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1) Introduction	
This thesis deals with anti-infective constituents from African (medicinal) plants in the context of the most important communicable diseases in this part of the world: HIV, Malaria and mycobacterial infections. Two approaches are therefore combined: The ϐirst approach focuses on the constituents itself and presents information on synthetical, analytical and microbiological investigations to evaluate their anti-infective potential. Three publications resulted that contribute to the cumulative character of this thesis. The second approach is a methodological one and describes the development of a novel microbiological tool that can be used to study plant constituents and other compounds on an important yet neglected part of mycobacterial populations – the persister cells. This tool was designed to be applicable for laboratories that do not have access to extensive instrumentation with especially sub-Saharan laboratories in mind. By developing this method, I hope to contribute to research on medicinal plants close to their natural habitats. The fourth publication of this cumulative thesis resulted from this part of the project. The introductory section of this thesis provides information on phytopharmaceuticals in the context of sub-Saharan countries, on the investigated plant metabolites and on the major communicable diseases in this region. As antimicrobial resistance is a global threat, the last section in this introductory chapter is dedicated exemplarily to the background of methicillin resistant S.	aureus	 infections. Because of drug scarcity, resistance is less problematic in sub-Saharan Africa (SSA) compared to industrialized countries. For example, prevalence of multidrug resistant tuberculosis (MDR-TB) is generally low in SSA with the Republic of South Africa showing the highest prevalence among those countries [1]. 

1.1) Plants	and	Their	Secondary	Metabolites	as	Medicines	Plants play an important role in human life. They were essential for food production but were also early recognized for effects other than serving as an energy source. There is archaeological evidence of plants being used as medicines already in early times of mankind of which only two are named for illustrative purpose: Chamazulene present on dental calculus from a Neanderthal individual from Spain [2] and medicinal plants recovered from Oǆ tzis body [3]. The latter example dates back to 3400-3100 BC. Throughout history every culture developed their own “traditional medicine” depending on the availability of plants and animals found in their habitat [2]. As the mentioned examples show, all over the world, mankind relied on plants to treat sickness and disease. In the early 19th century, several discoveries, e.g. the extraction of morphine from opium in 1804 by Sertürner, led to the understanding that certain ingredients of plants are responsible for the therapeutic effect of the plant as a whole. These ingredients were later understood as secondary plant metabolites. In contrast to primary metabolism that produces compounds which are essential for growth and development of a plant, secondary metabolism leads to molecules that are not directly relevant for physiological processes as growth and reproduction. 
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Secondary metabolites help the plant to survive in its special environment. Those include for example ϐlowering dyes to attract insects or molecules that protect them from herbivores. The extraction and puriϐication of isolated secondary plant metabolites and their use instead of the plant or its crude extracts was the starting point of conventional	pharmacotherapy (CPT) that is widespread in industrialized countries nowadays. CPT mostly uses well characterized compounds instead of plants and is often referred to as ‘modern’ medicine in contrast to ‘traditional’ medicine. These terms can imply a devaluation of certain treatment approaches. Within this thesis, I will therefore use the expression CPT instead to describe the approach to diagnose an ailment according to the international classiϐication of diseases (ICD) and treat it according to ofϐicial guidelines. These ofϐicial guidelines are based on the evidence of clinical studies. The expression ‘traditional’	medicine is used to emphasize the wealth of knowledge that has been collected and passed on over many centuries and thus highlights the richness of the respective culture. However, this thesis focuses on plant metabolites although traditional medicine often includes the use of animal derived products and different inorganic substances. Therefore, and to avoid the association with ‘old-fashioned’, the terms phytomedicine,	 phytochemicals	 and	medicinal	 plants are used instead unless direct or indirect citations hinder it. 
1.2) The	Prominent	Role	of	Phytopharmaceuticals	in	Sub-
Saharan-Africa	The World Health Organization (WHO) aimed to strengthen the role of the above mentioned traditional medicine within their member states by publishing a traditional medicine strategy in 2013 [4]1. A large majority of people living in the WHO African region heavily rely on medicinal plants for their health. Three documented examples among many are the population of Ethiopia [5, 6], Tanzania [7] and Uganda [8] where a majority relies on phytomedicines. Until today, phytomedicine is far from being supplanted by CPT in Ethiopia, not even in urban centers of the country where it is most available compared to the rural areas [9]. HILL explains this by the history “by which biomedicine [equivalent to CPT] became deeply imbricated with local therapeutic tools and techniques” [9], page 75. The African’s “belief in traditional and herbal medicine” was especially visible during the COVID-19 pandemic and “resulted in the local production of medicine in Africa against COVID-19” [10]. COVID organics® was produced in Madagascar from Artemisia, a plant that is highly effective against Malaria. However, the clinical efϐicacy of this product remains unclear at the time of writing, but serves as example of the importance of phytomedicine in SSA until today. It would be reductionistic to explain the importance of phytomedicine within the ‘therapeutic landscape’ [9] in SSA countries with economic reasons or the availability thereof only. It also roots in the different understanding of health and illness in industrialized and  1 There is an updated draft of this strategy currently under consultation that will probably soon be published: The draft is available online at https://cdn.who.int/media/docs/default-source/tci/draft-traditional-medicine-strategy-2025-2034.pdf?sfvrsn=dd350962_1 (last visited October 2024). 
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African countries. HILL for example describes the understanding of health by Highland Ethiopians “as a state of equilibrium” where the “equilibrium between organs in the body is equally important as a state of equilibrium between the individual body and the larger social body” and highlights the crucial role of emotional and spiritual well-being in physical health [9]. The overall goal of [also spiritual] “rituals is the relief from illness and misfortune” [9]. Similarly, healing in Botswana is embedded in a philosophy of relationship between individuals, nature and ancestors. This philosophy is termed “botho” (Setswana: “ubuntu”) and also understands diseases as an imbalance in these relationships [11]. Traditional healers therefore pay attention to several aspects of illness which often also have religious connotations using herbal medicine. Innocent et	al.	also highlight the discrepancies between “traditional African and modern Western medicine” in “the description of symptoms and concepts of underlying diseases” in their review on Tanzanian medicinal plants for the treatment of respiratory bacterial infections [7]. At the moment of writing, several countries are in a process of balancing the preservation of traditional knowledge and at the same time of their culture and the regulation of herbal medicine distribution. A study on the complex area of herbal medicine regulation in Nigeria could serve as an example [12]. 
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1.3) Investigated	Plants	and	Secondary	Plant	Metabolites		The following chapter describes two plants and their constituents that were the main focus of the ϐirst part of this thesis. 
1.3.1) Knipho ia foliosa Hochst	

Kniphoϔia	 foliosa L. (ASPHODELACEAE) is a plant within the genus Kniphoϔia	 [13]. The most prominent member of this plant family is Aloe	 vera. Kniphoϐia species are endemic mostly to Africa and their ethnomedicinal uses have been reviewed [14, 15]. K.	foliosa is found in the mountainous regions of Ethiopia [13]. A picture of its inϐlorescence is shown in Figure 1. The plant is used in traditional Ethiopian medicine to treat wounds, abdominal cramps, cervical and breast cancer, gonorrhea and hepatitis B [16]. A variety of secondary plant metabolites have been isolated from different parts of this plant [15, 17] of which some are presented in Figure 1. The main chemical classes of these phytochemicals are monomeric and dimeric anthraquinones as well as different phenyl anthraquinones and phenyl anthrones. They are structurally related to crysophanol. In addition to these, two naphthalene derivatives and another compound were isolated [16]. 

 
Figure	1:	Kniphoϔia	foliosa2	and	selected	phytochemicals	thereof.	

 2 The picture was taken in Gullele Botanical Garden, Ethiopia (© TriSusTain: https://trisustain.uni-halle.de/). 
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The main characteristic of anthraquinones and related phytochemicals of the genus Kniphoϔia are the 1,8-dihydroxylation and the methylation in position 3 of the anthraquinone nucleus. DAGNE AND STEGLICH were the ϐirst to characterize constituents of the genus Kniphoϔia and isolated the anthraquinone knipholone (KP) in 1984 from the roots of K.	 foliosa	[18]. The respective anthrone, knipholone anthrone (KA), was described ten years later and isolated from the stem of the plant [19]. Investigations on KP and KA were central to one of the projects in this thesis and are therefore described in some detail in the following section.		
Axial	 chirality	 of	 phenyl	 derivatives. The methyl group in position 3 of the anthraquinone scaffold hinders rotation along the phenyl axis. This leads to axial chirality. BRINGMANN and his group presented the ϐirst and atropo enantioselective total synthesis of knipholone in 2001 [20]. Both molecules were proven to be P-conϐigured by circular dichroism [21]. Applications in traditional medicine led to several in	 vitro studies to conϐirm pharmacological activity. Some studies were performed on crude extracts or fractionated extracts but several provided information on isolated compounds of the plant as well. Those revealed KP and KA to possess several biological activities. 
Antiplasmodial	 activity. Among the various biological activities of this compound class, this is probably the best studied. Several groups have provided evidence on the activity against Plasmodium species either of extracts or fractionated extracts of the plant’s roots and rhizomes, or of isolated compounds [22-24]. The crude extract of K.	foliosa rhizomes showed antiplasmodial activity also in	vivo	[25].	One suggestion on the mechanism of action is the introduction of free radicals leading to oxidative stress or the intervention in heme detoxiϐication [26]. Recently a molecular docking study suggested glutathione S-transferase as the potential target of knipholone in P.	 falciparum [27]. In contrast, ALEBACHEW et	 al. suggested P.	falciparum I-lactate dehydrogenase as the potential target [25]. Thus, the mechanism of action still needs to be veriϐied. However, all studies provide evidence that phytochemicals of this plant have antiplasmodial potential. When KP was investigated in comparison to KA, the anthrone was slightly more active [22, 23] but the most active antiplasmodial component of K.	foliosa was joziknipholone A [23, 28]. 
Leukotriene	 metabolism	 inhibition. WUBE et	 al. reported KP to inhibit the leukotriene metabolism and suggested the compound as a potential anti-inϐlammatory agent [29]. KA was not included in this study; thus, its leukotriene metabolism inhibition potential is unclear at the time of writing. 
Anti-oxidant	 and	 pro-oxidant	 activity. HABTEMARIAM reported the antioxidant potential of KA to be twice as high as epicatechin (the structure of this catechin is found on page 7 in section 1.3.2). KA scavenged radicals and complexed free iron ions [30]. In contrast, 

KP failed in another study to scavenge free radicals [29]. In the presence of Cu2+, the antioxidant activity of KA was reversed to pro-oxidant. KA generated reactive oxygen species by reducing Cu2+ to Cu+ what led to DNA damage in a concentration dependent manner [31]. 
Cytotoxicity. HABTEMARIAM showed KA to be cytotoxic against different cancer cell lines and observed a necrotic cell death by loss of membrane integrity instead of signs for 
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apoptosis [32]. In contrast, no cytotoxic activity could be observed for KP up to 240 µM. The difference in cytotoxicity between both compounds was in line with BRINGMANN’S result on other mammalian cell lines [22]. Table 1 lists available data on cytotoxicity studies for both compounds.  
Table	1:	Cytotoxicity	values	of	KP	and	KA	in	different	cell	lines,	evaluated	in	literature	studies.	

a human acute monocytic leukaemia cells; b promonocytic U937 leukaemic cells; c rat skeletal muscle myoblast; d mouse peritoneal macrophages; e mouse melanoma cells; f mouse monocyte tumor; 1 the authors did not further specify what minimal inhibitory meant.   

 KP	 KA	 Ref Human cell lines THP-1a         IC50 >240 µM U937b           IC50 >240 µM THP-1a             IC50 0.9 µM U937b               IC50 0.5 µM [32][32] Other mammalian cells 
L6c                 MICy 76 µM Macrophd    MIC1 >69 µM B16e                 IC50 >240 µM RAW264.7f  IC50 >240 µM  

L6c                    MIC1 8.8 µM Macrophd        MIC1 <24 µM B16e                   IC50 3.3 µM RAW264.7f      IC50  1.6 µM  
[22] [22][32] [32]

Brine shrimp assay  
                       ED50 580 µM n.d. [29]

Acute oral toxicity in mice evaluated for fractionated hydroalcoholic extract instead of isolated compounds; save at 2000 mg/kg [25]
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1.3.2) Camellia sinensis 

Camellia	sinensis (THEACEAE) is a shrub in the genus Camellia. Today, two varieties of this species (C.	sinensis var. sinensis and C.	sinensis var. assamica) are mainly grown to harvest the leaves for the production of tea. Tea is an aqueous extract of the leaves which is consumed in different cultures globally. The huge variety of tea originates from different handling after harvesting. Green tea is prepared from dried leaves and black tea is prepared from crushed leaves that are subjected to an oxidation process at approximately 40°C. In 2017, countries of the African continent produced about 20  % of the world’s black tea production - 656 000 tons - and accounted for about 5 % of the world’s black tea consumption [33]. Even though produced compared to consumed amounts of black tea were higher in many of these countries, it is a common beverage and easily accessible throughout sub-Saharan Africa. Tea is a rich source of catechins. Those polyphenolic plant metabolites belong to the large group of ϐlavonoids. Catechins are analogues of ϐlavan-3-ol whose chemical structure is displayed in Figure 2 together with the main catechins of tea. Due to the oxidation process, the composition of catechins is different for black and green tea. In green tea epigallocatechin gallate (EGCG) is the main catechin while in black tea oligomeric oxidation products of catechins dominate [34]. In plants they are mostly found as glycosides.  

 
Figure	2:	Chemical	structures	of	the	most	prominent	catechins	of	camellia	sinensis	and	ϔlavan-
3-ol,	the	base	scaffold	of	catechins.

Catechins have antioxidant and radical scavenging activities. The main catechin in green tea, EGCG, was reported to be antibacterial (reviewed in [35, 36]), but the ϐirst report of the anti-infective	activity of tea is almost 120 years old [37]. Catechins and other natural phenolic compounds were also reported to act antiplasmodial (as reviewed in [38]). However, investigations in mice proved the opposite to be true in	vivo	[38]. Among the antibacterial activity of tea extracts and tea catechins, the activity against methicillin resistant Staphylococcus	aureus (MRSA) [39] is especially interesting due to the 
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importance of this pathogen (as explained from page 31 on (Antimicrobial Resistance, section, 1.5)). The efϐicacy of tea catechins on MRSA was investigated in some clinical	
studies3. Catechins, when inhaled, were able to reduce MRSA in sputum in 47 % of the cases compared to 15 % of the control group [40] and MRSA disappeared in half of the decubitus patients when debridement was performed with green tea compared to no change in the control group where debridement was performed with saline. In addition, catechins are reported to act synergistically with different antibacterial drugs offering the opportunity to support the treatment of infections with CPT [36]. Together with its excellent safety proϐile, as proven by the long history of tea consumption and its widespread accessibility and low costs, this could be an interesting herb in prevention of infections or in supporting the treatment of the same. The poor bioavailability of even the monomeric catechins (as reviewed in [44]) hampers their use in the treatment of systematic infections. In most cases, even very high doses of 800 mg EGCG only resulted in less than 5 µmol/L EGCG in the plasma (see Table 4 publication [44]).   

 3 There are only a few clinical studies that investigated the effect of catechins on MRSA [40-43] which could be due to the high cost of these investigations in contrast to low reimbursement companies expect due to patent issues with natural compounds. 
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1.4) Common	Infectious	Diseases	in	Sub-Saharan-Africa	The WHO classiϐies HIV, malaria and tuberculosis (TB) as the three major communicable diseases in the WHO African Region [45]. In addition, this region represents the highest percentage of cases worldwide for two of the diseases: Two thirds of all people living with HIV globally live in the African region and this region carries 95 % of the global malaria burden. Additionally, 23 % of all TB cases and 35 % of TB related deaths were found here in 2021 [45]. The top 10 countries facing the highest combined burden of malaria, TB and HIV in the African Region all belong to SSA and are highlighted in Figure 3 within countries belonging to SSA. The importance of these infectious diseases is also reϐlected by the fact that monographs of the International Pharmacopoeia [46] focus on active pharmaceutical ingredients of these indications4. 

 
Figure	3:	Map	of	SSA	Region	and	overview	of	cases	and	deaths	of	the	three	major	communicable	
diseases	in	the	WHO	African	Region	in	comparison	to	the	numbers	worldwide.	
Countries	 belonging	 to	 SSA	 are	 highlighted	 in	 red	within	 the	 continent	 of	 Africa.	 The	 ten	
countries	with	the	highest	combined	burden	of	malaria,	HIV	and	TB	 in	2021	are	highlighted	
with	white	dots5.	Relative	numbers	were	calculated	compared	to	numbers	worldwide.	

The following section gives a short introduction into each of these infectious diseases and presents aspects that are relevant for the objective and results of this thesis. Although malaria is the main communicable disease within SSA, it played a minor role in this thesis. This is why the relevant chapter is kept short compared to HIV and mycobacterial infections. 
 4 “The role of pharmacopeias in sustainable quality control – an African perspective” talk by Prof. Dr. Eliangiringa Kaale from Muhimbili University of Health and Applied Sciences, Dar-es-Salaam, Tanzania given in Halle (Saale) on 16th October 2024. Access to the Ph. Int. via: https://digicollections.net/phint/2022/index.html#p/home 5 This map was generated with mapchart.net using data from [45]. 
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1.4.1) HIV Infections 

1.4.1.1) General	Information	on	Epidemiology,	Disease	and	Therapy	The HIV epidemic was ϐirst recognized in the 1980s. In 2023, 39.9 million people globally lived with HIV (PLWHIV, people living with HIV) with 630 000 HIV related deaths worldwide (1.6 % of PLWHIV) [47]. As already stated, the WHO African Region is disproportionally affected by this epidemic, carrying 65 % of the cases worldwide with HIV still remaining the leading cause of death in southern Africa [48]. There was tremendous effort to reduce HIV in the last years being successful in many sub-Saharan countries [45]. However, children in this region are still accounting for 81 % of all new HIV infections among children worldwide [47].  An infection with the human immunodeϐiciency virus 1 (HIV) affects CD4+ cells thereby causing a destruction of the immune system of the host that becomes visible by decreasing numbers of CD4+ T cells. When CD4+ T cells fall below 200 cells/µL, the most advanced stage of infection is reached with the immune system weakened to an extent that opportunistic infections by various pathogens are acquired and/or cancer is developed. The symptomatic presentation of an HIV related illness (a list of more than 20 diseases) together with a veriϐied HIV infection is called Acquired Immune Deϐiciency Syndrome (AIDS). These secondary diseases are the leading causes of death for PLWHIV. Untreated, HIV infections progress to AIDS with typically only three years to survive this diagnosis as stated by the Center for Disease Control and Prevention (CDC)6. With anti-retroviral therapy (ART), the infection can be turned into a manageable disease with life-long medications.  Over 40 years of research have led to a great understanding of the HIV-1 virus, its components and their role in the life cycle of the virus and the infection of human cells as reviewed in e.g. [49]. This introductory section on HIV instead focuses on the virus’s ability to integrate into the host’s genome and how this leads to the formation of a viral reservoir. Furthermore, the limitations of current treatment options are explained to understand the necessity of a new treatment approach that aims for a cure of the infection instead of only suppressing viral replication.  HIV-1 is a retrovirus within the genus Lentivirus. Its single stranded RNA (ssRNA) together with different proteins is encapsulated and protected by different membranes. In contrast to RNA-viruses which carry their genome as mRNA that can directly be translated into proteins by the host’s RNA-polymerase, retroviruses need to transcribe their RNA genome ‘back’ into DNA in order to make it available for protein biosynthesis. Two viral proteins play a major role in this process: The viral reverse transcriptase (RT) and the viral integrase. As mentioned above, HIV targets CD4+ cells, because it needs their distinct membrane proteins to enter cells. The viral life cycle contains a step in which the viral genome is integrated by the integrase into the host cells’ DNA. 
 6 Available from https://www.cdc.gov/hiv/about/index.html; accessed 20th September 2024. 
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Current antiretrovirals (ARV) target various steps of the viral life cycle. Today, ART is a combination therapy, introduced in 1996. It is also referred to as highly active antiretroviral therapy as it inhibits many different targets. Current regimes are able to suppress viremia to undetectable levels. The overall goals of HIV therapy are to restore CD4+ cells, to keep the immune system working, prevent acquiring of opportunistic infections and the progression to AIDS in order to expand life expectancy and ensure a normal life of PLWHIV. ART is also used for prevention7 and as a pre- and post-exposure prophylaxis of uninfected people living at high risk of HIV infections. Guidelines are provided to treat patients according to their situation (adult and pediatric ART, perinatal therapy, therapy of co-infections). 
1.4.1.2) The	Latent	Reservoir:	A	Major	Hurdle	to	an	HIV-Cure	Upon ART interruption, a viral rebound is observed within two to eight weeks [50]. This viral rebound arises from a latent reservoir and life-long ART is necessary to prevent reseeding from this reservoir. This chapter will explain why only a small portion of infected cells make up this reservoir and describe the molecular mechanisms that are the basis of this phenomenon.  Viral DNA only contributes to the reservoir if it is integrated in the hosts genome (pro-viral DNA), because extrachromosomal genetic information persists only for a few days [51]. In addition, the integrated DNA needs to encode for replication competent viruses. This is not the case for about 90-95 % of pro-viral cells sampled from individuals because they are genetically defect [52]. However, these defective pro-viruses can still activate the host’s immune surveillance after partly expression of viral antigens and play a role in HIV-associated inϐlammation [53]. Only a small portion of pro-viral cells (about 5-10 %) harbor an intact pro-virus and built up the ‘latent reservoir’ with the majority found in CD4+	
memory	T	cells8. This latent reservoir is already established in early stages of the infection [55] and immediate initiation of ART after HIV infection can only lead to a reduced reservoir size but is not able to prevent the formation of it [50]. Latently infected cells evade the immune surveillance due to either very low or no level of viral transcription. This leads to a very long half-life of the CD4+ memory T cell reservoir which is persistent even on long-term ART and estimated at 44 months [56, 57].  The current scientiϐic consensus understands latency in HIV infections as “a byproduct of the achievement of immunological memory” [50, 58]: activation of naı̈ve T cells results in activated effector T cells. These are more susceptible to HIV infection due to higher expression of CCR5 than newly activated CD4+ T cells. CCR5 is a coreceptor that is important during entry of HIV into host cells. Consequently, effector T cells are more likely to get 

 7 Treatment as prevention is based on the fact that suppression of viral load in PLWHIV to undetectable limits prevents transmission of HIV to uninfected people (U=U meaning undetectable = untransmittable). 8 A recent study highlighted the role of microglia as cells of the latent reservoir due to their long lifespan and their resistance to viral cytopathy. In addition these cells are hard to penetrate by ARVs [54]. 
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infected. At the same time, some of these effector T cells will enter a quiescent state to preserve immunological memory (a physiological process). Because this process involves gene silencing to establish the quiescent state of resting memory cells it results in resting infected cells that do not express HIV proteins and are therefore invisible to the immune system. Most other CD4+ cells (monocytes, macrophages, dendritic cells and various subtypes of T cells) that were infected are actively proliferating CD4+ cells and will be eliminated either by host immune surveillance or cytolytic effects.  The molecular mechanisms involved in latency mostly belong to epigenetic regulation mechanisms who remodel the chromatin structure to enhance or prevent transcription initiation and or elongation [50, 59]. This is mostly done by regulation of the position of the respective nucleosomes. Those mechanisms include DNA methylation, histone deacetylation and histone methylation that regulate the pro-viral promoter long terminal repeat (LTR). The HIV-1 LTR belongs to the group of bivalent promoters that contain activating as well as transcription repressing histones leading to a “reversible epigenetically repressed state poised for rapid transcription” [50]. Another molecular mechanism of latency is the sequestration of important signaling factors for transcription within the cytosol together with very low concentrations of the host’s transcription elongation factor that also plays a critical role in viral transcription initiation [50].  
1.4.1.3) Limitations	of	Current	Treatment	and	Strategies	Towards	a	Cure	Current treatment options are markedly effective and life expectancy has been substantially prolonged by ART. Nevertheless, some limitations remain. Although new antiretroviral drugs signiϐicantly reduced side effects compared to the ϐirst generation of ARV, a life-long medication still includes the risk of toxic side effects cumulated over a long therapeutic period [48]. PLWHIV also still have a higher risk of several comorbidities compared to HIV negative people such as HIV associated neurocognitive disorder [54]. In addition, resistance towards ART is still an issue [60], although it has become fewer since the replacement of the single by a combination therapy [48]. This is the case especially in countries with “restricted excess to multiple classes of ARV” [59]. One reason for a high resistance rate is the nature of the viral reverse gene transcription because the RT lacks a proofreading mechanism. Eventually, ART is no cure of the infection even though it suppresses viremia to undetectable levels in the blood of PLWHIV. There is always the possibility of viral rebound from infected cells after ART discontinuation [48]. Research is undertaken to tackle this problem and several approaches are investigated in order to cure HIV. An overview is given in Figure 4.  
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Figure	4:	Different	approaches	to	an	HIV	cure	that	are	currently	investigated.	

The ϐirst area of research aims to boost the immune system by vaccination, the use of broadly neutralizing antibodies (bNABs) [61, 62] or chimeric antigen receptor T cells (CAR-T, a genetically modiϐied CD8+ T cell) to eradicate infected cells [63]. Another research ϐield was inspired by the few examples of HIV patients that have been cured after undergoing a chemotherapy with subsequent haematopoetic stem cell transplantation. Those transplanted cells carried a mutation that made them HIV unsusceptible [64]. Therefore, this approach aims to modify CD4+ T cells to imitate the described scenario [65]. The third ϐield deals with the elimination or silencing of the latent reservoir. One strategy in this ϐield uses CRISPR-based gene editing as a snipping tool to eliminate integrated HIV genes from the host’s genome [66]. Another approach is to increase the latency of the virus by epigenetic changes to make a transcription of integrated HIV genes impossible. This approach is referred to as “block and lock” [67]. The third approach aims for the opposite by reactivating viral expression in order to make infected cells visible to the immune system which then either eliminates these cells precisely or cells will be eliminated due to viral damage [68-70]. As part of this thesis, plant constituents were investigated for their latency reversal (LR) activity. Therefore, the next chapter will explain this approach to an HIV cure in more detail. 
1.4.1.4) Latency	Reversal	and	the	Method	of	Shock	and	Kill		The basic idea of the ‘shock and kill’ also known as ‘kick and kill’ approach is shown in Figure 5. The ϐirst part represents the latent reservoir which is ‘invisible’ to the immune system due to missing expression of viral genes. This reservoir was discussed earlier (see 1.4.1.2) and is a major hurdle to a sterilizing cure of HIV infections. Infected cells can be made ‘visible’ by using LR agents that promote transcription of integrated viral genes. The killing of these infected cells then occurs either by cytolytic viral effects or due to cells of the immune system recognizing and eliminating those infected cells. A simultaneous ART is essential to avoid reseeding of viral particles in uninfected cells thereby preventing the enlargement of the reservoir. Whereas the ϐirst approaches in this ϐield relied on the cytolytic effect of the virus to kill its reservoir or the unboostered immune system only (referred to as 
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“non-speciϐic latency reversal or LRA 1.0”) later approaches focused on a more immune system-based approach (“immune-based latency reversal or LRA 2.0”) [69]. 

 
Figure	5:	Illustration	of	the	principal	idea	of	the	shock	and	kill	approach.	
NK:	natural	killer	cells,	CD8+	T	cell:	cytotoxic	T	lymphocyte,	LRA:	latency	reversal	agent,	MHC	I:	
major	histocompatibility	complex	I,	TCR:	T	cell	receptor;	adopted	from	[68].	

LR agents target different molecular mechanism of latency (as discussed above; see 1.4.1.2) and include ”Protein kinase C (PKC) activators, DNA methyltransferase (DMT) inhibitors, Histone methyltransferase (HMT) inhibitors and Histone deacetylase (HDAC) inhibitors” [59]. Several hurdles in the search for LRAs are the inefϐiciency to reactivate the whole reservoir or toxicity issues. However, it is still a subject of current research. Only recently, results from a clinical phase II study were presented in September 2024 [71]. In this study, the in	vivo effect of a combination therapy with an HDAC inhibitor (chidamide9) and an immune system checkpoint inhibitor (ASC22, targeting the PD-L1 membrane protein10 in immune cells) were investigated in 15 HIV positive individuals under ART. By combining two molecules that are able to reverse latency with one of them potentially restoring T cell function in addition, the authors hoped for a LR activity with subsequently decrease in HIV reservoir. Despite being safe in ART suppressed individuals11 and effective in reversing  9 Chidamide (Tucidinostat) is approved for the treatment of peripheral T cell lymphoma in China. 10 Programmed death – ligand 1 (PD-L1) is located on the membrane of immune cells and the ligand of the programmed death 1 receptor (PD-1 receptor) which is a transmembrane receptor of the CD28 family. This receptor is a crucial negative regulator of T cell function. Biologicals targeting either PD-1 or PD-L1 inhibit their interaction thereby partially restoring T cell dysfunction. In addition, they were suggested to enhance HIV expression in latently infected CD4+ cells. ASC22 is the active pharmaceutical ingredient of Envafolimab® which is approved for treatment of different kinds of cancer in China and the USA. For detailed information on the study approach and design see [71].  11 Over 12 weeks with an additional 12 weeks of follow up. 
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latency, ASC22 and chidamide in combination fell “short in effectively eradicating the HIV reservoir” [71].  
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1.4.2) Malaria Malaria is caused by parasites of the genus Plasmodium that are transmitted to humans by female Anopheles mosquitoes. The WHO reported an estimated 249 million cases in 2022 worldwide, while Sub-Saharan Africa is again affected disproportionately [72]. 93 % of the estimated cases occurred in the WHO African Region, although it only covers roughly half of the 85 malaria endemic countries [72]. Children under the age of ϐive accounted for 78 % of all deaths in this region, similar to the proportion worldwide (76 %) [72]. The species 
falciparum causes the majority of cases within the WHO African Region. Only 0.5 % of the cases were caused by P.	vivax in 2022 [72]. This species is predominant in South East Asian countries where it is responsible for roughly half the cases. However, in contrast to P.	
falciparum, P.	vivax can hide in the liver in a dormant state and cause rebounding malaria. Phytopharmaceuticals played a major role in the therapeutical history of malaria and compounds derived from secondary plant metabolites are still the main therapeutics up to date. From mid-17th century on, extracts of Cinchonae	pubescens	(RUBIACEAE) bark were the main therapeutic option for malaria. Quinine (see Figure 6), its active constituent, was isolated in 1820 which led to cultivation in plantations and subsequent industrial extraction of quinine for medical use until World War II. Thereafter, the synthetic analogue chloroquine dominated the market. Today high resistance levels of P.	falciparum hinder its use in many malaria endemic areas. In 2015, the WHO recommended another plant constituent instead as the standard therapy of malaria. Artemisinin-based combination therapy includes analogs of the secondary plant metabolite artemisinin, a constituent of Artemisia	 annua L. (ASTERACEAE). Artesunate, artemether and dihydroartemisinin are implemented in today’s standard therapeutic regimens against malaria. Figure 6 shows the chemical structure of artemisinin, whose antiplasmodial activity and structure was discovered by TU YOUYOU and colleagues [73]. For his discovery, TO YOUYOU was awarded the Nobel Prize in 2015. 

  
Figure	 6:	 Chemical	 structures	 of	 quinine	 and	 artemisinin,	 antiplasmodial	 components	 of	
Cinchona	pubescencs	and	Artemisia	annua.	

A minor part of this thesis is dedicated to research in the ϐield of natural products active against malaria. Therefore, this chapter only brieϐly introduces the life cycle of the parasite to contextualize the anti-plasmodial assay performed on asexual blood stages of a chloroquine sensitive P.	falciparum	strain. 
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1.4.2.1) The	life	cycle	of	the	parasite		The parasites of the genus Plasmodium have a complex life cycle that involves two hosts: Anopheles mosquitos and humans. The parasite develops through various stages that take place in different locations: mosquito stage, human liver stage and human blood stage as depicted in Figure 7. 

 
Figure	7:	Life	cycle	of	the	plasmodium	parasite.	
Figure	was	prepared	using	free	illustrations	and	icons	from	NIH	BIOART12.		

Human	Liver	Stage. The infection of humans occurs during a blood meal of an infected 
Anopheles mosquito which injects sporozoites into the blood stream. Those migrate to the liver and infect liver cells, where they mature into schizonts. These infected liver cells rupture and release merozoites into the blood stream. The human liver stage is not diagnosable in routine diagnosis. Two species of Plasmodium (P.	ovale and P.	vivax) are able to survive in a dormant stage in the liver and can cause infections of the blood stream even after years of dormancy. 

Human	Blood	Stage. Merozoites, which were released from the liver, infect speciϐically red blood cells. Within this stage the parasite is partly visible as ring shaped trophozoite under the microscope. This serves as diagnostic tool. Blood samples from patients are screened for erythrocytes that contain trophozoites. Trophozoites mature and again release merozoites. This stage is also referred to as the asexual blood stage. The rupture of erythrocytes with subsequent release of merozoites is a recurring cycle of a certain duration and responsible for the clinical symptoms. The duration is speciϐic for the respective parasite 
 

12	Source: https://3d.nih.gov/entries/BIOART-012345. 
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species which is aiding the diagnosis. Some of the trophozoites mature into sexual gametocytes. Those are ingested by Anopheles mosquitos during another blood meal.  
Mosquito	Stage. Within the mosquito, the sexual gametocytes fuse to build an ookinete that matures into an oocyst. From this cell, infectious sporozoites are released into the mosquito’s salivary glands from where they can be injected into the human blood stream during a blood meal.   
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1.4.3) Tuberculosis and Infections with Non-tuberculous 
Mycobacteria 

1.4.3.1) General	Information	on	Origin,	Epidemiology	and	Treatment	

Mycobacterium	 tuberculosis, an obligate aerobe, slow growing, acid-fast, rod-shaped bacterium, is the causative agent of TB, the third major communicable disease in the WHO African Region [45]. According to the WHO, tuberculosis remained the world’s second leading cause of death from a single infectious agent in 2022 [74]. Nigeria and the Democratic Republic of the Congo, two countries from Sub-Saharan Africa, are found among the eight countries covering two-third of the global tuberculosis burden [74]. Although India and other Asian countries are the leading countries regarding infections with tuberculosis, the African region accounted for 23 % of the incidence cases in 2022 [74], second only to the leading Asian region with an incidence of 208/100.000 people [45]. In contrast, the incidence in Germany was 4.9/100.000 people in 2022 [75]. The difference in incidence rates between countries can also be seen in Figure 8. While the WHO European and American regions mostly present with incidences less than 10 cases/100.000 people per year, many countries belonging to sub-Saharan Africa have incidences of 100 cases with some countries exceeding 500/100.000 people per year. 

 
Figure	8:	Estimated	TB	incidence	rates	in	202213.	

Beside M.	tuberculosis	and M.	 leprae (the etiologic agent of lepra, an infectious skin disease) that are both obligate pathogens,	 the genus Mycobacterium	 contains about 200 species that are collectively termed non-tuberculous mycobacteria (NTM) [76]. Most of them  13 Reprinted from [74], published under the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Intergovernmental Organization licence CC BY-NC-SA 3.0 IGO. 
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are environmental bacteria, with a small percentage being opportunistic pathogens that can cause severe infections of the lung (non-tuberculous mycobacterial pulmonary disease (NTM-PD)) or of other organs [76], comparable to M.	tuberculosis that can cause extrapulmonary infections too. Among NTM, M.	abscessus and members of the M.	avium	complex are responsible for about 80-89 % of NTM-PD [76]. NTM infections can present clinically similar to tuberculosis and NTM also share diagnostic laboratory parameters with 
M.	tuberculosis. This complicates their differentiation and can lead to misinterpretation of the infection as extensively drug resistant TB (XDR-TB). Since NTM are environmental bacteria, colonization by these bacteria is not necessarily resulting in NTM disease. To distinguish between the two, criteria of the American Thoracic Society/Infectious Disease Society of America are applied. Modern molecular tools (e.g. GenoType mycobacteria direct line probe assay) help in differentiating M.	tuberculosis from NTM as well as determining the species and even subspecies of the found NTM [77]. In SSA countries these tools are used in reference laboratories, but are mostly not available for routine health care [78]. 

 
Figure	9:	Microscopic	pictures	of	two	different	non-tuberculous	mycobacterial	species.	
A:	 Colony	 of	 M.	abscessus	 subsp.	 abscessus,	 rough	 morphotype,	 grown	 on	 solid	 medium.		
B:	Smear,	showing	M.	aurum	DSM	cells,	stained	with	Ziehl-Nehlsen.	.	Pictures	were	taken	with	
TOMLOV	DM602	Pro.	

As most NTM are opportunistic pathogens, infections are mostly relevant for patients with pre-existing lung damage (such as cystic ϐibrosis (CF), chronic obstructive lung disease (COPD) or previous TB infection and smoking) and/or suboptimal conditions of the immune system (due to HIV infections, drug treatment or aging) [76]. Regarding patients from SSA, ABBEW et	 al.	 identiϐied additional risk factors for NTM infections such as silicosis, occupational exposure (such as working in the mining industry or agricultural sector) and malnutrition [78] that are not relevant to the same extent in industrialized countries. While relatively high cure rates for TB are reported (85 % for drug susceptible TB (DS-TB), 60 % for multidrug resistant TB (MDR-TB) and 30-50 % for XDR-TB), the positive treatment outcome for NTM-PD is in the range of XDR TB (33-54 %) [79]. Table	2 gives an overview of the current treatment regimens of mycobacterial lung diseases. Due to a clinical trial published in 2020 [80], the treatment of patients with drug resistant TB was successfully shortened from 18-24 to a six-month regimen from 2022 on. 
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Table	2:	Treatment	regimens	for	pulmonary	disease	caused	by	mycobacterial	infections	
according	to	[74,	81,	82]. 
DS-TB	

MDR	TB	and		
XDR	TB	

MAC-PD	 MAB-PD	4 months:  6 months:  until sputum cultures remain negative for 12 months rifapentine isoniazid pyrazinamide moxiϐloxacin 
bedaquiline pretomanid linezolid with/without  moxiϐloxacin 

macrolide (azithromycin/ clarithromycin) rifamycin (rifampicin/ rifabutin) ethambutol  adding amikacin (i.v.) for cavitary disease 

3-6 antibiotics  selected on basis of drug susceptibility proϐile;  in general: macrolide as backbone plus amikacin and/or cefoxitin  both i.v.) 
DS: drug susceptible; MAB-PD: M.	abscessus pulmonary disease; MAC-PD: M.	 avium complex pulmonary disease; MDR: multidrug resistant; TB: tuberculosis; XDR: extensively drug resistant  For the treatment of tuberculosis, there are ofϐicial guidelines of the American Thoracic Society of the CDC depending on the susceptibility status of M.	tuberculosis. As can be seen from Table 2, treatment of infections with M.	abscessus are less clearly guided, which is due to limited information on which recommendations are based. This highlights the urgent need for clinical trials to approve in	vitro results of drugs within clinical application. 

Epidemiology: There are differences in patient groups of mycobacterial pulmonary lung disease. While male and female children are affected by M.	tuberculosis equally, male patients increasingly account for the majority of tuberculosis cases among adults [83] (adult men 55 %, adult women 33 % and children under 15 years of age 12 % of the estimated cases in 2022 [74]). This is true for the WHO African Region (Figure 10) as well as for regions of the Western world (Europe and regions of the Americas). Differences between the two are found in the total number of cases as discussed above and regarding the distribution by age, due to different demography of the population in Africa. Its population is younger and people have a lower life expectancy (42 % of the population in the WHO African region are under 15 years [45]; life expectancy 64.5 years [84]) compared to the Western world (15 % of the population of Europe in 2019 was under 15 years old; life expectancy 80.6 years in 2022 [85]).  
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Figure	10:	Regional	estimates	of	TB	incidence	[absolute	numbers]	disaggregated	by	age	and	sex,	
compared	with	case	notiϔications	202214.		
Female	(f)	in	purple;	male	(m)	in	orange,	note	the	different	scales	of	the	x-axis.	

Data on the epidemiology of NTM infections is sparse since it is not a reportable disease in most countries. However, in western countries a higher prevalence in elderly female patients with lower body mass index [87, 88] is reported than in men. In contrast, 75 % of NTM-PD patients in sub-Saharan Africa are male. However, this ϐinding could be biased by several factors (e.g. access to health care facilities or cultural aspects). In view of the sparse data available, this is an indication of a different situation only. The following Table 3 lists data on epidemiology of NTM infections to compare patient groups and species of mycobacteria responsible for pulmonary infections between SSA and the Western world.  

 
14	Adjusted from [86], published under the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Intergovernmental Organization license: CC BY-NC-SA 3.0 IGO. 
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Table	3:	Comparative	data	on	epidemiology	of	NTM-PD	 in	SSA	and	countries	of	the	Western	
world.	

 Sub-Saharan Africa Data retrieved from [89] Western World Data retrieved from [76, 90, 91]1 Prevalence 7.5 % (in pulmonary samples) In CF patients 5-10 % Patient group male           75 % female        25 % children2  age               33-44 years median 35 
prevalence [per 100.000] in  men            6.45  women     16.78 > 50 years 

Predominantly isolated species 27.7 % M.	avium complex    7.0 % M.	scrofulaceum   4.7 % M.	kansasii    1.2 % RGM3  
77.6 % M.	avium complex 17.3 % M.	simiae	10.5 % M.	gordonae	  7.8 %	M.	abscessus	Species  responsible for PD 69.2 % M.	kanssasii	13.9 % M.	scrofulaceum	13.5 % M.	avium	complex	 1.9 % M.	lentiϔlavum	 0.8 % M.	simiae	 0.4 % M.	palustre	 0.4 % M.	abscessus 

80-89 % M.	avium complex and 
M.	abscessus	 

1 Reference [91] presents data from a global review, however no study was included from sub-Saharan Africa and more than half of the studies were performed in western countries. Due to limited data in general regarding epidemiology of NTM infections, this was accounted acceptable to give an idea on patient data and therefore included in this table. 2 Three studies included in the review exclusively studied NTM infections in children, however the authors did not calculate the overall rate of infections in children throughout SSA. 3 Rapidly growing mycobacteria (RGM) within this study include 
M.	fortuitum, M.	chelonae and M.	abscessus	and were mainly reported from eastern African countries. 	 From the little data available, it can be concluded that there are several differences between patients from SSA and patients in the Western world. While in the Western world mostly female elderly women suffer from NTM-PD and these infections are mostly caused by members of the M.	avium complex and M.	abscessus, in SSA mostly men in their middle ages suffer from pulmonary disease caused by M.	kansasii with M.	avium complex causing 13.5 % of NTM-PD only. The younger age of patients in SSA could however also refer to a younger population in general as mentioned before. 
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1.4.3.2) The	Role	of	Granulomas	in	Mycobacterial	Infections	Pulmonary infections with M.	tuberculosis and NTM can lead to the formation of characteristic lung lesions, called granulomas15 [94, 95]. These granulomas are visible in radiographic pictures and serve as a diagnostic indicator next to clinical symptoms in the diagnosis of PD [96]. Granulomas are studied extensively ex	vivo in animal models as well as in patient samples. They are well structured complexes with a typical architecture, consisting of a variety of immune cells in different states [95]. 

 
Figure	11:	Formation	of	granulomas	in	lung	lesions	of	TB	patients.	
A:	Changes that a macrophage undergoes	 in	 the	 course	 of	 granuloma	 formation.	
(1)	Decreased	vascular	efϔiciency	 leads	to	 low	oxygen	tension	 in	 lung	 lesions.	In	combination	
with	the	reaction	upon	an	infection,	this	leads	to	agglomeration	of	lipid	droplets	within	infected	
macrophages	 (2).	 These	 cells	 are	 called	 foamy	 macrophages	 due	 to	 their	 microscopic	
appearance.	(3)	They	necrotize	and	thereby	release	bacterial	and	cellular	content	 into	 inner	
caseum.	B:	Architecture of a typical granuloma,	where	oxygen	gradually	decreases	from	the	
outside	to	the	center	of	the	granuloma.	The	inner	necrotic	center	(caseum)	consists	of	cellular	
compartments	of	dead	 immune	 cells,	 lipid	 rich	agglomerates	 from	 foamy	macrophages	and	
bacteria	 that	 survive	 in	 this	 hypoxic	 and	 greasy	 environment	 by	 several	mechanisms.	 The	
caseum	is	surrounded	by	infected	foamy	macrophages,	infected	macrophages	and	neutrophils	
which	try	to	control	the	infection	by	phagocytizing	bacteria.	The	outer	rim	is	built	up	by	B-	and	
T-	cells,	which	contribute	to	the	control	of	infection	by	recruiting	additional	immune	cells	and	
activate	macrophages	through	the	release	of	cytokines	[97].	

Figure 11 describes the complex process of granuloma formation using the example of infection with M.	tuberculosis. Due to inefϐicient vascularization, the necrotic centres of 
 15 The formation of granulomas is a typical attribute of pulmonary TB infections. However, infections with NTM in immunocompromised patients poorly lead to formation of granulomas, instead diffuse disease manifestation is seen [92], whereas in immunocompetent patients, granuloma formation is frequently seen, similar to TB [93]. This fact highlights the role of the immune system in the formation of granulomas. 
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granulomas are hypoxic [98]. The mechanisms of mycobacteria to survive this environment despite several strategies of the immune system to control the infection and kill the bacteria are described in the following section. 
1.4.3.3) Non-replicating	Persisters	of	Mycobacteria	Compared to pulmonary infections caused by other bacteria than mycobacteria, tuberculosis and NTM-PD require an exceptional long drug treatment of at least four months [96] (see also Table 2 in section 1.4.3.1). Often, this treatment takes longer, even up to years, especially in the case of NTM. Several reasons contribute to this problem such as a signiϐicantly longer doubling time compared to other bacteria [99, 100], the formation of bioϐilms [101, 102] (which is however not unique to mycobacteria), the ability to survive in barely druggable reservoirs (like macrophages [103, 104], granulomas [97, 105] and mucus in CF patient’s airways [106]) and M.	tuberculosis modulating the immune system of the host [107] to prevent effective intervention by the immune system. Upon external stimuli (like hypoxia, high concentrations of nitric oxide (e.g. in macrophages), elevated carbon monoxide levels), M.	tuberculosis induces the expression of dormancy regulator genes (DosR) [108] that induce transition to a non-replicating state in which bacteria can survive. DosR genes are essential for survival of M.	tuberculosis in hypoxia [109] as well as of M.	abscessus [110, 111]. The subpopulation of mycobacteria in a dormant state is called non-replicating persisters (NRPs) and is an important inductor for persistent infection in patients [112]. Following WOOD’S deϐinition, persisters are “bacteria that evade the effects of antibiotics without undergoing genetic variation” [113] in contrast to resistant bacteria, where mutations are the reason for the ineffectiveness of drugs. 
1.4.3.4) Models	to	Mimic	NRPs	in	Vitro	Several environmental factors induce transition to NRPs, besides expression of DosR, and many of them are used in models to study and understand mechanisms in these bacteria. This section will touch on the variety of models and explain the ones using hypoxia as external trigger of transition to the NRP state in more detail. Literature regarding models of NRP for M.	tuberculosis has been reviewed [114, 115] and models mimicking environmental stressors that induce transition to a NRP state are displayed in Figure 12. 
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Figure	12:	Models	to	study	non-replicating	persisters	of	M.	tuberculosis.		
Note	that	this	map	aims	to	give	an	overview	and	does	not	include	every	single	model	that	was	
applied	to	force	M.	tuberculosis	into	the	non-replicating	state.	

The diversity of models is due to the complex nature of persistence. While some authors focus on understanding a speciϐic part of persistence by simplifying the model as much as possible to clearly connect cause and effect, others try to build up models that are more physiologically relevant when mimicking conditions that are found in granulomas by combining several stressors within one model. NRPs obtained by different models show a variety of common properties, but are not congruent. They, for example, differ in their drug susceptibility proϐile as metronidazole is inactive in replicating and nutrient starved non-replicating M.	tuberculosis [116], but bactericidal to hypoxic non-replicating M.	tuberculosis	[117]. Two simple but important approaches to obtain and study NRPs are highlighted in Figure 12 among the other models. In 1933, LOEBEL was the ϐirst to describe culturing 
M.	tuberculosis in simple PBS [118] (Figure 12, grey model, bottom right). This simple approach is used until today to study M.	tuberculosis and was applied successfully to 
M.	abscessus as well [119, 120]. The model highlighted in blue is the most important access to hypoxic NRPs of M.	tuberculosis and was described in 1996 by WAYNE et	al. [121].	This model was applied to M.	abscessus by several groups [111, 119, 122]. Due to slightly different phenotypes obtained upon the type of model, authors use to add the information on how the cells were obtained when describing the population (e.g. nutrient starved mycobacteria as in [123-125]). This part of the project focuses on hypoxic models to widen the scope of drug activity determination for compounds synthesized in the research group of PROF. PETER IMMING. We therefore use the term of low-oxygen	 persisters (LOPs) of M.	abscessus	 to describe the subpopulation of cells that are obtained in our setup. This new model was developed as part of this thesis and is described in detail in publication IV as well as in the 
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summary and discussion part of this thesis (see page 111, section 3.8). Although, hypoxic models for the generation of NRPs are among those which focus on one environmental factor only, they are hard to set up since mycobacteria are aerobic bacteria and usually need to be cultured in aerobic conditions. Sudden onset of hypoxia was described as lethal for 
M.	tuberculosis	[126] as well as for M.	abscessus	[110]. 

Deϐinition	of	Hypoxic	Conditions	 in	NRP	Models	 for	Mycobacteria. A solution of methylene blue (MB) is an accepted tool to indicate the oxygen concentration in hypoxic setups for mycobacteria [119, 121, 122, 127, 128]. This phenothiazine dye gets reduced by dissolved glucose resulting in the colorless leuco methylene blue. This leuco-form is then subsequently re-oxygenated by dissolved oxygen (Figure 13). When the available oxygen concentration is too low to drive the equilibrium to the oxidized form, the solution will stay colorless. This concentration is deϐined as hypoxic and used as a marker by many groups without further determination of dissolved oxygen concentration. 

 
Figure	13:	Methylene	blue	as	an	indicator	for	oxygen	concentration	in	hypoxic	setups.	
Reduction	of	methylene	blue	to	its	leuco-form	by	glucose.	The	reoxygenation	is	dependent	on	the	
availability	of	oxygen	dissolved	in	the	culture	medium.	If	the	concentration	is	too	low	to	drive	
the	equilibrium	to	the	oxidized	form,	the	solution	will	stay	colorless.	

Since the solubility of oxygen in aqueous medium is dependent on various factors such as temperature, pH and composition of the medium, the absolute concentration of oxygen in the head space upon decolorization may therefore vary in different setups. WAYNE deϐines fading of the indicator as “microaerophilic” (1 % dissolved oxygen of the original saturation level in his setup) and decolorization as “anaerobic” (0.06 % saturation of oxygen) [121]. The term “hypoxic” in this work refers to a setup that leads to decolorized methylene blue. 
Hypoxic	Models	 for	Mycobacteria. Table 4 presents a selection of hypoxic models developed to study M.	tuberculosis under hypoxic conditions that are explained in the following. 
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Table	4:	Selection	of	hypoxic	models	to	study	NRPs	of	mycobacteria.	
The	 table	 summarizes	 the	method	 of	 oxygen	 reduction,	 compound	 addition,	 read	 out	 and	
equipment,	 positioning	 the	methods	 by	 their	 dis-	 and	 advantages;	 GFP:	 green	 ϔluorescent	
protein,	HTS	high-throughput	screening,	resp.	NR:	respiratory	nitrate	reductase.	

	 WAYNE	 LORA	 KHAN	
Hypoxic	
resazurin	
assay	O2   NRP-generation  Hypoxic parent culture  transf. to plates 

    
Compound addition by   

Before hypoxia
  Incubator Any Anoxomat Any Any  Read out CFU count 

 
GFP – after recovery phase  GRIESS reaction (resp. NR activity) Transfer to plates - Resazurin 

Advantage - simple 
- no plasmids  
- cheap - HTS compatible - HTS compatible  

- enables easier read out of the Wayne model Disadvan-tages - labour intensive 
- risk of injury 
- not HTS compatible 

- preparation of hyp. parent cult. in WAYNE’S model 
- expensive (anoxomat) 
- only for GFP expressing strains 

- studies another phenotype 
- possible compound interference with reagents for GRIESS reaction 

- risk of injury 
- risk of confusion (reϐill) 
- possible compound interference with resazurin 

	
	 	

airtight lid 
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WAYNE’S	model uses the replication and the respiration of mycobacteria that are stirred in sealed tubes with 0.5 head space ratio to self-generate hypoxic conditions [121]. Compounds are added by syringe after onset of hypoxia to minimize re-entry of oxygen. The activity of compounds is determined by CFU count.  The Low-oxygen-recovery-assay (LORA) was developed by CHO et	 al. as an high-throughput screening (HTS) compatible model for hypoxic NRPs of M.	tuberculosis [129]. It uses the WAYNE model to prepare a hypoxic parent culture that is transferred to microtiter plates after transition to the NRP stage. To prevent resuscitation, the culture is handled quickly and solvents are kept cold. The assay itself is performed in a special incubator (anoxomat) that can be operated with ϐixed gas concentrations and also operated at 0 % oxygen. Thereafter, the culture is given a short outgrowth phase in aerobic conditions to allow onset of metabolism. The metabolic activity is determined by measurement of luciferase activity. 
KHAN	 et al. transferred WAYNE’S approach to microtiter plates and used the NRP dependent induction of a nitrite reductase for an indirect readout [128]. However, in this approach, compounds are added before the onset of hypoxia, which consequently determines their activity on a culture that is about to transition into the non-replicating state only and thereby address another phenotype of mycobacteria, different from the one in the WAYNE model.  The hypoxic	resazurin	assay [130] is basically a WAYNE model that uses a resazurin readout after reϐilling the content of the tubes into microtiter plates. As can be seen from the table, there is a lack of a model that combines simplicity and safety, while relying on a direct read out method to prevent possible interference of reagents with investigated compounds.   
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1.4.4) Co-Infections of HIV and Mycobacterial Species Among TB cases worldwide in 2022, 6.3 % accounted for patients, co-infected with HIV [74]. Considering patients from the WHO African Region, this proportion is particularly higher, with regions in the southern parts exceeding 50 % of all TB cases being co-infected with HIV [74]. Figure 14 visualizes the impact of those co-infections. Approximately a third of all HIV-related deaths is due to TB infections, which makes TB the leading cause of death among PLWHIV. According to ICD, death caused by TB within the group of HIV positive patients is attributed as death by HIV. 

 
Figure	14:	Global	trends	in	the	estimated	number	of	deaths	caused	by	TB	and	HIV.		
Shaded	areas	represent	95	%	uncertainty	intervals.	Reprinted	from	[131]16.	

NTM infections also contribute to mycobacterial co-infections with HIV. This was shown by a meta-analysis on autopsied HIV patients in SSA in 2021. They determined the prevalence of NTM PD and TB during the autopsy to range from 1.3 % to 27.3 % and 11.8 % to 48.7 % respectively. The authors calculated the NTM PD vs TB prevalence ratio and found “for every seven HIV patients died with mycobacterial infections, there was one died with NTM infection” [132]. HIV is a known risk factor for TB and NTM infections [76]. However, in the light of less diagnostic tools available for routine health care, it is hard to distinguish between mycobacterial species and adequately choose the correct antibacterial therapy that is also challenging in countries of the Western world [89].  

 16 Distributed under the terms of Creative Commons Attribution-NonCommercial-ShareAlike 3.0 IGO licence (CC-BY-NC-SA 3.0 IGO). 
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1.5) Antimicrobial	Resistance	as	a	Global	Threat	Using	the	
Example	of	MRSA	Antimicrobial resistance (AMR) was already mentioned as an issue in the different introductory chapters. A meta-study from 2022 stated bacterial AMR to be “a leading cause of death around the world with the highest burden in low-resource settings” [133]. An estimated 1.27 million deaths worldwide were directly attributable to bacterial AMR out of the estimated 4.95 million deaths that were associated with17 bacterial AMR. Of both, sub-Saharan countries had the highest death rates, although the fraction of deaths involving infections that are associated with resistance were lowest [133]. This is probably due to the higher fraction of deaths that involve infection compared to other parts of the world (45.6-53.5 % vs 11.5 % in Central Europe [133]). These data may also reϐlect the availability of second- and third-line therapeutic options in different parts of the world.  MRSA was the leading pathogen in high-income countries, while it was the fourth leading pathogen in SSA countries [133]. S.	aureus is a spherically shaped Gram-positive bacterium and a normal participant of the human microbiota. It is frequently isolated from the skin, the nose and from the upper respiratory tract. S.	aureus colonizes most people without any harm, but can cause severe infections as pneumonia, blood stream or surgical-site infections or infections of wounds [134]. Those are often acquired in health-care facilities, especially in intensive-care units and are difϐicult to treat due to high levels of resistance. A worldwide surveillance system was launched in 2015 by the WHO to standardize AMR surveillance. Categories for antibiotic as “access”, “watch” and “reserve” should help to reduce AMR development. Many hospitals have action plans on how to reduce the transmission of MRSA. Active phytopharmaceuticals could contribute to the treatment of infections with resistant bacteria, especially in settings where other options are less available. At the same time these could reduce the amount of antibacterials used.   	

 17 Deaths attributable to AMR are “based on an alternative scenario in which all drug-resistant 
infections were replaced by drug-susceptible infections” and deaths associated with AMR are 
“based on an alternative scenario in which all drug-resistant infections were replaced by no 
infection” [133]. 



32 | Introduction  

 

1.6) The	10/90	Gap	As mentioned before, the SSA countries are highly affected by the described diseases in terms of cases as well as in terms of deaths (as can be seen from the table in Figure 3 on page 9). Yet, according to the Global Forum of Health, only 10 % of research funding is put towards countries where 90 % of preventable deaths occur. This is referred to as the 10/90 gap [135]. Activists use this claim to support their goal of achieving global equality. But it needs to be interpreted with caution. STEVENS, for example, calls the 10/90 gap a “red herring” that misinterprets the reason for diseases in many low-income countries and states that most diseases in these countries are caused by poverty instead of unavailability of drugs [136]. However, the imbalance in research possibility between researchers from the global north and the global south still is an issue in 2024 [137, 138]. In her thesis, HILL also touched on “the question of power and knowledge” within the context of scientiϐic veriϐication of traditional medicine [9]. This question is also important in ϐinding a balance between phytomedicine and CPT in African countries as mentioned at the beginning of the introduction. This thesis understands the 10/90 gap as the evidenced inequality between global north and south and aims to work towards closing it.  
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1.7) Objectives	of	This	Work	This work contributes to the ϐield of anti-infective research of phytochemicals from African medicinal plants in two aspects: Firstly, by a variety	 of	 investigations	 on	
phytochemicals and secondly by the development	of	a	microbiological	tool	that will be applicable in even sparsely equipped laboratories enabling investigations on antimycobacterial activity of plant metabolites in close proximity to their natural habitat. 
Investigations	were carried out on constituents of Kniphoϔia	foliosa and Camellia	 sinensis and contain the following aspects: 
K.	foliosa:	1) Extract,	 purify	 and	 characterize known constituents from medicinal plants to provide enough material in sufϐicient quality for subsequent investigations. 2) Synthesize	analogs of 1,8 dihydroxyanthrone using a direct synthesis route. 3) Provide	data	on	stability of two phytochemicals, namely knipholone and knipholone anthrone to understand assay-assay variation in a collaborator’s laboratory. 4) Evaluate	 the	 antimicrobial	 potential and	 the	 cytotoxicity of isolated and synthesized compounds. The traditional use of the plant, the existing literature and the accessibility to assay systems through cooperation partners should guide the selection of the respective models. The obtained knowledge about compound stability should be considered during those assays. 
C.	sinensis: 1) Analyze	data	on catechin content of different tea extracts that were standardized for their EGCG content for further microbiological studies. 2) Analyze	 obtained	 data	 on	 the	 disinfecting	 ability	 of	 tea	 extracts on resistant clinical isolates of S.	aureus in order to determine the potential of tea as an easy-accessible tool in the ϐight against antimicrobial resistance. The development	of	a	microbiological	tool includes the following aspects: 1) Find an easy approach to study compound activity on non-replicating persisters of mycobacteria under hypoxic conditions. 2) Provide evidence for the transition from a replicating to a non-replicating culture. 3) Proof the concept with known antimycobacterial compounds. 4) Apply the method to phytochemicals.  
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2) Publications	
This section presents the results of my thesis in form of articles published in peer-reviewed journals. Each research article is preceded by a short summary and a description of my own contribution to this article. 

2.1) Research	Article	I	

Antibacterial	 and	 Disinfecting	 Effects	 of	
Standardised	Tea	Extracts	on	More	than	100	Clinical	
Isolates	 of	 Methicillin-Resistant	 Staphylococcus 
aureus	

Ruth	Feilcke, Volker Bär, Constanze Wendt, Peter Imming  
MDPI,	Plants	 
Plants. 2023, 12(19):3440 Publication Date: September 29, 2023 Doi: 10.3390/plants12193440 Summary This publication presents data on the bactericidal effect of tea extracts on Staphylococcus	
aureus conϐirming the known effect of camellia	sinensis extracts based on a large collection of clinical isolates. Particular attention was paid to the use of a standardized extract in order to facilitate comparability with other studies. This study was initiated by a request from clinicians and our results encouraged the recommendation of tea extracts as a valuable addition to standard treatment of MRSA infections. Tea is consumed throughout Sub-Saharan countries and therefore easily accessible. This can contribute to lower costs in the health care sector not only in countries with lower resources, but also help in the ϐight against raising antibacterial resistance throughout the world.  Own contribution Data curation and visualization, Writing – original draft; rewriting and editing; Experiments were carried out by the second author during the time of his diploma thesis.  
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2.2) Research	Article	II	

Biological	 activity	 and	 stability	 analyses	 of	
knipholone	 anthrone,	 a	 phenyl	 anthraquinone	
derivative	isolated	from	Knipho ia foliosa	Hochst.	

Ruth	Feilcke, Georgette Arnouk, Boingotlo Raphane, Khumoekae Richard, Ian Tietjen, Kerstin Andrae-Marobela, Frank Erdmann, Susanne Schipper, Katja Becker, Norbert Arnold, Andrej Frolov, Norbert Reiling, Peter Imming, Serge A.T. Fobofou  
Elsevier,	Journal	of	Pharmaceutical	and	Biomedical	Analysis	
	

J	Pharm	Biomed	Anal, 2019, 174:277 Publication Date: September 10, 2019 Doi: 10.1016/j.jpba.2019.05.065  Summary In this article we present the results on several biological activity studies on knipholone anthrone that was extracted during my thesis such as antiplasmodial, antimycobacterial and anthelmintic assays that were performed by our cooperation partners. The variety of assays were chosen according to reported activity in literature and on the basis of the originating plant to be used to treat different ailments in sub-Saharan African countries. Next to a cytotoxicity study we present a detailed study on the stability in different media to explain assay to assay variations observed by some cooperation partners from Simon Fraser University.  Own contribution Extraction, puriϐication and chemical characterization of Knipholone and Knipholone anthrone, stability study in two culture media, design and supervision of the stability study in PBS/acetonitrile and water undertaken by the Master student GEORGETTE ARNOUK and evaluation of data obtained by her, coordination of results from different cooperation partners, data curation and visualization, rewriting and editing. 
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2.3) Research	Article	III	

The	 African	 natural	 product	 knipholone	 anthrone	
and	its	analogue	anthralin	(dithranol)	enhance	HIV-
1	latency	reversal	

Khumoekae Richard, Cole Schonhofer, Leila B. Giron, Jocelyn Rivera-Ortiz, Silven Read, Toshitha Kannan, Natalie N. Kinloch, Aniqa Shahid, Ruth	Feilcke, Simone Wappler, Peter Imming, Marianne Harris, Zabrina L. Brumme, Mark A. Brockman, Karam Mounzer, Andrew V. Kossenkov, Mohamed Abdel-Mohsen, Kerstin Andrae-Marobela, Luis J. Montaner, and Ian Tietjen  
American	Society	for	Biochemistry	and	Molecular	Biology,		
Journal	of	Biological	Chemistry	 
J	Biol	Chem, 2020, 295(41):14084 Publication Date: October 9, 2020 Doi: 10.1074/jbc.RA120.013031  Summary In this article we present the results of the latency reversal activity of a secondary plant metabolite that was extracted and characterized during my thesis, as well as of a related building block thereof, synthesized in our labs, acting as LR agent. The cytotoxicity of investigated compounds was determined in various cell lines and ϐirst attempts could be made to clarify their molecular mechanism. The paper also includes synergy studies showing that the extracted metabolite not only induces LR but also synergizes with known LR agents.  Own contribution Extraction, puriϐication and chemical characterization of knipholone anthrone to enable comparison with the authentic sample from pan-African natural products library (pANABL) library, where a high assay to assay variability in activity was observed by our collaborators at SFU18; Supervision of the diploma student SIMONE WAPPLER and her work to explore synthetic approaches to dithranol; Rewriting and Editing This paper was chosen to be part of the thesis although the own contribution was minor compared to the ϐirst author because the extraction of the pure compounds was essential for the whole project. Furthermore, it was our idea to investigate the core structure of KA (dithranol) for its LR activity. This led to the discovery of a new pharmacological activity of the approved drug dithranol/anthralin, acting as LR agent. Several synthesized compounds 

 18 Personal communication by our cooperation partners. 
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were tested alongside but found to be inactive (as discussed in the summary and discussion section 3.6.3) and were therefore not included in the publication. This publication is furthermore very important to understand the whole idea of the part of the thesis that deals with 1,8 dihydroxyanthrones because the discovery of KA’s LR activity was the main start of us being interested in this project.  
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2.4) Research	Article	IV	

A	simple	In Vitro	Method	to	Determine	Bactericidal	
Activity	 Against	 Mycobacterium abscessus	 Under	
Hypoxic	Conditions	

Ruth	Feilcke, Robert Eckenstaler, Markus Lang, Peter Imming, Adrian Richter 
MDPI,	Antibiotics	 
Antibiotics, 2025, 14(3): 299 Publication Date: March 13, 2025 Doi: 10.3390/antibiotics14030299  Summary In this article, we present a new method to cultivate aerobic mycobacteria under hypoxic conditions and thereby determine activity of compounds against non-replicating persisters, a subgroup of mycobacteria that are especially hard to eradicate. Among different stress models, assays under hypoxic conditions to study low oxygen persisters (LOPs) are the most challenging ones, often either labor intensive or doable with expensive equipment only. Our method uses a simple and concise approach to reduce oxygen levels in an appropriate speed to convert a replicating culture into a LOP culture. The low costs and availability of components makes it accessible to many laboratories. We sought to close the 10/90 gap by enabling researchers to contribute to progress in the ϐield of drug discovery for mycobacterial infections, independently from their place of research or their ϐinancial scope. The article presents results on characteristics of the obtained culture, providing evidence that the cells have transitioned to a non-replicating state. This tool could also be applied to screening of local plant extracts on LOPs of mycobacteria or directly study patient samples, since the method avoids genetic modiϐication of the bacteria.  Own contribution Design, methodology, performing of all experiments concerning characterization of obtained culture (except confocal laser scanning microscopy); writing original draft, rewriting and editing.  
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3) Results	and	Discussion	

3.1) General	Aspects	

This section summarizes the key ϐindings of the thesis presented in publications	I-IV and discusses the results generated across the different publications. Some results of this thesis were not included in publications	I-IV but are nevertheless reported and discussed within this section. This is to present the results of the respective projects in full detail allowing a conclusion on all facts and make information easily accessible for future work. However, unpublished results are clearly indicated and experimental procedures are found in the appendix of this thesis. This chapter also discusses open questions and presents suggestions and ideas on how to apply the microbiological method that resulted from this thesis. 
3.2) Synthesis	and	Chemical	Characterization	of	
Phytochemical	Analogs	

The stereoselective total synthesis of KP was described by BRINGMANN et	 al. who reported the successful use of the ‘lactone-method’ as a synthetical tool to obtain 1,8 dihydroxy-anthraquinones [139]. Within this project, we set out to investigate if a direct phenyl-phenyl coupling using SUZUKI’S method would work instead. The retrosynthetic scheme of the approach is displayed in Figure 15. The commercial availability of a large variety of phenylboronic acids and of danthron (1,8 dihydroxyanthraquinone) were strong arguments for this synthetic approach. 

 
Figure	15:	Retrosynthetic	idea	to	access	1,8	dihydroxyanthrones.	
Derivatives	 of	 phenylboronic	 acid	 should	 be	 coupled	 with	 brominated	 anthrones	 or	
anthraquinones	by	a	Pd-	catalyzed	SUZUKI-MIYAURA	reaction.	

The supervision of this synthetic project to elucidate another synthetic route to derivatives of knipholone anthrone was part of this thesis. These synthetic studies were undertaken by diploma student SIMONE WAPPLER. Compound AC1 was later synthesized by a technical assistant in the lab. The results of this study are only brieϐly summarized here. Of 
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the ϐive compounds successfully obtained (chemical structures see Figure 16), anthralin (anthrone 1 (AN1)) was found to act as a LR agent and therefore characterized in more detail regarding its biological activity. The results were included in publication	III and the activity proϐile will be discussed in section 3.6.3), while this section solely discusses the synthetic aspects. 

 
Figure	16:	Synthesized	anthrones	and	anthraquinones.		
The	 labeling	 of	 carbon	 atoms	 according	 to	 anthraquinone	 is	 exemplarily	 displayed	 for	
compound	 AQ1.	 The	 compound	 labeling	 refers	 to	 their	 respective	 core	 structure:	 AQ	
anthraquinone,	AN	anthrone,	AC	anthracenone.	

Starting from commercially available chrysazin (anthraquinone 1 (AQ1)), reduction and subsequent monobromination yielded AN1 and 4-bromoanthralin (AN2) respectively. In a preliminary experiment 4-bromophenol and phenyl boronic acid were successfully coupled using a microwave. However, the coupling of AN2 with phenylboronic acid using different palladium catalysts was not successful. Instead, debrominated and oxidized products of AN2, namely AN1 and AQ1, were detected in the reaction mixture. Literature studies described the ability of AN1 and KA to chelate divalent metal ions [30, 140]. We therefore assumed the failed coupling due to a chelation of the catalyst. In addition, WAPPLER observed the fairly easy oxidation of the C-10 position of AN2 under basic conditions by APCI MS and by TLC. To circumvent these two problems different protecting groups were introduced at the hydroxyl groups and the sequence of carbonyl reduction at C-10 and coupling with phenyl boronic acid was reversed. However, an analog coupled to a phenyl moiety in position 4 could not be obtained by any of the approaches.  Our synthetical studies thus revealed the direct synthesis route using SUZUKI coupling unfeasible for the synthesis of 1,8 dihydroxy-4-phenyl anthrones. However, the study emerged the compounds displayed in Figure 16 in acceptable purity to be tested with regard to their HIV-LR and/or their antimycobacterial activity. These results will be described and discussed in the section on the biological activity (from page 104 on, section 3.6). 
3.3) Isolation	and	Characterization	of	Secondary	
Metabolites	from	Plants	

Within this project I extracted a major secondary plant metabolite from the roots of 
K.	foliosa. The obtained yield of KA from the roots was 0.62 %. KA was characterized by NMR, 
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APCI-MS, circular dichroism-spectra, HPLC and by conversion into KP that was compared with a reference sample provided by PROF. ERMIAS DAGNE from Addis Ababa University. The data was in line with existing literature and revealed KA to be suitable for biological assessment and stability studies (see publication	II and III). This part of the project was the foundation of various subsequent studies on these compounds because they were not easily accessible by chemical synthesis (as explained in section 3.2). 
3.4) Characterization	and	Standardization	of	Plant	
Extracts	

To investigate anti-infective agents from C.	sinensis different aqueous extracts were prepared from which various lyophilizates were obtained. The EGCG content in all samples was analyzed. The raw data were obtained by VOLKER BAǆ R, a former diploma student in the working group. As expected, green tea extracts were proven to contain more EGCG than black tea extracts (see publication	I), most probably due to the absence of the oxidation step. For the investigation of antibacterial activity, the lyophilizates were dissolved in water and standardized for EGCG, the main active component. In contrast to the use of undeϐined tea extracts, often found in literature studies, this enabled the direct comparison of disinfecting activity of black and green tea. It also revealed information on the activity of other secondary plant metabolites as a whole against S.	aureus in addition to the main catechin EGCG. 
3.5) Stability	Studies	on	Phytochemicals	

A screen of the p-ANAPL [141] by our cooperation partners at the University of Botswana in Gaborone and the Simon Fraser University in Burnaby, Canada revealed KA as a new potential HIV LR agent. But batch to batch variations hampered data analysis. We therefore set out to investigate the stability of freshly isolated compound to understand the source of these high variations. The stability study in culture medium was done by myself with some help of DR. FRANK ERDMANN from our institute. The second stability study in different solvents was undertaken by Master student GEORGETTE ARNOUK under my supervision. Our studies on the isolated compounds and our observations on compounds derived from synthetical approach to this compound class revealed the anthrones as instable molecules that were easily oxidized leading to the respective anthraquinone KP and other products. This process was followed over time in different solvents including different cell culture media (see publication	II). We used this knowledge in subsequent biological studies, although we did not study the detailed metabolic proϐile of the compounds within the respective culture media. The results highlighted the importance of early stability studies during biological characterization of compounds isolated from plants. Because this effect was not payed attention to by earlier investigations it is unclear to which molecule(s) the observed activity should be attributed. Therefore, the literature results need to be interpreted with caution. The stability data also highlight KA and its analogs unsuitable as drug 



104 | Results and Discussion 

 

candidates in their present form. Without more stable analogs it will be hard to go on with even basic research. 
3.6) Biological	Activity	Studies	

This thesis includes a variety of biological studies that were partly undertaken by cooperation partners, partly by myself. Studies on M.	tuberculosis were carried out at the Lung Research Center in Borstel in biosafety level 3 facilities. Antimicrobial activity was determined on a variety of several microbes at the Hans-Knöll-Institute in Jena. The data were not included in any publication due to complete absence of activity, but are reported within this thesis for the sake of completeness. Antiplasmodial activity was determined by a PhD student at Justus-Liebig University in Gießen. Anthelmintic activity studies and antibacterial studies on Aliivibrio	 ϔisheri were undertaken at the Leibniz Institute of Plant Biochemistry. Activity tests on HIV and HIV LR were carried out at Simon-Fraser-University in Burnaby, Canada and at the University of Botswana in Gaborone. The diploma student VOLKER BAǆ R generated the raw data on MRSA during his stay at the university hospital in Heidelberg. All experiments on M.	abscessus were carried out by myself in the biosafety level 2 facility at the IZI Fraunhofer Institute, Halle. 
3.6.1) Antiplasmodial Activity As explained in the introductory chapter, the antiplasmodial activity of phenyl-
anthraquinones has been reported in the literature at the time of this project. Our investigations conϐirmed the reported activity against the asexual blood stage of the parasite (see publication	II). The value of our study is the attention that was payed to the stability of the molecules during investigation by comparing pre-incubated KA with freshly added KA. This investigation suggested degradation products of KA, other than the oxidative metabolite 
KP, to be more active than KA itself (see publication	II, table 1). Since dimeric phenyl-anthraquinones, e.g. joziknipholone A, have been reported to have a higher antiplasmodial activity than KP and KA [23, 28], the formation of such compounds within the assay medium could be an explanation for the higher activity compared to KA and KP. We did, however, focus on the degradation of the parent compound (KA) and the formation of the oxidation product (KP) in our stability study and refrained from the identiϐication of other molecules in the mixture (see publication	II and section 3.5). Several inhibitory effects of EGCG	and	other	catechins against Plasmodium strains were reported in	 vitro (as mentioned in the introduction). However, due to the low bioavailability of EGCG and other catechins [44] and the opposite in	vivo activity reported by THIPUBON in 2015 [38], we did not investigate the antiplasmodial activity of the standardized tea extracts. 
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3.6.2) Antimycobacterial Activity of Natural Products 

Catechin	 EGCG	 and	 Tea	 Extracts. Lyophilizates of green and black tea extracts standardized for their EGCG content were investigated alongside with EGCG for their activity against M.	abscessus under aerobic and hypoxic conditions using the methods described in 
publication	 IV and found to be inactive under both conditions. They did not lead to any growth inhibition in aerobic broth dilution assays and also did not reduce the amount of colony forming units under hypoxic conditions in the LOP assay up to a concentration of 430 µM EGCG. Due to its inactivity, the data was not included in any of the publications but is mentioned within this thesis for the sake of completeness. This ϐinding is disappointing but it might be explained by the proposed mechanism of action (reviewed in [36]) by which catechins inhibit the growth of S.	aureus. Those include the direct binding of penicillin-binding protein 2A and membrane disruption. These targets are less easily accessible due to the waxy coating of the mycobacterial membrane, a possible reason for lower susceptibility of mycobacteria to these compounds. Another reason might be potential structural differences in the target between the different bacteria. 

1,8-Dihydroxyanthrones	and	Respective	Anthraquinones. KA and KP as well as the structurally related compounds AQ1 and AN1 were tested for their antitubercular activity against a GFP-bearing H37Rv M.	tuberculosis strain using the methods described in 
publication	 II. Due to the restriction of publication	 II to secondary plant metabolites of	
K.	foliosa, only results for KA and KP were included in this publication. Although we observed a slight inhibitory effect (AQ1 and AN1 60 % growth inhibition, KA and KP 75 % inhibition), none of the four compounds tested achieved a growth inhibition of 90 % at 10 µg/mL (see section “Anthelmintic and Antibacterial Activity” in publication	II). Consistent with this was the lack of activity against M.	smegmatis in an agar diffusion test at 10 µg/mL which corresponds to 24 µM (KA) and 23 µM (KP) (unpublished results, methodology see page XVIII, section 6.1.2). Due to its generally lower susceptibility, we did not additionally investigate KA and KP for their growth inhibition in M.	abscessus. 

Pyridomycin. We included the natural product pyridomycin, a cyclic depsipeptide, in our study because it was reported to be bactericidal to M.	tuberculosis and to inhibit growth of M.	abscessus in a broth dilution assay [142]. We conϐirmed this ϐinding for M.	abscessus and additionally showed that it is bactericidal against aerobe M.	abscessus - However, only at a concentration of 100 µM (see publication	IV, ϐigure 11). This again conϐirmed the generally lower susceptibility of M.	abscessus compared to M.	tuberculosis	towards antimycobacterial compounds. Because 100 µM is too high to consider pyridomycin as an interesting bactericidal compound against M.	abscessus [143], this result may not be clinically important but contributes to the knowledge of the compound in general. As expected, due to its mechanism of action the bactericidal activity was absent under hypoxic conditions, further conϐirming the existence of the LOP culture in the newly developed model (as discussed in 
publication	IV and section 3.8.2.3). 
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The development of a new	antimycobacterial	assay setup and its validation using a variety of known compounds is described in detail in publication	IV and will be discussed in section 3.8). This new tool can be used to determine the antimycobacterial activity of plant extracts (as was successfully done for the tea extracts as mentioned above) and isolated compounds under hypoxic conditions in any research setting to help studying plants in close proximity to their habitats. 
3.6.3) Latency Reversal Activity 

KA and KP were tested together with the synthetic analogs AQ1, AQ2, AQ3, AN1, AN2 and AC1 (for their chemical structures see Figure 16 in section 3.2) for their LR activity in J-lat 9.2 cells using the method described in publication	III. Only active compounds were included in the publication. To complete information on this compound class, all results are combined in Figure 17. 

 
Figure	17:	Effects	of	1,8	dihydroxyanthrones	and	analogs	on	J-lat	9.2	cells.	
Left side:	HIV	 latency	reversal	activity,	displayed	as	relative	amount	of	GFP	positive	J-lat	9.2	
cells.	Right side:	viability	of	J-lat	9.2	cells	relative	to	drug	free	control.	Data	reported	as	mean	
of	two	technical	replicates	and	as	individual	data	points.	The	colors	refer	to	the	chemical	core	
structure	 of	 the	 respective	 molecules:	 blue	 anthrones,	 orange	 anthraquinones	 and	 red	
anthracenon.	The	drug	free	control	is	shown	in	black.	p	values	obtained	by	one-way	ANOVA	test	
are	only	reported	for	data	with	signiϔicant	difference	(p	<	0.05)	to	drug	free	control.	

All anthraquinones (KP, AQ1, AQ2, AQ3) in addition to the anthracenone derivative AC1 were unable to reactivate viral replication. In contrast, two of the three anthrones (KA and 
AN1) reversed HIV latency in	vitro in a dose dependent manner (for details see publication	
III). Interestingly, the anthrone analog AN2, which is the 4-brominated analog of AN1, did not reverse HIV latency. Too few analogs were available (as explained in section 3.2) to deϐine SAR. Two possible reasons for that observation will be explained, emphasizing the hypothetical character of both. If this compound class should be followed further, these hypotheses should be investigated in future studies to either conϐirm or reject them. The ϐirst hypothesis assumes a target speciϐic LR activity of anthrones. Up to date no target for 1,8 dihydroxyanthrones was identiϐied. However, RICHARD demonstrated in his thesis that KA 
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does not act through common targets of LR agents such as the histone deacetylase or protein kinase C (see publication	III and [59]). The general activity of the anthrone motif is based on the fact that both, KA and AN1,	showed comparable activity (6-6.9 % reactivated cells) in this assay and a third anthrone, prinoidin, was roughly half as active (2.8 % reactivated cells at a similar concentration) [59]. Then, the absence of AN2’s activity could be attributed to a lack of binding to the [still unknown] target. This could be due to steric hinderance by the bulky bromine or the negative inductive effect of this substituent, changing the electron density of the anthrone core and preventing binding. Inactivity due to impermeability is another possible explanation. The second hypothesis assumes an unspeciϐic mechanism of action for the investigated compounds. The described prooxidant activity of KA [144] could for example induce oxidative stress that reverses HIV latency in an unspeciϐic manner. The bromine substituent would reduce this ability. 
3.6.4) Anti-HIV Activity Anti-HIV activity was determined ex	vivo in mock infected PBMCs by measuring p24 antigen production as explained in publication	II. While KP was inactive, KA inhibited HIV in a concentration dependent manner (see ϐigure 3 in publication	II). The relative EC50 value was observed at 4.3 µM. The cytotoxic effect on PBMCs is described in the section on cytotoxicity (see 3.6.6). 
3.6.5) Activity Against S. aureus  Our studies on tea	extracts were in accordance with the literature: Catechins and tea extracts inhibit MRSA growth and also markedly reduce CFUs within four hours (see 
publication	I, ϐigure 1 and 3). Although some of the results were not new, the large collection of clinical isolates that was accessible at the university hospital in Heidelberg enabled the investigation on clinically relevant strains in comparison to the determination on lab strains only. Although EGCG was described in the literature as the most active substance of the tea extracts, our results justify the use of the extracts instead of the pure substance due to their higher activity (see ϐigure 1, publication	 I). Using the whole extract instead of a puriϐied constituent further simpliϐies the procedure and makes this treatment more accessible for the patient himself. This again will help to empower patients to support the approved therapy by applying tea extracts in addition to prescribed medication. However, in the light of the clinical outcome of decubitus, infected with MRSA and topically treated with green tea [41], our study should also encourage clinicians to use tea extracts in the treatment of MRSA infections in addition to antibiotic therapy where appropriate. This is also in line with the well described synergistic effect of catechins with different antibiotics [36], even though we did not include any drug combination assays in our study. The poor bioavailability of catechins, as described in the introduction, restricts their use to applications that ensure high concentrations of catechins at the site of infections. This can be topical treatments (skin or 
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mucosa) or in case of lung infections the inhalation of tea extracts. Due to the ubiquitous consumption of tea, these extracts are easily accessible and could thus make a valuable contribution against the development of resistance also in SSA countries. 
KA	 and	KP were tested for their activity against S.	aureus (methicillin susceptible (MSSA) and MRSA strains) in an anti-microbial screen at HKI Jena by agar diffusion test (for the methodology see page XVIII in section 6.1.2). Both compounds did not inhibit the growth at a concentration of 10 µg/mL, which corresponds to 24 and 23 µM respectively. 

3.6.6) Cytotoxicity Studies Cytotoxicity studies on tea	extracts and catechins were not undertaken due to the known safety of tea consumption [36]. Cytotoxicity of 1,8-dihydroxyanthrones and some analogs was already known for some cell lines as described in the introductory chapters and even led to the suggestion to use these compounds as anticancer therapeutics in the literature [32]. At the time of our study, the in	vivo acute toxicity of the hydroalcoholic extract of K	foliosa was not published [25]. To further complete the toxicity proϐile, we investigated the effects of KA and KP on four different human cell lines (see publication	II). With the stability issues in mind, we dissolved the compounds directly before adding them to the respective cells. While both KA and KP were not toxic towards HT29 cells, our study revealed KP to be more toxic than KA for the other three cell lines investigated. This was in contrast to literature studies that reported KA to be more toxic than KP (see introduction, section 1.3.1). Additionally, we selected the Jurkat cell line for further experiments because it showed the largest difference in cell viability between the two compounds (see publication	II, ϐigure 2A) and because it is the parental cell line of J-lat cells that were important for LR experiments. We investigated both compounds after preincubation in the respective culture medium to consider their instability in solution. The resulting mixture of molecules could result in a different toxicity compared to the single parent compound. Preincubation of the compounds markedly changed the toxicity (see publication	II, ϐigure 2B). While the mixture, resulting from preincubation of 
KA, was more toxic than KA, the mixture resulting from KP was less toxic than KP. The large difference in Jurkat cell viability observed between KA and KP is no longer found after preincubation over the entire concentration range investigated (see publication	 II, ϐigure 2C). These results are in line with the observation that KA in solution easily converts into KP again highlighting the importance of the stability studies. The reported literature on cytotoxicity needs to be read in the light of these studies. A short time like four hours was enough to change the toxicity of KA and KP considerably, as shown by our results (see 
publication	II). Because this phenomenon has not been described before, investigators may not have paid attention to the time frame between dissolving the compounds and confronting the respective cells. The common usage of stored DMSO stock solutions would further increase this problem. It is therefore unclear which molecule is responsible for the reported toxicity: KA, KP or a dimer of these molecules. However, if an extract should be administered 
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as in ALEBACHEW’S in	vivo study [25], information on the toxicity of the whole extract is more valuable than on the single compounds. Our collaborators also determined the cytotoxicity of 
KA and anthralin within the studies on HIV activity on CD4+ T cells and peripheral blood monocytes from HIV uninfected donors (ϐigure 8, publication	III). A moderate cytotoxicity of KA was detectable in contrast to anthralin, where an almost complete loss of cell viability was observed. In addition, the data revealed a strong inϐluence of the donor on cytotoxicity because pronounced differences were found for one compound between different donors. This was true even for well characterized compounds like prostratin and phorbol myristate acetate. However, at the time of writing the reason for this phenomenon remained unclear. Due to the absence of anti-HIV and LR activity, KP was not included in studies on CD4+ T cells and PBMC. 
3.6.7) Further Antimicrobial Activities As described in publication	 II, KA	and	KP did not show activity against the Gram-negative bacterium Aliivibrio	ϔisheri or relevant anthelmintic activity in the model organism 
Caenorhabditis	 elegans. For the latter, values were comparable if compounds were preincubated or directly added to the microbe (e.g. for KA 14.7 ± 1.2 vs. 12 ± 2.1 % inhibition). 
KA and KP both did also not inhibit the growth of the following organisms in an agar diffusion test: Bacillus	 subtilis, Escherichia	 coli, Pseudomonas	 aeruginosa, Enterococcus faecalis, 
Sporobolomyces	salmonicolor, Penicillum	notatum and Candida	albicans (unpublished results, methodology see page XVIII in section 6.1.2).  	
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3.7) Discussion	of	Biological	Activity	of	KA	Analogs	This section discusses the biological activity of 1,8 dihydroxyanthrones. We were especially interested in answering the question if the diverse activity proϐile of KA (antiplasmodial, latency reversing, cytotoxic to some cells, weak antimycobacterial activity) arose from a general toxicity19 of those analogs or could be due to a more speciϐic mechanism. Table 5 is a compilation of the biological activity and cytotoxicity data of KA and KP, with some additional data for AN1 (anthralin) that was included in the HIV assays due to interesting results. The highest activity for KA and for KP was found in the anti-plasmodial assay because concentrations to detect this activity were lowest among all investigated assays. However, in comparison with the activity of chloroquine (see publication	II) or the activity of analogs of artemisinin [145], which are in the nanomolar range, the antiplasmodial activity of K.	foliosa metabolites is markedly lower. Nevertheless, the in	vivo study of the antiplasmodial activity of a K.	foliosa extract supports further effort in the research on this plant for the treatment of malaria [25]. When going on with antiplasmodial research for this compound class the simultaneous LR activity needs to be kept in mind. This is important because HIV prevalence is high in SSA and antiplasmodial treatment with plant extracts from K.	foliosa might lead to HIV LR in PLWHIV. However, the low stability of these compounds makes a sufϐicient bioavailability thereof unlikely. The above might therefore be more of a theoretical problem. It would however be best to proof this hypothesis with experiments. Considering all biological activities of KA and KP determined within this thesis, they cannot be addressed as speciϐically anti-plasmodial compounds. The concentration of KA required to obtain synergistic effects with various LR agents is similar to its anti-plasmodial activity although relevant LR activity of KA alone was only evident at higher concentrations (see publication	III and Table 5). Interestingly, the anthraquinone KP was not active in this assay in contrast to the anti-plasmodial assay in which both compounds were active. In line with this are the LR activity of anthralin (AN1) and the inactivity of chrysazine (AQ1) in this assay, both analogs of KA and KP. This also indicates that the molecular mechanism of LR is more complex than the antiplasmodial mechanism of KA and KP. The ex	vivo anti HIV activity of KA, observed in PBMCs, seems to be contradictory to the observed LR activity. However, KP’s inactivity in this assay is in line with the LR inactivity of anthraquinones. In the experiment, HIV infection of PBMCs occurred in the presence of KA, leading to less antigen p24 production. This can be interpreted as inhibition of antigen p24 production or as less intact HIV integration during cell infection.   
 19 General toxicity refers to an unspeciϐic mechanism by which molecules are toxic to a wide range of cells from different species and even different domains. This could for example be due to their potential to generate reactive oxygen species (as explained in the introduction) or to their ability to reduce or oxidize cell components. 
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Table	5:	Biological	activity	of	1,8-dihydroxyanthrones	and	anthraquinones.		
Reported	values	are	displayed	as	indicated	in	the	respective	row.	For	better	comparability,	all	
concentrations	are	reported	in	µM.	

a donated by HIV negative individual, b donated by HIV positive individual, c no viral RNA detected due to extensive cell death; d AQ1 was included in the study, but showed no LRA activity (<0.5 % GFP pos cells); e AQ1 showed comparable values for inhibition of M.	tuberculosis as AN1; pre: preincubated before start of the assay  The complete absence of activity of KA and KP in several assays on microorganisms across different domains (fungi, bacteria) in contrast to antiplasmodial and LR activity is a strong argument against a general toxic mechanism. This is further supported by the 

Cell line/ microbe KP	 KA	 AN1	 Publ Jurkat % viability 50 µM: 12.3 ± 2.2 pre: 41.9 ± 5.1 50 µM: 73.1 ± 2.0 pre: 21.9 ± 4.5 n.d. II 
HEK % viability 50 µM: 36.5 ± 2.5 50 µM: 52.5 ± 1.5 n.d. II 
SHSY5Y % viability 50 µM: 5.9 ± 3.2 50 µM: 30.3 ± 1.2 n.d. II 
HT-29 % viability 50 µM: 99.1 ± 3.0 50 µM: 93.3 ± 1.8 n.d. II 
CD4+ T cells  a % viability  n.d. 10 µM: 54 ± 30 10 µM: 2.0 ± 1.6 III 
PBMC b % viability n.d. 10 µM: 38 ± 21 10 µM: 2.8 ± 2.6 III 
mock inf. PBMC % viability n.d. 36 µM: 51.3 ± 3.1 120 µM: 28 ± 2.0 n.d. II 
LRA d % reactivated cells not active 12 µM: 6.1 ± 5.2 10 µM: 3.0 ± 2.4 10 µM: 6.9 ± 1.4 III 
LRA synergy  n.d. 1 µM 1 µM III   Lowest conc. where synergy was observed Anti-HIV % inhibition not active 35.7 µM: 79 ± 1 c II 
A.	ϔisheri not active not active n.d. II 
C.	elegans	
%	inhibition	

1151 µM 7.1 ± 0.8 pre: 9.5 ± 1.9 
1189 µM 12 ± 2.1 14.7 ± 1.2 

n.d. II 
M.	tuberculosis	
%	growth	 e	 23 µM: 76.7 ± 21.8 24 µM: 74.3 ± 1.9 44 µM: 61.9 ± 2.8 II 
P.	falciparum	
IC50	[µM]	

1.93 ± 0.13 0.73 ±0.29  pre: 0.44 ±0.04 0.36 ± 0.02 pre:1.19 ± 0.01 II 
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difference in cytotoxicity between KA and anthralin in different cell lines, although these molecules share the same core structure and the ability to easily be oxidized at C-10 and thereby reduce other components. A general toxicity of those compounds therefore seems unlikely. The assays on LR performed in J-lat cells also indicate a mechanism of action that is different from a general toxicity of the compounds. LR activity was detected by expression of GFP that was integrated in the viral genome and only detectable upon viral replication and translation of viral genes. Therefore, this signal would not be observed if the mechanism of action was just a general toxicity. In contrast, it suggested a more complex mechanism that remained unclear at the time of writing. Although a mechanism of action based on general toxicity seems unlikely, KA and KP as well as anthralin were toxic towards several cell lines (see publication	II and III). Ex	vivo studies on CD4+ T cells and PBMC indicated an inϐluence on the toxicity of the molecule by the phenyl substitution in position 4 of the anthrone because anthralin was more toxic than 
KA. The studies on KA in comparison to KP (see publication	II) indicated an inϐluence of the oxidation status of C-10 on the toxicity of the molecule. In a study on anthralin analogs, the importance of at least “one phenolic hydroxyl group hydrogen bonded to the C-9 carbonyl oxygen and one benzylic proton at C-10” were highlighted for the tumor promoting activity [140]. This information should be kept in mind when further working on this compound class because this toxic effect is observed over a long period of time only [140]. However, due to the persistent stability issues of KA and KP it remained unclear at the time of writing if further studies will be undertaken to clarify the open questions regarding the molecular mechanism of action or on the SAR. 
3.8) Microbiological	Method	Development	

The importance of evaluating the activity of new compounds against the hard-to-eradicate persister population of mycobacteria has been emphasized by the TB scientiϐic community since 2002 [146]. Regarding NTM infections, WU et	al. also stated in 2018 that “conventional MIC determination alone is not a good predictor of clinical outcomes” and persister speciϐic assays should therefore be encountered during drug discovery [147]. However, up to date, SAR studies are still mostly done on replicating aerobic cultures due to the greater difϐiculty of observing inhibition when there is no growth anyway (due to the nature of NRPs). The hurdle is particularly high when it comes to investigations under hypoxic conditions. These assays are often laborious or associated with additional ϐinancial investments and costs in order to culture bacteria in anaerobic incubators or handle steps of the process in hypoxic glove boxes.  At the time of this work there was no hypoxic model for M.	abscessus in microtiter plates to study low-oxygen persisters in a simple and cost-efϐicient way. As part of this thesis, a low-threshold model was developed to address this research gap. Creating hypoxic conditions is a simple task in itself. The difϐiculty when working with aerobic mycobacteria under anaerobic conditions is to ϐind a method with the right speed in oxygen deprivation to ensure 
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a transition into the NRP state rather than sterilizing the culture. Therefore, the ϐirst result of this project was to discover that among the methods used for cultivation of anaerobic bacteria, PARKER’S method [148] could be applied to M.	abscessus	 to generate low-oxygen persisters. This method is explained and discussed in detail in publication	 IV. PARKER’S method only affords a box with an airtight lid, iron wool and a copper sulphate solution to activate the latter. These components are readily available in most settings and contribute to the goal of the project to keep the method as simple and inexpensive as possible. The re-usable box helps to reduce laboratory waste compared to plastic sachets, commonly used in anaerobic culturing setups. Various preliminary experiments with the rapidly growing non-tuberculous 
Mycobacterium	 aurum (DSM) were undertaken to ϐind the best conditions for the setup. Those included exploring of different sealing techniques, testing of suitable air tight containers, variations in hypoxic pre-treatment length before compound addition and different methods to determine the activity of the investigated compounds. Subsequent experiments with M.	abscessus gave ϐirst results on how the gathered information could be applied to another mycobacterial species. Finally, all this led to the establishment of a robust assay protocol for the determination of drug activity under hypoxic conditions that should be applicable in most laboratories. The applicability was tested within this work on a variety of compounds including plant extracts. The respective protocol is presented in ϐigure 2 of 
publication	IV. The cultures obtained that way are referred to as low-oxygen	persisters	
(LOPs). Various characteristics of this culture were studied in detail to provide evidence of culture transition to the NRP state. Those will brieϐly be summarized after discussing the oxygen levels that are achieved within this setup and the method to determine compound activity.  
3.8.1) Oxygen Levels of Hypoxic Assays Although hypoxic models are applied to various mycobacterial species, there is no clear deϐinition on the term hypoxia within the literature (see 1.4.3.4). Guided by WAYNE’S model [121] we aimed for low oxygen levels in the set up instead of anoxia. Oxygen levels were mainly characterized by two observations: decolorization of MB as explained in the introduction on page 27 and determination of oxygen concentration with an optical oxygen sensor. This was done for a few samples only, while MB was employed in each experiment. The results are found in the Supplementary Information of publication	IV	(included in the appendices of this thesis). The values demonstrated the presence of low levels of oxygen in our setup. An anoxic atmosphere was not necessary to obtain M.	abscessus cultures which showed typical attributes of NRPs as the results in the section on evidence for this transition (from page 114 on and in publication	IV) demonstrated. However, when handling the hypoxic assay, the observation of a slight underpressure while opening the lid served as additional veriϐication of the consumption of air constituents. This phenomenon was already described by PARKER who measured the reduction of pressure. The oxidation process of the activated iron wool reduced the pressure in the hypoxic box 
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because oxygen was removed from the gas phase and found thereafter as oxidized iron and copper in the solid phase. The reduced pressure was only partly compensated by release of carbon dioxide from the saturated carbonate solution as described by PARKER [148]. This reduced pressure was also recognizable in our setup because it afforded some force to open the lid. It needs to be mentioned that MB was decolorized in one experiment while the reduced pressure was not observed when opening the lid. This indeed inϐluenced the results of this single experiment because they were not reproducible when no reduced pressure was detected (data not shown). 
3.8.2) Evidence of LOPs Belonging to NRPs The applicability of the method to transition a replicating into a non-replicating culture was proven within the scope of this work by characterizing the obtained cultures and comparing their properties with the one expected from literature studies on NRPs. This included investigations on growth behaviour during and after hypoxic conditions and morphological studies on a single cell level. All of this was done in parallel for aerobic cultures for comparison. A study on twelve antimycobacterial compounds was in line with the expectations for NRPs to markedly differ in their activity proϐile compared to aerobic cultures of the same mycobacterial species. This study included natural products and partially-synthetical natural products, approved antimycobacterial drugs and compounds from early drug development processes. The latter were extensively studied in our research group in the last years and include Nα-aroyl-N-aryl-phenylalanine amides (AAPs) [149, 150] and a DNA-gyrase inhibitor [151, 152] (see ϐigure 9, publication	IV for the chemical structure of the compounds). The evidence on M.	abscessus transitioning to the LOP state is presented in 
publication	IV and therefore only brieϐly summarized in the following section. 
3.8.2.1) Growth	Behaviour	Our results demonstrated that the obtained cultures showed typical growth attributes of NRPs.	M.	abscessus	cultures pre-treated in the hypoxic setup were not able to develop the typical growth curve of aerobic cultures. Instead, as long as cultivated under hypoxic conditions, cell numbers were roughly constant over time, markedly different from aerobic cultures that showed a clear exponential growth phase (ϐigure 4, publication	IV).  The results also indicated that LOP cells have the ability of NRPs to resuscitate from their state. When the hypoxic stress was discontinued, the cells were able to replicate again which was proved on solid and in liquid medium. Because resuscitation is accompanied by metabolic changes of the cells, we detected delayed growth rates on solid as well as in liquid medium compared to aerobically cultivated M.	abscessus cells (see ϐigure 4, 5 and 7, 
publication	IV).  
3.8.2.2) Morphology	We studied the morphology of LOP cells on a single cell level in collaboration with DR. ROBERT ECKENSTALER from our institute. While culture preparation, pre-treatment and 
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staining of the cells were part of my work, ECKENSTALER investigated the samples by confocal laser scanning microscopy. To visualize M.	abscessus	cells we used the ϐluorescent 3-hydroxy-chromone-dye trehalose conjugate (3HCT), (see ϐigure 6 publication	IV for the structural details; 3HCT = compound 1	in publication	IV). This dye was designed to be incorporated into the mycobacterial cell wall by KAMARIZA et	al. [153] for M.	tuberculosis and M.	smegmatis and applied to M.	abscessus in 2024 by my colleague LEA MANN [154]. The synthesis of 3HCT was done by DR. ADRIAN RICHTER. We used this dye to compare the staining pattern of cells in two differently pre-treated cultures. We observed a pronounced difference between aerobically and hypoxically pre-treated cultures (see ϐigure 8 in publication	IV and ϐigure S4 of publication	IV). This was a conϐirmation of the expected different phenotype of the LOP culture. 
3.8.2.3) Phenotypical	Drug	Resistance	and	Sensitivity	Another important evidence for our setup to generate NRPs was the phenotypical resistance we determined for ten antimycobacterial drugs and for compounds from drug discovery processes. Those compounds were highly active against replicating cells of 
M.	abscessus	except the natural product pyridomycin which showed moderate activity only. In addition to the change from ‘active to non-active’ we found a phenotypic sensitivity of LOPs to two drugs (namely metronidazole and niclosamide) that aerobe cells of M.	abscessus were not susceptible to. This switch from ‘non-active to active’ enabled us to use them as LOPs veriϐication compounds. The dose dependent activity studies of these compounds are presented in ϐigure 3, 10 and 11, publication	IV. 
3.8.3) Possible Applications of the LOPs Assay We developed the LOPs method to be used without genetic modiϐications. This makes the method simple as there is no need for maintaining a functional plasmid. It also offers the opportunity to investigate clinical samples with this method. Preliminary experiments during the assay development revealed this setup to be applicable to Mycobacterium	aurum, a non-pathogenic mycobacterial species. Therefore, it can be assumed that the same approach should be applicable for other mycobacterial species as well. This model could therefore serve as a tool in drug development for different NTM infections. As the preparation of the assay is done in microtiter plates, a wide application in the ϐield of drug discovery is plausible (e.g. using the DiaMOND assay [155] within this setup). As shown by the results, this assay offers easy access to LOP cells of M.	abscessus	to further characterize this population of cells by confocal laser scanning microscopy. This approach could be used to study other aspects of LOPs as the question of thickened cell wall compared to replicating cells or to perform drug permeation studies to gain deeper knowledge of LOPs of M.	abscessus and answer some of the question regarding the inactivity of AAPs in LOPs. 
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3.9) Experiments	to	Extend	the	LOP	Assay	by	Using	a	3-
Hydroxy-Chromone	Dye	Trehalose	Conjugate	

3.9.1) Combination of Hypoxia and Starvation In the WAYNE model the reduction of oxygen concentration is achieved by the bacteria themselves which consume the oxygen by replication and respiration. Within this model, it is therefore not possible to perform a starvation model (e.g. the LOEBEL model [118]) in combination with hypoxia. The method developed within this work to investigate LOPs mainly reduced the oxygen levels using an oxidation process as explained in publication	IV. A replication of bacteria to achieve hypoxic conditions is not necessary. We therefore considered a combination of starvation and hypoxia to be possible with this setup. Preliminary experiments were performed to clarify if this question could be answered within the scope of this project. For these experiments the 3HCT-staining method was used as well. First, the staining of starved cells that were aerobically cultured was investigated to ensure the usability of the dye for starved cells. The LOEBEL model was already successfully applied to M.	abscessus by YAM et	al. [119]. We conϐirmed the viability and culturability of 
M.	abscessus in tubes and in 96-well plates while the culture medium was solely PBS supplemented with 0.05 % tyloxapol for prevention of clumping of the bacteria. Tyloxapol was used instead of TW80 because it cannot be metabolized by mycobacteria, while TW80 was reported to likely serve as a nutrient [119]. Like in previous experiments the starved cells were then	diluted into fresh ADS containing 7H9 medium to enable growth by supplying nutrients. At certain points in time samples were taken and stained with 3HCT to subsequently analyze them by automated object counting with a Thermo Fisher Scientiϐic CellInsight CX5 instrument (Waltham, MA, USA). With this method we followed the regrowth of the starved culture and compared it to the regrowth of a non-starved culture that was diluted from ADS containing 7H9 into fresh 7H9 medium. Conditions were the same for both cultures during the growth phase in fresh medium. Both cultures were diluted to the same inoculum. Figure 18 shows the results of this experiment. Diluted cultures of both conditions showed similar growth behaviour in ADS containing medium. We thereby conϐirmed ϐindings of others that starved cells of M.	abscessus are able to replicate if nutrients again become available. We could not observe a delayed growth as found for LOPs cells compared to aerobic cells (see ϐigure 7 in publication	IV). Therefore, the previously challenged cells seemed to recover faster from starvation than from hypoxia. We further concluded from the results that starved cells can be stained using 3HCT. 
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Figure	 18:	Development	 of	 object	 numbers	 in	 previously	 non-starved	 (orange)	 and	 starved	
(green)	cultures	upon	nutrition	availability.	
Regrowth	was	followed	in	fresh	ADS	containing	7H9	medium	in	aerobic	conditions	(5	%	CO2).	Next, we investigated if hypoxia and starvation could be combined in the LOPs assay. Figure 19 (B) displays the results of this experiment. To ease comparison, they are placed next to results from non-starved cells that were included in publication	IV (Figure 19 (A)).  The growth behaviour of starved cells after hypoxic pre-treatment is markedly different from cells in nutrient containing medium (compare blue data in B and A).  

 
Figure	 19:	 Regrowth	 of	 differently	 pre-treated	 M.	 abscessus	 cultures	 in	 ADS	 containing	
7H9	medium	under	aerobic	(5	%	CO2)	conditions.	
(A)	 Cultures	 from	 nutrient containing	medium	 after	 aerobic	 (red)	 or	 hypoxic	 (blue)	 pre-
treatment	and	(B)	Starved	cultures	after	aerobic	(red)	and	hypoxic	(blue)	pre-treatment.	LOQ	
limit	of	quantiϔication	

Values were below the limit of quantiϐication for three out of four points in time. A combination of starvation and hypoxia therefore seems not possible with this set up. Staining of the cells after hypoxic pre-treatment and after starvation in aerobic conditions was possible (as discussed in publication	IV and in this section). Therefore, the reason for the low object numbers seems to be attributable to an extensive reduction in cell numbers that 
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lead to markedly different bacterial concentrations after the dilution step. Even though these results are disappointing, this experiment provides valuable information. The pronounced differences within the ϐirst 48 hours of the experiment between starved and non-starved hypoxic M.	abscessus cultures allow to conclude that starved M.	abscessus	cultures are more sensitive to hypoxia than	cultures with sufϐicient nutrient supply. This could be the starting point for further experiments to understand the mechanisms of the toxicity of hypoxia in combination with starvation. 
3.10) Contribution	of	the	LOPs	Assay	to	the	Drug	
Development	Process	in	our	Working	Group	

In addition to the evidence on LOPs existence the study of different compounds under hypoxic conditions yielded information on several new anti-mycobacterial compound classes. Those were developed and investigated in the working group of PROF. PETER IMMING in the last years. The developed assay is a helpful tool to further characterize those compounds. Disappointing but yet interesting results for the AAPs and for the DNA gyrase inhibitor were obtained and included in publication	 IV. Furthermore, six squaramide derivatives that are currently being developed and characterized by PAUL R. PALME in PROF. IMMING’S group have been investigated within this project. Those compounds target the mycobacterial ATPase [156, 157]. To emphasize the importance of this data, some of these results are discussed independently in this chapter. 
3.10.1) Activity of RNA Polymerase Inhibitors Rifampicin is one of the few drugs with reported retained bactericidal activity against NRPs of M.	tuberculosis [123]. It still sterilized 90 % of CFUs, although growth inhibiting activity was only observed at considerably higher concentrations than in replicating cultures. 
M.	abscessus has an intrinsic resistance to rifampicin [158] but rifabutin, a derivative of rifampicin, is active and bactericidal against M.	abscessus [159] and was reported to act bactericidal even on NRPs of M.	abscessus in a caseum surrogate model [160]. It also showed a 1-log reduction at 3.5 µM in the hypoxic WAYNE model [122] and is therefore one of the few drugs still active against M.	abscessus under conditions leading to a non-replicating phenotype. Therefore, we expected compounds targeting the same bacterial target, the bacterial RNA polymerase, to retain their activity within our setup. Figure 20 displays the chemical structure of two AAPs [150]. They were developed by DR. MARKUS LANG and DR. ADRIAN RICHTER over the last years [149]. 
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Figure	20:	Chemical	structure	of	the	initial	hit	(MMV688845)	and	the	lead	compound	2	of	the	
compound	class	of	AAPs.	

In line with our expectations and in consistency with the literature [159] we found rifabutin to act bactericidal against replicating M.	abscessus,	as displayed in Figure 21 (A, red data points) (see also publication	IV). The drug also retained most of its bactericidal activity against M.	abscessus	 LOPs even though 3-log reduction was not reached within 40 µM anymore (Figure 21, A, blue data points). Both AAPs were highly active towards replicating 
M.	abscessus cells as shown by the results under aerobic conditions (Figure 21, C, red data points), conϐirming literature data [149]. However, in contrast to rifabutin, both AAPs were inactive against LOPs (Figure 21, B and C blue data points). 

 
Figure	21:	Dose	dependent	activity	of	RNA	polymerase	inhibitors.	
(A)	 rifabutin,	 (B)	MMV688845	and	 (C)	compound	2	under	aerobic	 (red)	and	hypoxic	 (blue)	
conditions.	

At a ϐirst glance these results seem contradictory. As proven by the sensitivity of LOPs against rifabutin, the target is still active under hypoxic conditions. Different hypotheses to clarify this inconsistency were discussed in detail in publication	 IV. One suggestion is a reduced drug permeation [161] due to altered cell wall structure under hypoxic conditions. This alteration was described for M.	tuberculosis cultured under hypoxia [162] but evidence for M.	abscessus is less abundant in literature. Information on membrane alteration of 
M.	abscessus NRPs under hypoxia are not available but are reported for potassium starved cells [163]. By now, it is not clear how comparable those type of cells are. Another hypothesis is a possible chemical alteration of the compounds by mycobacterial enzymes that were expressed under hypoxia but were absent under aerobic conditions because the inϐluence of 
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the conditions on altered gene expression was proven for different mycobacteria. It is therefore even plausible that another enzyme might be involved. Within this thesis, the reason for this discrepancy could not be clariϐied. However, this phenomenon should be addressed in future research. The developed assay will be a helpful tool to generate LOPs and subsequently study the permeation of AAPs under these conditions. 
3.10.2) Activity of Squaramides against M. abscessus LOPs Within this thesis, six squaramides were characterized regarding their activity on 
M.	abscessus LOPs using the method described in publication	IV. These compounds target the mycobacterial ATPase [156] and are developed by a colleague in the group, PAUL R. PALME. Results on this compound class were not included in publication	IV but will be incorporated in a manuscript dedicated to squaramides in the near future. Exemplarily, one data set is included in this thesis to highlight the value of the developed assay in the drug discovery process within our working group. Because this data is unpublished, the structure of the discussed compound will not be shown here. However, the general structure of squaramides is displayed in Figure 22.    

    
Figure	22:	General	structure	of	squaramides	and	dose	dependent	activity	of	one	squaramide	in	
aerobic	(red)	and	hypoxic	(blue)	conditions	on	M.	abscessus.	
*	indicate	enormous	bacterial	growth,	too	high	to	distinguish	between	single	colonies.	

At the time of writing, none of the synthesized squaramides performed with MIC90 < 50 µM under aerobic conditions against M.	abscessus. This can be seen exemplarily by the data in red in Figure 22. In the presence of PRP175 (50 µM), bacterial growth by almost 102 was determined under aerobic conditions. In contrast, under hypoxic conditions, those compounds were slightly bactericidal (blue data, Figure 22). Colonies were reduced by about 90 % under hypoxic conditions. To further optimize the structures of squaramides, the assays should be performed in the LOPs assay in future instead of relying solely on the aerobic growth inhibition assay to characterize the synthesized compounds.   
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4) Summary	
The ϐirst	part	of	 this	 thesis contributes to the understanding of secondary	plant 

metabolites from two plants cultivated in or endemic to sub-Saharan Africa. Firstly, this work demonstrates the efϐicacy of Camellia sinensis extracts on many clinical isolates of methicillin resistant S.	aureus	(MRSA) and therefore supports results from clinical trials to use catechins in the treatment of decubitus, infected with MRSA. Secondly, this thesis has improved the understanding of the activity proϐile of Knipho ia foliosa constituents, namely knipholone and knipholone anthrone. The value of the results presented largely consists in considering the stability properties of the substances during biological activity investigations. The instability even in normal culture medium was assessed for the ϐirst time in this work, although various activities were reported in the literature for those constituents. Due to this discrepancy, this thesis also questions biological activity studies reported for knipholone anthrone that paid no attention to the instability of this compound. This thesis furthermore enabled the study of knipholone anthrone as a natural latency-reversal agent by providing knipholone anthrone in sufϐicient quantity and purity together with some synthetic analogs. Although too few compounds were synthesized for SAR, crucial structural features for anti-infective activity were identiϐied. 
The	second	part of this thesis presents a microbiological	assay. The in	vitro Low-oxygen-persister (LOP) assay provides a new tool to further characterize new chemical entities under hypoxic conditions. LOPs are especially hard to and at the same time most important to eradicate to successfully treat mycobacterial infections. The assay allows studying bactericidal activity of compounds or plant derived products on LOPs of 

M.	abscessus.	 It	 is designed in a way that allows it to be used by many microbiological laboratories. Thereby, the assay closes an important gap in the research of new antimycobacterial compounds. During the course of this work some questions were uncovered that remain to be answered. The molecular mechanism K.	foliosa constituents is not clear and so is the reason for the reduced activity of some compounds in the LOPs assay. For Nα-aroyl-N-aryl phenylalanine amides (AAPs), the reason for reduced drug activity in the presence of a still active target needs to be clariϐied. Drug permeation studies under hypoxic conditions would be able to shed light on this. This information will help to guide future decisions in the drug development process.   
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4)	Zusammenfassung	
Der	 erste	 Teil dieser Doktorarbeit trägt zum Verständnis sekundärer	

Planzeninhaltsstoffe zweier Pϐlanzen bei, die in sub-Sahara Afrika heimisch sind oder dort kultiviert werden. Als erstes zeigt diese Arbeit die Wirksamkeit von Camellia sinensis-Extrakten gegen viele klinische Isolate Methicillin resistenter Staphylococcus aureus (MRSA). Die in	vitro Ergebnisse dieser Arbeit stimmen damit mit den klinischen Studien überein, die eine Wirksamkeit von Catechinen in der Behandlung von MRSA inϐiziertem Dekubitus zeigen konnten. Als zweites erweitert diese Arbeit das Verständnis des Aktivitätsproϐils von Inhaltsstoffen von Knipho ia	 foliosa, namentlich Knipholon und Knipholonanthron. Der Wert der vorgelegten Ergebnisse liegt dabei zu großen Teilen im Berücksichtigen der Stabilitätseigenschaften der Substanzen während der Durchführung biologischer Versuche. Die Instabilität der Moleküle selbst in gewöhnlichen Kulturmedien ist im Rahmen dieser Arbeit erstmalig beschrieben, obwohl verschiedene Aktivitäten für beide Substanzen bereits publiziert wurden. Aufgrund dieser Diskrepanz stellt diese Arbeit biologische Aktivitätsstudien für Knipholonanthron in Frage, die der Instabilität des Moleküls keine Beachtung schenkten. Durch das Bereitstellen von Knipholonanthron in ausreichender Menge und Reinheit zusammen mit einigen synthetischen Analoga ermöglichte diese Doktorarbeit darüber hinaus die Untersuchungen an natürlichem Knipholonanthron zur Latenzumkehr von HIV inϐizierten Zellen. Obwohl zu wenige Substanzen synthetisiert wurden, um Struktur-Wirkungs-Beziehungen aufzuklären, konnten wichtige strukturelle Merkmale für antiinfektive Aktivität identiϐiziert werden. 
Der	zweite	Teil dieser Doktorarbeit stellt einen mikrobiologischen	Versuchsauϐbau vor. Der in	vitro Low-oxygen-persister (LOP) Assay ist eine neue Untersuchungsmethode, um Substanzen unter hypoxischen Bedingungen zu charakterisieren. LOPs zu eradizieren ist besonders schwer, gleichzeitig aber besonders wichtig, um mykobakterielle Infektionen erfolgreich zu behandeln. Der Assay erlaubt die Untersuchung von Substanzen oder pϐlanzenbasierten Produkten auf deren bakterizide Eigenschaften gegenüber LOPs von 

Mycobacterium	abscessus. Darüber hinaus wurde bei der Entwicklung des Assay Wert auf eine leichte und kostengünstige Durchführbarkeit gelegt, um die Nutzung in vielen mikrobiologischen Laboren zu ermöglichen. Damit schließt der Assay eine wichtige Forschungslücke. Im Rahmen dieser Arbeit wurden Fragen aufgeworfen, die unbeantwortet blieben. Der molekulare Mechanismus der K.	 foliosa Inhaltsstoffe ist weiter ungeklärt, wie auch die Wirkungslosigkeit mancher Substanzen im LOP Assay. Der Grund für die geringe Wirksamkeit der Nα-aroyl-N-aryl Phenylalanin Amide (AAPs) trotz eines aktiven Targets bleibt offen. Permeationsstudien unter hypoxischen Bedingungen könnten wertvolle Informationen hierzu liefern. Diese Informationen werden hilfreich für zukünftige Entscheidungen im Drug-development-Prozess sein.   
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6) Appendices	

6.1) Experimental	part	of	unpublished	results	

6.1.1) Synthesis and chemical characterization of compounds All synthesized compounds were described in literature before. We therefore compared chemical characteristics with reported values to conϐirm their structure and abstained from additional high-resolution mass spectrometry determination.  Melting points were determined using a hot-stage microscopy system from Boëtius and are reported as uncorrected values. 1H-NMR experiments were recorded on a Varian Gemini 2000 (400 MHz für 1H-NMR) or on a Varian Inova 500 (500 MHz für 1H NMR). APCI mass spectrometry was done using an Advion ExpressionS (CMS) mass spectrometer (Advion, Inc., Ithaca, NY, USA). The compounds were dissolved in methanol and measured with the ASAP measuring unit. ESI mass spectrometry was measured using an LCQ-Classic-Spectrometer from Thermo Finnigan (San Jose, CA, USA). For the measurements a capillary temperature of 220°C, a voltage of 4.5 kV and a scan range from 50-2000 were used. The compounds were dissolved in methanol prior to measurement. Thin-layer chromatography was done for the determination of Rf values on ALUGRAM® SIL G/UV254-plates from Merck or Macherey-Nagel (that were coated with 0.2 mm of silica gel 60) and detected with a UV lamp at 254 nm or 365 nm or in an iodine chamber.   
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1,8 dihydroxy-9-(10H)-anthrone (anthralin, AN1)  
OH O OH

  2.1 mmol chrysazin/AQ1 (danthron, sigma Aldrich) (500 mg) were dissolved in 60 mL acetic acid and reϐluxed. A solution of 39.2 mmol SnCl2 (7.4 g) in 37 % HCl (15.5 mL) was added over a period of 3 h using a dropping funnel. The solution was allowed to cool down over night while yellow crystals crushed out. The precipitate was separated by ϐiltration and the remaining solution was further concentrated to allow further precipitation of AN1. The combined batches of AN1 were dried in a desiccator using phosphor pentoxide.   yellow solid yield 466 mg (95 %) melting point: 178-181°C 1H-NMR (400 MHz, CDCl3): δ 12.28 (s, 2H), 7.48 (t, J = 8.0 Hz, 2H), 6.94 – 6.86 (m, 4H), 4.35 (d, J = 1.4 Hz, 2H) MS (APCI) m/z 227,1 [M+H]+ Rf (dichloromethane): 0.58   
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4-Bromo-1,8-dihydroxyanthrone (4-bromoanthralin, AN2)  

  8.84 mmol of AN1 (2 g) were dissolved in a mixture of acetic acid, chloroform and ethanol (160 mL + 30 mL + 30 mL) and cooled to 0-5°C using an ice bath. 7.07 mmol bromine (0.35 mL) were dissolved in 10 mL of chloroform and slowly (drop by drop) added to dissolved AN1 with a dropping funnel. Reaction mixture color should have turned to light orange, indicating less bromine in the mixture before adding more bromine. The solution was allowed to stir over night and the precipitate was removed from the supernatant by ϐiltration. Remaining bromine in the ϐiltrate was reduced by adding an aqueous solution of Na2S2O3. The aqueous phase was extracted three times with chloroform, the organic phases combined and dried with MgSO4. The obtained organic phases were concentrated using a rotary evaporator and the precipitate was allowed to form in the cold. Filtration yielded a mixture of AN1 and 
AN2 that were separated by repeated column chromatography (silica gel, heptane). Because separation of AN1 and AN2 was difϐicult, only 20 % could be obtained in sufϐicient purity.  bright yellow solid yield 550 mg (20 %) melting point: 166-169°C 1H-NMR (400 MHz) δ 12.52 (s, 1H), 12.13 (s, 1H), 7.71 (d, J = 8.9 Hz, 1H), 7.54 (t, J = 8.0 Hz, 1H), 6.99 (dq, J = 7.5, 1.1 Hz, 1H), 6.93 (dq, J = 8.4, 0.9 Hz, 1H), 6.88 (dt, J = 8.9, 0.8 Hz, 1H), 4.29 – 4.24 (m, 2H) MS (APCI) m/z 304.9 [M(79Br)+H]+ Rf (heptane/ethyl acetate 8:2): 0.49   
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1,8-bis-(methoxymethoxy)-anthraquinone (AQ2)  

  1 mmol chrysazine/AQ1 (danthrone, Sigma Aldrich) (240 mg) were dispersed in 6 mL of chloroform. 18 mmol of N,N-diisopropyletylamine (DIPEA, abcr chemicals) (3 mL) and 12 mmol of chloromethyl methyl ether (1 mL) were added. The mixture was reϐluxed for 22 h and subsequently allowed to cool down. The organic solution was washed three times with 1 M NaOH and one time with brine. The combined organic phases were dried with MgSO4, ϐiltrated and the ϐiltrate concentrated using a rotary evaporator. The obtained solid was washed again using 1 M NaOH and pure ethanol and subsequently dried in a desiccator using P2O5.  yellow solid yield 290 mg (88 %) melting point: 149-153°C 1H-NMR (400 MHz, CDCl3) δ 7.92 (dd, J = 7.5, 1.3 Hz, 2H), 7.62 (dd, J = 8.4, 7.5 Hz, 2H), 7.56 (dd, J = 8.4, 1.3 Hz, 2H), 5.38 (s, 4H), 3.57 (s, 6H) MS (ESI) m/z 351.80 [M+Na]+ Rf (heptane/ethyl acetate 8:3): 0.15   
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1,8-diisopropoxyanthracene-9,10-dione, AQ3  

  12.5 mmol chrysazin/AQ1 (danthron, Sigma Aldrich) (3 g) were suspended in a mixture of anhydrous acetone and DMF (60 mL + 20 mL). 56 mmol (18.2 g) anhydrous Cs2CO3 and 43 mmol (4,3 mL) 2-iodopropane were added. The mixture was reϐluxed for 2 days under argon while the apparatus was covered with alumina foil to protect the reaction mixture from light. Thereafter, the mixture was ϐiltrated to separate unreacted danthron from the ϐiltrate. The precipitate was washed twice with acetone. Combined ϐiltrates were then concentrated using a rotary evaporator and further puriϐied by column chromatography (heptane/ ethyl acetate 5-20 %).  yellow ϐibrous solid yield: 2.07 g (51 %) melting point: 95-100°C 1H NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 7.7, 1.1 Hz, 2H), 7.56 (dd, J	= 8.3, 7.7 Hz, 2H), 7.29 (ddd, J = 8.4, 4.3, 1.1 Hz, 2H), 4.61 (p, J = 6.1 Hz, 2H), 1.44 (d, J = 6.0 Hz, 12H). MS(APCI) m/z 325.2 [M+H]+ Rf (heptane/ethyl acetate 8:2): 0.25   
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8,9 dihydroxy-3,4-dihydro-2H-anthracen-1-on AC1  
  13.3 mmol AN1	(3 g) were dissolved in 50 mL of 4 % aqueous NaOH and 4 g of Raney-Nickel (50 % w/w, Sigma Aldrich) were added. The mixture was hydrated with molecular hydrogen at 50 psi (3.5 bar) over night. The mixture was ϐiltered using a small amount of silica gel and the precipitate was recrystallized with ethyl acetate.  brown solid yield: 752 mg (24.8 %) melting point: 123°C  1H-NMR (400 MHz, CDCl3): δ 9.76 (d, J = 0.8 Hz, 1H), 7.46 (t, J = 7.9 Hz, 1H), 7.12 (dd, J = 8.1, 1.0 Hz, 1H), 7.00 – 6.95 (m, 1H), 6.82 (dd, J = 7.8, 1.0 Hz, 1H), 2.97 (ddd, J = 7.4, 5.7, 1.3 Hz, 2H), 2.76 (dd, J = 6.8, 6.1 Hz, 2H), 2.12 (tt, J = 7.1, 5.6 Hz, 2H) MS (ESI) m/z 227.5 [M-H]- Rf (DCM/heptane 1:1): 0.48   
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6.1.2) Agar Diffusion Test as a First Determination of Anti-Infective 
Activities on Different Microorganisms Agar diffusion tests were performed at the Hans-Knöll-Institute in Jena under the supervision of DR. VOIGT. The procedure followed a German microbiological guideline (DIN-Norm 58940-8, 2002). In brief, holes were pinched into sterile agar plates and ϐilled with a stock solution of the desired compound. The desired microorganism was spread onto the plate and plates were incubated according to conditions for the respective species. After the speciϐied time, plates were analyzed for zones of inhibition around the holes and interpreted following the cut off values in the guideline. Values > 15 mm (diameter of zone of inhibition) were designated as active, those < 15 mm as inactive. 

6.1.3) Experiments on Starvation Models Working stocks were handled as described in publication	IV. A culture in exponential growth phase was washed twice with PBS containing 0.05 % tyloxapol (6500 rpm, 5 min) and then incubated in a sufϐicient amount of PBS supplemented with 0.05 % tyloxapol for 24 h to use up any remaining glucose. Thereafter an inoculum of 5x105 CFU/mL was prepared using the desired volume of PBS supplemented with 0.05 % tyloxapol and distributed in a microtiter plate. The plate was incubated at 37 °C in aerobic conditions (5 % CO2) for six days. Thereafter, all wells were well mixed and 2 µL of each well were transferred to a microtiter plate containing 198 µL of 7H9 suppl. with 10 % ADS and incubated at 37 °C in aerobic conditions (5 % CO2). At certain points in time, 2 µL of a 10 mM DMSO solution of the dye (see 
publication	IV) were added to indicated wells, mixed very well and incubated further for 2.5 h. Thereafter, stained wells were mixed again and 2 µL were transferred into a microtiter plate containing 198 µL PFA and evaluated by automatic object count using the method described in publication	IV. To combine starvation and hypoxia in one experiment, the procedure described above was adjusted in the following aspects. The microtiter plate containing the distributed inoculum in PBS supplemented with 0.5 % tyloxapol was incubated for six days in the hypoxic chamber described in publication	IV instead. All other steps were kept the same.   	
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