interaction 

model of B6 and Q203 with QcrB would provide further clarity. For this, a crystal structure of 

QcrB combined with B6 would be indispenable. 
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In summary, the compounds with potential antibiotic activity identified in this thesis align with 

the general trend observable in the current global drug pipeline, to which researchers worldwide 

are contributing (Table 2). Consequently, the screening platforms utilized in this thesis have 

yielded similar results when compared to screening efforts around conducted worldwide. This 

may be attributed to the fact that most top-down screenings for anti-Mtb drugs employ similar 

strains, experimental setups and conditions. For instance, the majority of screenings attempts 

involve the use of Mtb lab strains such as H37Rv or Erdman, rather than clinical isolates. This 

is primarily due to the significantly higher health risk posed by clinical isolates to researchers 

and their suboptimal adaptation to laboratory conditions, resulting in slower and less reliable 

growth, which complicates hit assessment. Additionally, following the initial screening, only 

hits displaying high activity at low concentrations are selected for further testing. This selection 

is deemed necessary to narrow down the pool of hit compounds to the most ‘promising’ 

candidates. It can be argued that this pre-selection may favor certain same molecular targets 

repeatedly. Furthermore, the early testing in infection-based models described here, utilizing 

MRC-5 human lung fibroblasts, THP-1- or PBMC-derived macrophages, takes into account 

applicability in host cell-associated applications and thus allows for the early exclusion of 

cytotoxicity and potentially other adverse effects of test compounds. Throughout this study, 

two compounds with diverse modes of action, namely B5 and B6, have been identified. While 

B5 appears to inhibit the L-tryptophan biosynthesis, a promising and essential metabolic 

pathway absent in humans, B6 inhibits QcrB, the terminal oxidase of the mycobacterial 

respiratory chain.  

6.3 Hit Compounds with Potential Anti-virulence Activity against Mtb 

In light of the current prevalence of (multi)-drug resistant bacterial strains, it is imperative to 

find alternative approaches to conventional antibiotics. Therefore, investigation of compounds 

with potential anti-virulence activity is of crucial importance. Anti-virulence activity is loosely 

defined as specifically targeting the pathogenic virulence factors to hinder its ability to 

successfully infect the respective host cell. This indirectly benefits the infected organism by 

reducing the bacterial load and potentially enhancing pathogen clearance. Because anti-

virulence compounds should not directly kill or inhibit the growth of the bacteria, these 

compounds proposedly result in less selective pressure for resistance compared to antibiotically 

active drugs. This approach has not only been investigated for Mtb but also for other bacterial 

pathogens such as multidrug resistant ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
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aeruginosa and Enterobacter species) 119,207. Recent anti-virulence studies suggest a diverse 

array of leverage points to disrupt pathogenic virulence. These include targeting bacterial 

communication, inhibiting biofilm formation/adherence, and disrupting the secretion of 

virulence factors 119,208. This also opens up the potential use of anti-virulence compounds as 

adjunctive therapy in combination with existing antibiotics to hopefully reduce the exerted 

pressure for resistance 105. Since pathogenic bacteria depend on the secretion of various 

virulence factors, targeting secretion systems offers numerous targets that can be exploited by 

anti-virulence agents 82,132,170,184,209. This is especially true for Mtb, as the major virulence 

factors are either membrane-bound or secreted, with the ESX-1-facilitated secretory proteins 

EsxA/B being the most important ones 82,120,133,134,136.  

The initial dual-screening of the SPECS world diversity set 3 molecule library (screening 

project II) yielded 43 potential anti-virulence compounds. All of these small molecules show 

cytoprotective activity during infection of MRC-5 human lung fibroblasts with Mtb, while 

simultaneously not showing any growth inhibitory effects on Mtb in broth. Out of these 

compounds, ten were selected based on the novelty of their structure and commercial 

availability. Further investigation of antimycobacterial activity of these molecules revealed that 

nearly a third (S1, S3 and S10) of the test compounds inhibited the ESX-1 secretion system. 

This again confirms the ability of the utilized dual-screening to identify anti-virulence 

compounds that inhibit the ESX-1 secretion system, as previously shown for the identification 

of BTP15 and BBH7 132. These two inhibitors of ESX-1 were discovered in a similar screening 

approach resulting in distinguishable molecular targets. BTP15 shows activity as kinase 

inhibitor that potentially deregulates the espACD operon to inhibit ESX-1 activity. BBH7, on 

the other hand, was described to show pleiotropic activity on Mtb secretory systems, indicating 

a more general mode of action involved in cell wall biogenesis and potentially in dysregulation 

of the intracellular ATP pool. These examples show different possible modes of action ESX-1 

inhibitors. Other anti-virulence compounds identified in this thesis, which did not inhibit EsxA 

secretion, might still be involved in inhibition of other virulence factors, such as MptpB, SapM 

or Zmp1 105,129-131. In addition, host cell-directed activity of these cytoprotective compounds 

cannot be completely ruled out, as these properties are not distinguishable by the FSA alone 

and require further experimentation 106. Of the three compounds identified in this thesis that 

show abrogation of EsxA secretion, S1, S3 and S10, two compounds share a similar core 

structure. Both S3 and S10 contain a 1,3,4-oxadiazole core combined with a sulfanyl-ethanone. 

Since S3 showed the best overall activity, it was selected for further investigation as a 

representative of the above-mentioned scaffolds. 
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After a thorough characterization of S3, it was confirmed that it provides dose-dependent 

cytoprotection to host cells during Mtb infection of MRC-5 human lung fibroblasts and 

PBMC-derived macrophages. Furthermore, exposure to S3 resulted in significant reduction of 

intracellular mycobacterial growth as well as decreased release of the pro-inflammatory 

cytokine IL-1β by infected PBMC-derived macrophages. Secreted EsxA is described as being 

centrally involved in phagosomal escape, which is essential for Mtb to avoid clearance by the 

host and to allow mycobacterial propagation inside the host cell 17. It was recently shown that 

macrophages infected by Mtb release IL-1β while they are undergoing a highly pro-

inflammatory type of necrosis, called pyroptosis 22. This only occurs if the infecting pathogen 

is not efficiently cleared by the host cell, as it is the case for Mtb since it is able to escape the 

phagosome utilizing ESX-1. Both the reduction of intracellular growth and the reduced IL-1β 

secretion therefore confirm the anti-virulence activity of S3 and its inhibition of the ESX-1 

secretion system 210. 

Identification of the mode of action of S3 in regard to ESX-1 inhibition was attempted by 

performing RNA-Seq of Mtb cultures exposed to S3 in comparison to untreated cultures. This 

transcriptomic analysis did not reveal any ESX-1 component (EccA, EccB, EccC, EccD or 

EccE) or ESX-1 substrate (EsxA, EsxB or Esp proteins), nor any known regulator of ESX-1 

(phoP, espR, mprA or lsr2) to be significantly up or downregulated. Therefore, RNA-Seq 

analysis did not show any anticipated differential expression patterns and could not pinpoint 

the ESX-1-associated mode of action of S3. Surprisingly, the RNA-Seq data revealed a specific 

second activity of S3: exposure to this compound led to significant upregulation of ethA, which 

encodes a monooxygenase known for its involvement in the prodrug activation of ethionamide 

83,190. Upregulation of ethA initially suggested a potential link of EthA activity to ESX-1 or a 

potential prodrug activation of S3 83,211. This thesis demonstrated that the connection between 

ethA upregulation and ESX-1 activity is uncoupled, as neither chemical nor biological 

upregulation of ethA by itself significantly affected ESX-1 activity. Moreover, Mtb mutant 

strain lacking functional EthA did not exhibit reduced S3-mediated cytoprotection during host 

cell infection. This also contradicts the possibility of S3 being a prodrug that needs prior 

activation by EthA to achieve its activity. Combinatory studies of S3 together with ethionamide 

revealed a booster activity of S3, increasing the efficacy of ethionamide, which was confirmed 

by target-specific translational experiments (qRT-PCR) showing a dose-dependent 

upregulation of ethA in the presence of S3. TSA and EMSA experiments focusing on small 

molecule-protein interactions revealed EthR, the regulatory protein of ethA, to be a molecular 

binding partner of S3. Inhibition of this negative regulator of ethA expression explains the 
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upregulation of ethA. For the next step, to verify and to describe this interaction in more detail, 

crystal structures are required. A molecule-protein interaction has already been shown for other 

small molecules by preparing EthR crystals via the vapor diffusion method, which were then 

exposed to the test compounds 212,213. The following X-ray diffraction analysis yielded the 

necessary structural data to model the small molecule-protein interaction to EthR 212,213. While 

the booster ability has been demonstrated for other compounds like BDM41906 214, SMARt-

420 84 and SMARt-751 215, the combination of ethionamide boosting and ESX-1 secretion 

inhibition, as described here, is a novel finding. The duality of activity caused by S3 potentially 

opens new avenues of treatment for tuberculosis. While still providing an anti-virulent approach 

to combat Mtb by inhibiting ESX-1, the combination with the ability to booster the efficacy of 

an already established anti-Mtb drug, such as ethionamide, might provide significantly 

increased treatment outcome. In addition, S3 could also be utilized in ethionamide-resistant Mtb 

strains, as was recently shown in vitro and in vivo for other ethionamide boosters 84,215. 

Hit compounds of top-down screenings often lack certain optimization to be directly used in a 

patient, requiring further drug development. One way of finding better suited derivatives is to 

perform a structure activity relationship study (SARS), in which various structural analogues 

of the original hit are tested. For this, 112 commercially available small molecules containing 

the 1,3,4-oxadiazol core combined with the sulfanyl-ethanone connection were selected and 

screened for anti-virulence properties, cytoprotection of infected host cells, but no growth 

inhibition of Mtb in broth. Positive hits were then tested in a newly established, ELISA-based 

experimental setup in order to identify inhibition of ESX-1. The SARS resulted in two slightly 

more active compounds, S3_100 and S3_106. These close analogues of S3 only differ slightly 

on either side of the above-described structural core. Nonetheless, investigation of ethionamide 

booster activity yielded a distinct profile for each of the three ESX-1 inhibitors. Although 

S3_100 exhibited ethionamide booster activity, further investigation using targeted qRT-PCR 

and biological assays involving an EthA-deficient Mtb strain revealed that this effect was 

attributed to another monooxygenase. The upregulated gene mymA encodes the 

monooxygenase MymA, which is an alternative enzyme utilized in the prodrug activation of 

ethionamide 83. In contrast, the final analogue, S3_106, did not exhibit any ethionamide booster.  

Unfortunately, this thesis did not unveil the mode of action by which S3, S3_100 or S3_106 

inhibit ESX-1. To further elucidate this molecular interaction, the next step could involve a 

comparative RNA Seq analysis of Mtb exposed to either S3 or S3_106. In addition to the 

upregulation of ethA, exposure to S3 also led to differential regulation of multiple 
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oxidoreductases, hydrolases and other proteins involved in the clearing of xenobiotics. 

Therefore, it is conceivable that transcriptional changes caused by exposure to S3_106, which 

in contrast to S3 has not been attributed a secondary effect, might provide a clearer picture. 

Reducing the transcriptional footprint may potentially reveal differentially regulated genes 

associated with ESX 1 that were less distinguishable following exposure to S3. An alternative 

approach to identify potential proteins or genes that interact with S3 and result in ESX-1 

inhibition could involve affinity-based pulldown. In this experimental setup, the compound is 

used as a molecular probe to capture proteins or nucleic acids from Mtb cell lysates. The 

compound is immobilized on a solid support, such as a (magnetic) bead, which is then exposed 

to Mtb lysates 216. The beads are subsequently washed and the interaction partner is eluted by a 

pH shift. Subsequently, the eluates can be subjected to mass spectrometry analysis to identify 

the respective interaction partners 216. As a prerequisite, this assumes that the potential target 

directly interacts with the test compound and is not denatured in the preceding lysis process, 

which remains to be determined.  

Overall, the research conducted in this thesis on compounds with anti-virulence activity has 

yielded three promising ESX-1 inhibitors: S3, S3_100 and S3_106. All three small molecules 

show potential for further investigation as anti-Mtb drugs. This may entail further optimization 

of specific physiochemical properties, such as stability and solubility, through directed medical 

chemistry methdos 217. The next crucial step in this process will involve in vivo 

pharmacokinetics to initiate the characterization of these compounds with respect to their 

ADME (absorption, distribution, metabolism and excretion) properties.  

6.4 Concluding Remarks 

This thesis contributes to the ongoing global battle against Mtb by screening, identifying and 

characterizing novel compounds with anti-mycobacterial activity. The application of a 

complementary screening setup, which combines examination of growth inhibitory effects and 

cytoprotection of infected host cells, has revealed several interesting compounds with diverse 

structures and putative molecular modes of actions. This includes a more detailed investigation 

of two compounds with antibiotic activity and one compound with anti-virulence activity, for 

which the putative molecular targets were successfully identified. The described antibiotic 

targets, while not unique, represent interesting starting points for further optimization. In 

particular, the potential application of B6 in combination with the well-developed antibiotic 

drug Q203 lays the foundation for extensive combinatory testing. Additionally, with S3 and its 
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two analogues (S3_100 and S3_106), a structural scaffold could be identified with an interesting 

ESX-1 inhibitory property. Furthermore, simple structural modifications to this scaffold led to 

a second effect with great application potential: the boosting of the clinically relevant antibiotic 

drug ethionamide. The combination of both effects has not yet been described for an 

anti-mycobacterial compound and could thus provide a significant advancement in dealing with 

drug-resistant Mtb. 
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8 Summary 

Tuberculosis (TB) is a communicable disease that is responsible for serious health problems 

around the globe. TB is caused by Mycobacterium tuberculosis (Mtb) and can be effectively 

treated with an extensive treatment regimen. However, incompetent application of this regimen 

is the cause for the prevalent emergence of multidrug-resistant Mtb strains, which are no longer 

sensitive to first-line antibiotics. Furthermore, the current drug development pipeline for novel 

antibiotics targeting Mtb, while promising, still lacks the diversity of targets needed to introduce 

a variety of novel mechanisms of action. This circumstance is partly caused by the robustness 

of Mtb against bioactive compounds. The major reason for this is the unique, impermeable cell 

wall containing additional layers of mycolic acids. An alternative approach to conventional 

antibiotics is the adjunct application of anti-virulence drugs. These compounds target specific 

mycobacterial components or substrates (virulence factors) that are essential for the host cell 

infection by Mtb. As a result, the pathogen’s efficacy in infection is compromised and it can 

potentially be more easily cleared by the host. The most notable virulence factor of Mtb is the 

type VII secretion system ESX-1 and its substrates EsxA and EsxB. 

In this thesis, 60,000 compounds were tested in a medium-throughput screening for anti-Mtb 

activity. This screening utilized different combinatorial applications of the screening platform 

by combining testing for growth inhibitory activity and host cell survival (cytoprotection) 

during Mtb infection. This includes both conventional antibiotically active compounds as well 

as anti-virulence compounds, which show no antibiotic activity but still exhibit cytoprotective 

activity against Mtb. Investigation of the genome of Mtb mutants resistant to the antibiotics 

revealed putative modes of action associated with cell wall biogenesis, amino acid production 

and the respiratory chain. One notable compound (B6) inhibited the respiratory chain and 

additionally demonstrated great potential for combinatorial application with the frontrunner 

drug Q203, due to a unique cross-resistance pattern. Furthermore, several anti-virulence 

compounds exhibited inhibitory activity against ESX-1. Transcriptional analysis suggests that 

the compound S3 boosts the efficacy of the antibiotic prodrug ethionamide, which was 

subsequently confirmed by synergistic activity testing. Consequent analysis of structural 

analogues of this compound identified two similar molecules that also inhibit ESX-1 but differ 

in their respective booster effect. While one analogue (S3_106) did not exert this effect, the 

other (S3_100) similarly enhances the efficacy of ethionamide by utilizing a different molecular 

pathway for prodrug activation. 
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This thesis describes an early stage of drug discovery for two different, but potentially 

synergistic, classes of compounds with activity against Mtb, either antibiotic or anti-virulence. 

The discovered molecules and the deciphering of their modes of action show great potential 

and represent an important step progressing from drug discovery towards clinical application 

for combating multidrug-resistant Mtb. 

9 Zusammenfassung 

Tuberkulose (TB) ist eine Infektionskrankheit, die weltweit für ernsthafte 

Gesundheitsproblemen sorgt. TB wird durch Mycobacterium tuberculosis (Mtb) verursacht und 

kann effektiv mit einem aufwendigen Behandlungsschema behandelt werden. Allerdings kann 

die unsachgemäße Anwendung dieses Schemas zur Entstehung von multiresistenten Mtb 

Stämmen, welche nicht mehr auf First-Line-Antibiotika ansprechen, beitragen. Darüber hinaus 

fehlt es derzeit im Bereich der Wirkstoffentwicklung für neuartige Antibiotika gegen Mtb trotz 

vielversprechender Ansätze noch an der benötigten Vielfalt neuer Wirkungsmechanismen. 

Dieser Umstand ist teilweise auf die Robustheit von Mtb gegenüber bioaktiven Substanzen 

zurückzuführen. Der Hauptgrund dafür ist die einzigartige, undurchlässige Zellwand von Mtb, 

welche zusätzliche Schichten von Mykolsäuren enthält. Neben der Forschung an 

konventionellen Antibiotika werden aktuell auch alternative Ansätze verfolgt, wie zum Beispiel 

die adjunkte Anwendung von Anti-Virulenz-Wirkstoffen. Diese zielen auf spezifische 

mykobakterielle Komponenten oder Substrate (Virulenzfaktoren) ab, welche essentiell für die 

erfolgreiche Infektion der Wirtszelle durch Mtb sind. Durch die Hemmung von 

Virulenzfaktoren wird die Wirksamkeit des Erregers bei der Infektion stark beeinträchtigt und 

das Pathogen kann möglicherweise leichter vom Wirt bekämpft werden.  

In dieser Arbeit wurde ein Screening mit medium-throughput durchgeführt, bei dem 60.000 

Verbindungen auf ihre anti-Mtb-Aktivität getestet wurden. Dabei wurden die Substanzen auf 

verschiedene Eigenschaften geprüft, indem Tests auf wachstumshemmende Aktivität und 

Überleben der Wirtszellen (Zytoprotektion) während der Mtb-Infektion kombiniert wurden. 

Somit konnten sowohl herkömmliche antibiotisch wirksame Verbindungen als auch 

anti-Virulenz-Verbindungen identifiziert werden. Letztere zeichnen sich dadurch aus, dass sie 

explizit nicht das Wachstum von MtB hemmen, aber trotzdem Wirtszellen während der 

Infektion mit Mtb vor dem Zelltod schützen. 
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Um dem Wirkmechanismus der antibiotisch aktiven Substanzen auf den Grund zu gehen, wurde 

das Genom von Mtb-Mutanten, die gegen die jeweilige Verbindung resistent waren, analysiert. 

Diese Genomuntersuchung identifizierte verschiedene Proteine, welche im Zusammenhang mit 

der Zellwandbiogenese, der Aminosäureproduktion und mit der Atmungskette stehen, als 

mutmaßliche Ziele. Eine dieser Verbindungen (B6), welche die Atmungskette hemmt, zeigte 

auch großes Potenzial für eine kombinierte Anwendung mit dem Wirkstoff Q203. Darüber 

hinaus zeigten mehrere anti-Virulenz-Verbindungen eine hemmende Wirkung gegenüber dem 

Typ VII-Sekretionssystem ESX-1, welches einen der wichtigsten Virulenzfaktoren von Mtb 

darstellt. Eine folgende Transkriptionsanalyse ergab außerdem, dass die Verbindung S3 die 

Wirksamkeit des Antibiotikums Ethionamid verstärkt, was durch entsprechende synergistische 

Wachstumsexperimente nachgewiesen werden konnte. Bei der anschließenden Analyse von 

Strukturanaloga dieser Verbindung wurden Moleküle identifiziert, die ebenfalls ESX-1 

hemmen, sich aber in ihrer jeweiligen verstärkenden Wirkung unterscheiden. Während das eine 

Analogon (S3_106) diese Wirkung nicht ausübte, verstärkte das andere (S3_100) die 

Wirksamkeit von Ethionamid in ähnlicher Weise, allerdings durch ein alternatives Enzym. 

Insgesamt beschreibt diese Arbeit eine frühe Phase der Arzneimittelentdeckung für zwei 

unterschiedliche, aber potenziell synergistische Klassen von Verbindungen mit Aktivität, 

entweder antibiotisch oder anti-virulent, gegen Mtb. Die hier entdeckten Moleküle und die 

Entschlüsselung ihrer Wirkmechanismen zeigen großes Potenzial und stellen einen wichtigen 

Schritt auf dem Weg von der Arzneimittelentdeckung zur klinischen Anwendung gegen 

multiresistente Mtb dar. 
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10 List of Abbreviations 

Abbreviation Description 

% Percent 

°C Degree Celsius 

µg, mg, g Microgram, milligram, gram 

µL, mL, L Microliter, milliliter, litre 

µM, mM, M Micromolar/millimolar/molar 

ACP Acyl carrier protein reductase 

ADME Absorption, distribution, metabolism and excretion 

ADP Adenosine diphosphate 

Ag85 Antigen 85 complex 

AmbA/B/C Arabinosyltransferase A/B/C 

ANOVA Analysis of variance 

ATP Adenosine triphosphate 

BCG Bacillus Calmette-Guérin 

BDQ Bedaquiline 

BTZ Benzothiazinone 

BWA-MEM Burrow-Wheeler Aligner algorithm 

cDNA Complementary DNA 

CFP-10 Culture filtrate protein 10 kDa 

CO2 Carbon dioxide 

COVID-19 Coronavirus disease 2019 

CTAB Cetyltrimethylammonium bromide 

cydB Subunit II of the cytochrome bd-I complex 

DAPI 4′,6-diamidino-2-phenylindole 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonucleic acid 

DprE1 Decaprenylphosphoryl-β-D-ribofuranose-2-epimerase 1/2 

dsred2 Discosoma Red Fluorescent Protein 

DUF Domain of unknown function 

EC Effective concentration 

EC50 Half maximal effective concentration 

EccA/B/Ca/Cb/D/E ESX conserved components B/Ca/Cb/D/E 
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Abbreviation Description 

EDTA Ethylenediaminetetraacetic acid 

eGFP Enhanced green fluorescent protein 

ELISA Enzyme-linked immunosorbent assay 

embA/B/C Probable arabinosyltransferase A/B/C 

EMSA Electrophoretic mobility shift assay 

ESAT-6 Early secreted antigenic target 6 kDa 

ESKAPE 

Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter species 

EspA/B/C/D/E/G/J/K/M/R ESX-1 secretion-associated protein A/B/C/D/G/M/R 

ETH Ethionamide 

ETH-NAD Ethionamide NAD adduct 

FBS Fetal bovine serum 

FSA Fibroblast survival assay 

gDNA Genomic DNA 

Genta Gentamycin 

Gpx4 Glutathione peroxidase-4 

gyrA/B Gyrase A/B 

h Hours 

HIV Human immunodeficiency virus 

HSP65 Heat shock protein 65 

IFN-ɣ Interferon ɣ 

IL-1β/2/6/8/10/18 Interleukin-1β/2/6/8/10/18 

indels Insertions and deletions 

INH Isoniazid 

INH-NAD Isoniazid NAD adduct 

kDa Kilo dalton 

LPZS Lansoprazole sulfide 

M caprae Mycobacterium caprae 

M. africanum Mycobacterium africanum 

M. bovis Mycobacterium bovis 

M. canetti Mycobacterium canetti 

M. microti Mycobacterium microti 
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Abbreviation Description 

M. pinnipedii Mycobacterium pinnipedii 

Mabs Mycobacterium abscessus 

MCP-1 Monocyte chemoattractant protein-1 

MDR Multidrug-resistant 

MIC Minimal inhibitory concentration 

MIC90 90% minimal inhibitory concentration 

MIP-1α Macrophage inflammatory protein-1 α 

MLKL Mixed lineage kinase domain-like protein 

MmpL3 Mycobacterial membrane protein large 3 

MOI Multiplicity of infection 

MptpB Mtb protein-tyrosine-phosphatase B 

mRNA Messenger ribnonucleic acid 

Mtb Mycobacterium tuberculosis 

NAD Nicotinamide adenine dinucleotide; oxidierte Form 

NADH Nicotinamide adenine dinucleotide; reduzierte Form 

NGS Next-generation sequencing 

NLRP3 NLR family pyrin domain containing 3 

nm/µm/mm/m Nanometer/micrometer/millimeter/meter 

OD560 Optical density at 560 nm 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PE35 Pro-Glu family protein 35 

Pks13 Polyketide synthase 13 

PMA Phorbol 12-myristate 13-acetate 

PGRS genes Polymorphic GC-rich gene sequences 

PPE68 Pro-Pro-Glu family protein 68 

Q203 Imidazopyridine 

QcrB Cytochrome bc1 complex cytochrome b subunit 

qRT-PCR Quantitative real-time PCR 

RD1 Region of difference 1 

REMA Resazurin microtiter assay 

RIF Rifampicin 
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Abbreviation Description 

RIPK1/3 Receptor-interacting protein kinase 1/3 

RNA Ribonucleic acid 

RNA-Seq Sequencing of transcriptome (total RNA) 

RND Resistance-nodulation-division superfamily 

RPMI Roswell Park Memorial Institute medium 

RR Rifampicin resistant 

SapM Secreted acid phosphatase M 

SARS Structure activity relationship study 

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis 

Sec2 Sec-mediated secretory pathways 

SNP Single nucleotide polymorphism 

ST Salmonella enterica subsp. enterica ser. Typhimurium 

TAT Twin-arginine translocation 

TB Tuberculosis 

TNF- α Tumor necrosis factor α 

TNFR1 Tumor necrosis factor receptor 1 

tRNA Transfer ribonucleic acid 

TSA Thermal shift assay 

WGS Whole genome sequencing 

WHO World Health Organisation 

WT Wildtype 

XDR Extensively drug-resistant 

Zmp1 Zinc peptidase 
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14 Appendix 

 

Appendix Figure 1: Shift of MIC of mutants resistant to B5. Shown is bacterial growth (REMA) of 

the Mtb parental wild type strain and of selected strains with spontaneous mutations exhibiting increased 

resistance to the compound B5, in the presence of different concentrations of the compound B5. 
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