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Abstract 
 

Leishmaniasis is a group of neglected tropical diseases with around 1,4 million new 

cases each year. Depending on Leishmania species, different clinical manifestations 

of the disease can be observed, with symptoms varying from cutaneous lesions 

(“cutaneous Leishmaniasis) to visceral organ damage (“visceral Leishmaniasis”) with 

high lethality when left untreated. With the current rise in temperature induced by 

anthropogenic climate change and a globalized world as we see it today, in the future 

it is not unlikely that Leishmania parasites also migrate to northern western world 

countries. Increasing resistance of parasites to current treatment methods generates 

the need for new drugs or new therapy strategies. Given that the development of 

disease is highly dependent on the characteristics of host immune response, 

combining leishmanicidal drugs with immune response modifiers is an intriguing option 

for combination treatments in the future to lower the doses of toxic drugs and to 

ameliorate adverse effects and increase treatment efficacy by circumventing drug 

resistance mechanisms. The research groups of groups of Prof. Meier (University of 

Hamburg) and Prof. Lotter (BNITM) have developed six chemically synthesized 

analoga of a glycosylphosphatidylinositol anchor derived from 

lipopeptidephosphoglycan found in the membrane of Entamoeba histolytica, called Eh-

1 - Eh-6 which show immune modulatory functions and protection during Leishmania 

infection making them interesting drug candidates for combination therapy of 

Leishmaniasis. A male bias of infection and disease severity can be observed in 

Leishmaniasis and other parasitic diseases indicating a background of sex specific 

immunity. 

During this work different strategies for the treatment of human monocyte-derived 

macrophages infected with Leishmania (L.) major and L. infantum have been tested in 

in vitro models of cutaneous and visceral Leishmaniasis (Figure 0-1). Mono and 

combination therapy strategies with Amphotericin B, Miltefosine, Imiquimod and drug 

candidate Eh-1 were tested using high content drug screening assays identifying 

Miltefosine or Amphotericin B with Imiquimod as combinations with cooperative 

potential. Eh-1 did not provide convincing evidence for combination therapy. Still, in 

cytokine analyses of L. major infection, Eh-1 showed expression of protective 

cytokines indicating increased inflammasome mediated oxidative clearance of 
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parasites, which was amplified in combination with Amphotericin B to provide 

cooperative protection. In L. infantum infection Eh-1 also showed protection, but 

independent of protective cytokine production. During infection experiments several 

instances of sex specific immunity were observed, as females showed higher degree 

of inflammatory cytokine production, stronger pro inflammatory phenotype and lower 

overall infection with L. infantum. In this context Estradiol was identified as mediator of 

protection against L. infantum infection and Dihydrotestosterone mediated higher 

susceptibility to infection for female human monocyte-derived macrophages. 

 

 

Figure 0-1: Basic overview of the Project. Macrophages are infected with Leishmania parasites and 
treated with different drug combinations or hormones inducing macrophage activation and 
differentiation, and the release of cytokines and chemokines, which are analyzed subsequently. 
(Created with BioRender) 

 

 

 

 

  



Introduction 

 

Master Thesis Max Hüppner 11 

1 Introduction 
 

Humans encounter various infections with pathogens during their lifetime. Therefore, 

the human body has evolved a great number of ways of fighting pathogens before they 

can exert their destructive properties. This complex interplay of leukocyte cells and 

effector molecules is termed the immune system (Murphy and Weaver 2016). 

 

1.1 Human Immune System 

The human immune system often is broadly categorized into two branches: innate and 

adaptive immune system (Murphy and Weaver 2016). 

Cells of the innate immune system act immediately to recognize pathogens, initiate a 

defensive response via phagocytosis or release of antimicrobial granola and promote 

inflammatory responses by enabling monocyte and lymphocyte migration via 

chemokine and cytokine production (Murphy and Weaver 2016). 

Cells of the adaptive immune system are activated by binding of specific (pathogen-

associated) antigens to one of a huge number of invariant surface receptors of T or B 

lymphocytes and signals of innate immune cells, acting after four to seven days to 

provide a tailored, pathogen-specific response. This includes polyclonal antibody 

responses induced by activated B lymphocytes and diverse enhancing as well as 

regulatory mechanisms induced by activated T lymphocytes (Murphy and Weaver 

2016). 

 

1.1.1 Macrophage origin and distribution 

Macrophages are innate immune cells of myeloid lineage, that show a great degree of 

plasticity in their genotype and function (Murphy and Weaver 2016, Gasteiger, 

D'Osualdo et al. 2017). They originate in the bone marrow where pluripotent 

hematopoetic stem cells mature to monocytes during hematopoeises (Murphy and 

Weaver 2016). Monocytes are released into the bloodstream, where they can circulate 

for up to seven days depending on their functional role (Patel, Ginhoux et al. 2021). 

They can migrate into tissues via positive chemotaxis upon chemokine stimulation and 
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differentiate into macrophages to fulfill various functions not only in the immediate 

response to pathogen invasion, but also in tissue integrity and homeostasis (Gasteiger, 

D'Osualdo et al. 2017).  

Human peripheral blood monocytes show heterogeneity in their surface receptor 

composition indicating subsets with distinct functions (Yang, Zhang et al. 2014). These 

are often categorized into three subsets: classical, intermediate, and non-classical 

monocytes (Yang, Zhang et al. 2014). These subsets can be identified by their degree 

of cluster of differentiation (CD)14/CD16 expression.  

In both, steady state conditions and inflammation, classical CD14+ monocytes can 

migrate into tissues to become tissue resident macrophages or dendritic cells (DCs) 

(Italiani and Boraschi 2014). Monocyte differentiation into macrophages in tissue 

environments is driven by macrophage colony-stimulating factor (M-CSF), which, in a 

tissue context, is expressed by stromal cells and binds to colony-stimulating factor 1 

receptor (CSF-1R) expressed on monocytes (Italiani and Boraschi 2014). Importantly, 

for in vitro studies this differentiation process can be reproduced by cultivation in the 

presence of M-CSF (Rey-Giraud, Hafner et al. 2012). Isolation of human primary 

macrophages is highly impracticable, since it requires tissue samples with low yield, 

and macrophages do not proliferate in culture (Merck 2022). Depending on the media 

composition, macrophages can be polarized into different activation states (Rey-

Giraud, Hafner et al. 2012).  

 

1.1.2 Macrophage roles in pathogen response and inflammation 

Next to neutrophils, macrophages are among the first cells pathogens encounter when 

they enter a tissue environment (Murphy and Weaver 2016). They are involved in 

pathogen removal, wound healing, and immune regulation (Italiani and Boraschi 2014). 

They can fight pathogens directly by reactive oxygen species (ROS), nitric oxide (NO) 

and myeloperoxidase (MPO) production and engulf them via phagocytosis to process 

and present (pathogen associated) antigens via major histocompatibility complex 

(MHC) II (Eiz-Vesper and Schmetzer 2020). Before an oxidative response, pathogens 

trigger a signaling cascade in macrophages upon recognition by pathogen-specific cell 

surface receptors (Mogensen 2009). 
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Macrophages have a variety of different pathogen recognition and binding systems. 

They can recognize pathogen invasion by toll-like receptors (TLRs) on their cell 

surface. Binding of pathogen-associated molecular patterns (PAMPs) to TLRs induces 

oligomerization of intracellular signaling domains resulting in the induction of 

inflammatory pathways (e.g. Myeloid differentiation primary response 88 (Myd88)-

pathway) (Mogensen 2009, Chavez-Galan, Olleros et al. 2015). Intracellular pattern-

recognition receptors (PRRs) in the form of retinoid acid-inducible gene I-like receptors 

(RLRs) or nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) give 

additional aid in the induction of inflammatory reactions (Mogensen 2009). 

Macrophages exert functions in signal transduction and cell communication. They 

secrete several cytokines, chemokines, microvesicles and growth factors and act in 

direct signal transduction via diverse surface receptor interactions and communication 

via gap junctions (Gasteiger, D'Osualdo et al. 2017). This enables macrophages to be 

“immune modulatory switches” in facilitating T helper type 1 (Th1) or T helper type 2 

(Th2) responses by driving the functional polarization of tissue resident CD4+ T cells, 

which do not act in pathogen recognition themselves (Italiani and Boraschi 2014). 

Since they can display different activation states that differ in proteome and can show 

contradicting roles during inflammation and its resolution, macrophages are often 

categorized into two broad categories: M1 (“classically activated”) and M2 

(“alternatively activated”) macrophages, which act pro- (or Th1-related) and anti-

inflammatory (or Th2-related), respectively (Italiani and Boraschi 2014). In Table 1-1 

characteristic properties of the different activation states are summarized. 

The pro-inflammatory M1 state is characterized by the expression of interleukin (IL)-

1, tumor necrosis factor (TNF)-, IL-12, IL-6 & IL-23 as well as upregulation of 

inducible nitric oxide synthase (iNOS) and subsequent NO production facilitating the 

killing of pathogens (Italiani and Boraschi 2014, Chavez-Galan, Olleros et al. 2015). 

The release of NO can damage surrounding tissue. Upregulation of MHC II, cluster of 

differentiation (CD) 68 and CD80 surface proteins enables efficient activation of T cells 

(Broeren, Gray et al. 2000, Buxade, Huerga Encabo et al. 2018). M1 macrophage 

polarization and Th1 responses are closely related and influence each other in a 

positive feedback loop (Italiani and Boraschi 2014, Buxade, Huerga Encabo et al. 

2018). Triggered by PAMP binding, macrophages produce cytokines and present 

antigens via MHC II, which are bound by T cell receptors (TCRs) of resident CD4+ T 
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cells driving Th1 polarization (Mogensen 2009, Italiani and Boraschi 2014). Th1 T cells 

in turn express interferon (IFN)-, which is a potent inducer of M1 macrophage 

polarization (Italiani and Boraschi 2014).  

The anti-inflammatory M2 state has been subcategorized into M2a, M2b and M2c with 

varying action profiles depending on the stimuli inducing the respective state (Italiani 

and Boraschi 2014).  

Stimulation by IL-4 or IL-13 suppresses IFN- signaling and leads to a phenotype with 

high expression of IL-10, transforming growth factor (TGF)- and signal transducer and 

activator of transcription (STAT) 6 transcription factor which actively suppress 

inflammatory reactions on a transcription level and drive Th2 differentiation, CD206 

expression and Arginase1 (Arg1) production (Italiani and Boraschi 2014, Chavez-

Galan, Olleros et al. 2015, Viola, Munari et al. 2019). CD206, or macrophage mannose 

receptor, can bind proteins with mannose modifications like e.g. myeloperoxidase, but 

also surface proteins of pathogens like lipophosphoglycan (LPG) of Leishmania 

donovani leading to phagocytosis of pathogens and clearance of damaging enzymes 

(Chakraborty, Ghosh et al. 2001, Lee, Evers et al. 2002).  This state is called M2a 

(Italiani and Boraschi 2014, Chavez-Galan, Olleros et al. 2015, Viola, Munari et al. 

2019). M2a macrophages show activity in tissue remodeling and angiogenesis (Zizzo, 

Hilliard et al. 2012, Viola, Munari et al. 2019). 

M2b state is induced by simultaneous binding of TLR ligands and fragment 

crystallizable (FC) receptor activation by immunocomplexes. It is characterized by a 

phenotype similar to M1 with CD86 as well as MHC II on the cell surface (Viola, Munari 

et al. 2019). By expressing IL-6R and IL-12R on their surface, these macrophages are 

drawn to sites of high inflammation and show important functions in controlling immune 

reactions by driving Th2 response via IL-10 and Arg1 expression (Zizzo, Hilliard et al. 

2012, Italiani and Boraschi 2014, Viola, Munari et al. 2019). 

M2c state, which is induced by stimulation with glucocorticoids and IL-10, shows high 

immunosuppression by abundant IL-10 and TGF- expression enabling tissue 

regeneration (Viola, Munari et al. 2019) They express the apoptotic cell receptor Mer 

tyrosine kinase and are associated with the removal and degradation of apoptotic cells 

and debris, which is an important factor in tissue homeostasis (Zizzo, Hilliard et al. 

2012, Gasteiger, D'Osualdo et al. 2017). 
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Table 1-1: Overview of macrophage activation states and their characteristic properties. The pro-
inflammatory M1 state is related to Th1 response and is characterized by diverse inflammatory cytokines 
as well as NO production by iNOS. M2 states are associated with anti-inflammatory cytokines, Th2 
response and immunosuppression. Source: (Viola, Munari et al. 2019), modified 

 

 

 

 

 

 

 

 

 

 

All M2 substates are characterized by the expression of scavenger receptors, which 

can recognize damage-associated molecular patterns (DAMPs) drawing M2 

macrophages to sites of tissue damage (Italiani and Boraschi 2014, Komai, Shichita et 

al. 2017). Together with Arg1 activity as a competitor for iNOS substrate L-arginine 

and its ability to produce polyamines and collagen, these properties allow for the 

effective containment and replenishment of M1 and Th1 induced oxidative damage 

(Caldwell, Rodriguez et al. 2018). 

Although M1/M2 classification does not display the real, dynamic plasticity of 

macrophage activation very accurately, it can still be used to get a general idea of 

activation and action profile tendencies. In in vivo tissue context, delicate changes in 

the microenvironment induce subtle changes in proteome leading to a much greater 

range of genotypes than in vitro polarization can display (Italiani and Boraschi 2014).  

It is important to note that in transcription studies in vitro polarized macrophages and 

in vivo stimulated macrophages of the same activation state showed deviating 

transcriptomes and often, data generated in in vitro models cannot be transferred to 

animal models directly (Orecchioni, Ghosheh et al. 2019). 
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1.2 Leishmaniasis 

Leishmaniasis, a disease affecting humans and other vertebrates, is transmitted by 

phlebotomine sand flies during blood meals (Global Health 2020). It is caused by 

protozoan parasites of the genus Leishmania (Global Health 2020). Twenty different 

human pathogenic Leishmania species can be found in around 90 countries, mainly in 

tropical or subtropical areas as well as in southern Europe (Mann, Frasca et al. 2021). 

Disease forms and respective causative parasites are grouped in three categories: 

cutaneous (infection of the skin/dermis), mucosal/muco-cutaneous (infection of 

mucosal tissues) and visceral (infection of inner organs) Leishmaniasis (Mann, Frasca 

et al. 2021). Leishmaniasis is classified as a neglected tropical disease by the World 

Health Organisation (WHO) with approximately 1 million cases of its cutaneous and 

< 100.000 cases for its visceral manifestation each year (Global Health 2020, WHO 

2022) 

 

1.2.1  Parasites and human disease 

The obligate intracellular Leishmania parasites can be found in two main phenotypes  

during their life cycle (Figure 1-1), promastigotes and amastigotes (Mann, Frasca et 

al. 2021).  

Metacyclic promastigotes, that form inside the vector, are injected into human skin 

during the blood meal of sand flies, where they are phagocytized by mononuclear cells, 

often macrophages (Bates 2007, Mann, Frasca et al. 2021). Subsequently in response 

to environmental changes in phagolysosomes, intracellular parasites transform into 

their amastigote form changing their metabolism and phenotype (Besteiro, Williams et 

al. 2007). They reproduce by cell division inside a “parasitophorous vacuole”, which 

can be compared to a phagosome, while interfering with host cell metabolism and can 

also be transported through the bloodstream or lymph system to infect other tissues 

than the skin (Mann, Frasca et al. 2021). When a critical number is reached, host cells 

are lysed and Leishmania amastigotes are released to be phagocytized again (Inc. 

2022).  Amastigote infected cells can be taken up during the blood meal of sand flies 

where Leishmania transform into promastigotes in sand fly gut (Besteiro, Williams et 

al. 2007). After multiplication they migrate to the proboscis from where they can be 

transmitted to a new host (Besteiro, Williams et al. 2007, Global Health 2020). 
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al. 2021). Lesion manifestations vary substantially. Some individuals show no clinical 

symptoms at all, while others develop acute skin ulcers that can heal spontaneously 

over months to years and cause scars strongly influencing quality of life (Mann, Frasca 

et al. 2021). 

Visceral Leishmaniasis represents the most severe form of the disease, since its 

systemic distribution of parasites leads to infection of liver, spleen, hematogenous and 

lymphatic system causing hepatosplenomegaly, weight loss and pancytopenia (Mann, 

Frasca et al. 2021). Untreated, visceral Leishmaniasis is often lethal (Mann, Frasca et 

al. 2021). 

The course of the malicious disease caused by Leishmania parasites is driven by 

differences in Th1 and Th2 responses (Mann, Frasca et al. 2021). Individuals with an 

immediate Th1 response show low parasite burden and better disease control, but a 

tendency toward an overshooting oxidative response and related tissue damage while 

humans with an immediate Th2 response are more prone to systemic distribution of 

parasites, diffuse disease and visceral Leishmaniasis (Mann, Frasca et al. 2021).  

It is important to note that parasite strains show different clinical symptoms, ways of 

interaction with host immune system, and metabolism (Westrop, Williams et al. 2015). 

 

1.3 Macrophage response in the context of Leishmania 

infection 

As mentioned in 1.2.1, macrophages are the main replicating niche for Leishmania 

parasites (Bogdan 2020), even though most parasites are phagocytized by neutrophil 

granulocytes upon host entry (Tomiotto-Pellissier, Bortoleti et al. 2018). Mouse model 

experiments have shown, that even when they are phagocytized by neutrophils upon 

host entry, Leishmania will eventually find their way into macrophages, since 

neutrophils will commit to apoptosis while secreting chemokine (C-C motif) ligand 

(CCL) 4, that draws macrophages to the site of action, where they phagocytize 

parasites while clearing cell debris (Bogdan 2020). 

When Leishmania directly interact with macrophages, their uptake has been linked to 

interaction with complement receptor (CR) 1, CR 3 and mannose-fucose receptor (Liu 

and Uzonna 2012). Interestingly metacyclic promastigotes do not bind to mannose-
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fucose receptor, while avirulent promastigotes induce an inflammatory response after 

mannose-fucose receptor interaction (Liu and Uzonna 2012). After binding to these 

receptors, parasites are internalized in phagosomes (Liu and Uzonna 2012). 

Following phagocytosis, Leishmania are transported to lysosomes for degradation 

(Moradin and Descoteaux 2012). During this process, promastigotes have been 

observed to inhibit maturation of phagolysosomes leading to limited interaction with 

lysosomes and late endosomes (Moradin and Descoteaux 2012). Moreover, in 

phagosomes containing promastigotes, ROS generation by nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase is depleted, depriving macrophages of one 

of their efficient degradation mechanisms (Moradin and Descoteaux 2012). In this low 

oxidative, acidic environment of phagosomes, Leishmania then transform into 

amastigotes to form the parasitophorous vacuole, their main center of replication 

(Moradin and Descoteaux 2012). The inhibition of phagosome maturation has been 

linked to the abundantly expressed, membrane bound surface glycolipid 

lipophosphoglycan (LPG) of Leishmania (Moradin and Descoteaux 2012). This 

molecule is most likely involved in the disruption of lipid microdomains in the 

phagosome membrane causing impairment of fusion machinery (Moradin and 

Descoteaux 2012). 

Without the direct, phagocytosis-mediated lysosomal degradation of Leishmania at 

their disposal, macrophages are required to combat parasites in another way. This is 

where macrophage polarization state and immune response modulation can be 

deciding factors. 

 

1.3.1 Role of macrophage polarization states and cytokines in 

immune response to Leishmania infection 

The most important role in killing intracellular Leishmania is fulfilled by iNOS, the 

enzyme responsible for the production of NO, which is toxic to parasites (Liu and 

Uzonna 2012). This enzyme is abundantly expressed in macrophages polarized into 

M1 state (Liu and Uzonna 2012). Induction of iNOS in macrophages is critically 

dependent on IFN- (Liu and Uzonna 2012). IFN- is usually found in the context of 

Th1 response, expressed by effector T cells after antigen presentation and cytokine 

stimulation (Khattak, Akbar et al. 2021). In Leishmaniasis, usually IL-12 expression by 
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dendritic cells (DCs) and macrophages leads to induction of IFN- expression by CD4+ 

T cells and natural killer (NK) cells (s. Figure 1-2) (Khattak, Akbar et al. 2021). 

Interestingly, in vitro experiments have shown, that in mouse macrophages IL-12 

expression is actively inhibited by Leishmania parasites (Carrera, Gazzinelli et al. 

1996).  

Generally, it is believed that the interplay of IFN- production by CD4+ T cells and 

macrophages is required to contain Leishmania infection as it has been shown in 

mouse models (Bogdan 2020). In addition to IFN- expression, TNF- expression is 

necessary for iNOS activity and parasite killing by mouse macrophages (Bogdan 

2020). TNF- has shown to epigenetically reduce the induction of Arg1 expression by 

IL-4 and induce expression of iNOS by activation of mitogen-activated protein kinases 

and the transcription factors activator protein (AP)-1 and NF-κB (Bogdan 2020). TNF-

 production in macrophages can be induced by PAMP binding or TLR stimulation 

(Parameswaran and Patial 2010). 

One of the most important players regarding parasite survival is the enzyme Arg1, that 

is produced upon induction of Th2 response in M2 macrophages. It acts antagonistic 

to iNOS as it competes for the substrate L-arginine (Liu and Uzonna 2012). While iNOS 

produces NO, arginase produces L-ornithine, which is a useful metabolic source for 

Leishmania facilitating parasite survival and reducing parasite killing (Liu and Uzonna 

2012, Bogdan 2020). Th2 response, M2 state and related Arg1 expression are mainly 

driven by the cytokines IL-4, IL-10, TGF- and IL-13 (Bogdan 2020). 

Moreover, high IL-10 expression was found in hamsters and humans in bone marrow 

and spleen during active visceral disease (Melby, Chandrasekar et al. 2001). IL-10 is 

a cytokine expressed by M2 macrophages, that has been related to downregulated 

human T cell responses in infection with L. donovani and blocked NO production by 

human macrophages in L. infantum and L. major infection after IFN- stimulation 

(Vouldoukis, Becherel et al. 1997, Melby, Chandrasekar et al. 2001). This antagonistic 

role of IL-10 towards IFN- is also considered to shape the malicious course of disease 

(Kane and Mosser 2001, Schwarz, Remer et al. 2013). This is further supported by the 

fact that in mouse models chemokine (C-X-C motif) ligand (CXCL)10 reduced 

L. infantum parasite load mediated by reduction in IL-10 and TGF- level (Figueiredo, 

Viana et al. 2017). Both, macrophages and T cells, express IL-10 in Leishmaniasis 

(Kane and Mosser 2001, Schwarz, Remer et al. 2013).  
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 and IL-4 play a cooperative role in the control of Leishmania infection (Alexander, 

Carter et al. 2000). It is also important to note that in vivo IFN- related cytokines lead 

to further recruitment of macrophages, which, especially during the early phase of 

infection, leads to a bigger pool of susceptible host cells (Carneiro, Lopes et al. 2020). 

Thus, although it is the main factor in NO production and parasite elimination, IFN- 

can also have effects in disease progression (Carneiro, Lopes et al. 2020). This 

highlights the importance of cooperative Th1 and Th2 response. 

 

1.4 Treatment strategies for Leishmaniasis 

Generally, Leishmaniasis must be treated depending on symptoms and parasite strain 

(Mann, Frasca et al. 2021). Infections with Leishmania major in immunocompetent 

individuals usually heal without treatment (Mann, Frasca et al. 2021). In cases of higher 

complexity such as e.g. intensive lesions (high area, number or duration), diffuse 

cutaneous Leishmaniasis, immunosuppressed individuals or mucosal Leishmaniasis, 

systemic or local treatment with leishmanicidal drugs is administered (Mann, Frasca et 

al. 2021). Local treatment methods include photo- or thermotherapy, topical treatment 

with paramomycin and injection of lesions with pentavalent antimonials (Mann, Frasca 

et al. 2021). Pentavalent antimonials have been implicated as the “gold standard” for 

cutaneous treatment in Latin America and has also been considered standard 

treatment for visceral cases by the Infectious Disease Society of America (IDSA) in 

previous years (Mann, Frasca et al. 2021). But with emerging drug resistance, 

Amphotericin B (AmpB) and Miltefosine (Mil) are now preferred and recommended, 

while pentavalent antimonials are only used as backup therapy for patients that cannot 

tolerate the former (Mann, Frasca et al. 2021). Miltefosine is the first leishmanicidal 

drug that can be administered orally via capsules, while Amphotericin B is mostly given 

as a liposomal formulation via injection (Soto and Soto 2006, Stone, Bicanic et al. 

2016). For more information on the drugs mentioned above see Table 1-2. 

During this thesis, Amphotericin B and Miltefosine (Figure 1-5 A&B) are used as U.S. 

Food and Drug Administration (FDA) approved examples of drugs with leishmanicidal 

effects (FDA 2014, FDA 2022). 

Amphotericin B (Figure 1-5 A) was discovered as a fungicide that binds to ergosterol, 

an integral component of fungi membranes, forming transmembrane pores that lead to 
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efflux of essential cell metabolites and killing cells via membrane disruption (Ellis 

2002). Generally, Amphotericin B is known to bind sterols of any composition, but it 

binds to ergosterol with much higher affinity than to cholesterol of mammalian cells 

enabling it for therapeutic use (Cohen 2016). Interestingly, formation of aqueous pores 

by sterol binding of Amphotericin B has been linked to a local reduction of membrane 

thickness causing reorganization of membrane structure (Cohen 2016). Membrane 

thinning events near lipid raft areas can induce steric movement in the transmembrane 

regions of TLRs, and Rat sarcoma (Ras) proteins inducing activation of their 

downstream signaling pathways and induction of an immune response in mammals 

(Cohen 2016). 

Miltefosine (Figure 1-5 B), which is the only FDA approved drug for Leishmaniasis that 

can be administered orally, is a hexadecylphosphocholine that emits its leishmanicidal 

properties by inhibition of Leishmania phosphatidylcholine biosynthesis by 

phosphatidylethanolamine N-methyltransferase (Pinto-Martinez, Rodriguez-Duran et 

al. 2018). This effect was found to be 10 - 20 times stronger in protozoan parasites 

compared to mammalian cells, enabling the use of Miltefosine for Leishmaniasis 

therapy (Pinto-Martinez, Rodriguez-Duran et al. 2018). Moreover, it reduces 

generation of adenosine triphosphate (ATP) and oxygen catabolism in Leishmania by 

inhibition of mitochondrial cytochrome c oxidase inducing apoptosis-like cell death 

(Mollinedo 2014, Pinto-Martinez, Rodriguez-Duran et al. 2018). 

The drugs mentioned above are not directly tailored to the treatment of Leishmaniasis, 

often have high production costs and parasites become increasingly resistant to 

treatment (Mann, Frasca et al. 2021). This generates a need for new drugs and 

treatment methods like combination therapy, which can effectively obviate drug 

resistance and increase effectiveness of treatment with lower doses and duration of 

toxic drug administration ameliorating adverse effects (Ahmed, Curtis et al. 2020). The 

combination of drugs with varying mechanisms of action, pharmacokinetics and 

pharmacodynamics can be used to target different pathways circumventing possible 

resistance mechanisms (Ahmed, Curtis et al. 2020). 

Lots of testing is carried out and even clinical trials are done regarding combination 

therapy (van Griensven, Balasegaram et al. 2010). While most studies focus on 

combination of the drugs mentioned in Table 1-2, another important class of drugs that 

could be explored for combination therapy are immune modulating drugs. Given the 
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During Leishmaniasis immune modulation can be used to induce elevated Th1 

responses, that increase parasite killing mechanisms. In macrophages, this is 

achieved by inducing macrophage polarization into M1 state. TLRs are an important 

class of PRRs that can be targeted in macrophages to achieve immune modulation 

during Leishmaniasis, as it has been shown, that e.g. TLR2 mediates parasite control 

by IL-12, TNF- and NO production after recognition of Leishmania surface protein 

LPG (Elmahallawy, Alkhaldi et al. 2021).  

During this thesis, Imiquimod and Eh-1 a synthetic phosphatidylinositol (PI) analog 

derived from Entamoeba histolytica lipopeptidophosphoglycan (EhLPPG), were used 

and compared for immune modulation treatment. 

Imiquimod (Imi) (Figure 1-5 C) is an FDA approved imidazoquinolone amine 

commonly used for treatment of cutaneous malignancies (Bubna 2015). It binds to 

TLRs 7 & 8 of macrophages inducing inflammatory response and release of cytokines 

like IL-12, IFN- and TNF-, but can also directly induce apoptosis by upregulation of 

Bax and Bak of the intrinsic apoptosis pathway (Bubna 2015). It has been successfully 

used for the treatment of cutaneous Leishmaniasis (Fuentes-Nava, Tirado-Sanchez et 

al. 2021) and has been shown to induce production of NO in the context of an in vitro 

murine model of visceral Leishmaniasis (Buates and Matlashewski 1999). 

Eh-1 (Figure 1-5 D) is a chemically synthesized analog of the GPI-anchor EhPIb, 

which is derived from EhLPPG. In mouse model experiments it was discovered that 

EhLPPG, derived from the membrane of the protozoan parasite Entamoeba histolytica, 

shows the capability to induce IFN- production in invariant natural killer T cells (iNKTs) 

and thus modulate immune response towards Th1 (Lotter, Gonzalez-Roldan et al. 

2009). Building on this, the immune modulating effect of EhLPPG was then identified 

to be induced by one of the two glycosylphosphatidylinositol (GPI)-anchors found in 

the molecule (EhPIb) (Lotter, Gonzalez-Roldan et al. 2009). After the discovery of the 

immune modulating capabilities of the GPI-anchor EhPIb, six analoga with differences 

in stereochemistry of the alkyl chains and the alcohol linker group were chemically 

synthesized (Figure 1-3) (Fehling, Choy et al. 2020). These analoga represent 

promising drug candidates for immune modulation in Leishmaniasis, as they have 

shown reduction of parasite load in in vitro experiments with hMDMs and reduction in 

cutaneous lesions in murine model associated with the production of Th1 cytokines 

(Fehling, Choy et al. 2020, Fehling, Niss et al. 2021). Eh-1 is one of these analoga, 
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which features a C16 alkyl chain instead of C28 or C30 found in EhPIb (Fehling, Choy et 

al. 2020). The inositol of the molecule is arranged in D-configuration, while the glycerol 

linker group is R-configurated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Schematic representations of molecular structures of chemically synthesized EhPIb 
analoga. Two C16 alkyl chains are connected via alcohol and PI linker of different stereochemical 
composition. Compounds Eh-1, Eh-2, Eh-3 and Eh-4 contain a glycerol linker of R (Eh-1 and Eh-3) or 
S (Eh-2 and Eh-4) configuration, while Eh-5 and Eh-6 contain a propanediol in R (Eh-5) or S (Eh-6) 
configuration. The inositol moiety is either D (Eh-1, Eh-2, Eh-5) or L configurated (Eh-3, Eh-4, Eh-6) 
Source: (Fehling, Choy et al. 2020) 
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1.5 Sex differences in immunity 

Differences in the outcome of parasitic diseases have been observed between male 

and female including Leishmaniasis (Bernin and Lotter 2014). When addressing sex 

differences in humans, biological sex refers to the genetic and bodily foundations of an 

individual, not the gender identification in the context of society. Differences in 

chromosomes, gonads and sex hormones lead to differences in gene expression 

patterns and immune cell activity (Wilkinson, Chen et al. 2022). Male individuals have 

XY composition of sex chromosomes, develop testis and produce high levels of 

testosterone and its analogs. Female individuals show XX composition of sex 

chromosomes, develop ovaries and produce estrogens and progesterone (Wilkinson, 

Chen et al. 2022). 

Females have two X chromosomes, one of which is transcriptionally inactivated during 

embryonic development via formation of heterochromatin (Wilkinson, Chen et al. 

2022). However, for some X-chromosome specific genes, incomplete inactivation or 

escape from inactivation leads to higher expression of these genes in females 

(Wilkinson, Chen et al. 2022). One of these genes encodes TLR7, which is an 

endosomal receptor for ssRNA and leads to production of Th1 related interferons when 

activated (Wilkinson, Chen et al. 2022). This effect can be found in female monocytes 

enabling them for the possibility of stronger Th1 cytokine response (Wilkinson, Chen 

et al. 2022). 

In mouse model transcriptome studies, many genes related to IFN- responsiveness 

and complement system have been identified, that show higher levels in unstimulated 

and stimulated macrophages from female mice compared to male mice. This indicates 

a higher potential for inflammatory response for females during Leishmaniasis (Gal-Oz 

et al. 2019). 

Another key factor for sex differences in immunity is the presence of sex hormones. 

Both, male and female sex hormones show immune modulating effects in in vitro 

experiments. Testosterone and estrogen receptors are found on both, female and male 

monocytes and macrophages in humans (Snider, Lezama-Davila et al. 2009).  
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Figure 1-4: Schematic representations of molecular structures of 5α-Dihydrotestosterone (DHT) 
(A) and 17β-Estradiol (E2) (B). Sources: (NEUROtiker 2007, Jü 2020) 

 

In Leishmaniasis, higher infection rate and more severe disease are observed for male 

individuals over the age of 15 compared to female individuals, while this is not 

observed for males under the age of 15 (Bernin and Lotter 2014). This correlates with 

the rise in testosterone production observed during puberty indicating a role of 

testosterone in disease susceptibility (Bernin and Lotter 2014). Moreover, in hamster 

models of cutaneous Leishmaniasis induced by L. panamensis and L. mexicana, 

testosterone administration in female hamsters led to significantly higher lesion size 

further supporting the role of testosterone in the male bias of Leishmaniasis (Travi, 

Osorio et al. 2002, Snider, Lezama-Davila et al. 2009). 

Estrogens were observed to reduce expression of pro-inflammatory cytokines (IL-1, 

TNF-, IL-6) in macrophages via downregulation of CD16 expression in a human 

monocyte cell line (THP-1) (Fish 2008). After 17β-Estradiol (E2) stimulation of bone-

marrow derived macrophages from male and female mice, macrophages from both 

sexes showed increased NO levels without increase in IL-6, IL-12 or TNF- in 

L. mexicana infection (Snider, Lezama-Davila et al. 2009). In a hamster model of 

visceral Leishmaniasis induced by L. donovani, treatment with testosterone worsened 

course of disease for male and female hamsters while estradiol treatment led to 

increased parasite control in both sexes (Snider, Lezama-Davila et al. 2009). 

Moreover, castration of hamsters showed reduction in parasite burden and 

ovariectomy increased disease severity (Snider, Lezama-Davila et al. 2009).  

These data indicate a protective role of E2 and a disease-enhancing role of 

testosterone in Leishmaniasis.  
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1.6 Aims of the Thesis 

During this thesis, different strategies for the treatment of Leishmania infantum and 

Leishmania major infection of female and male human monocyte derived 

macrophages (hMDMs) are compared in in vitro high content drug screening 

experiments using automated confocal microscopy and image analysis. Macrophages 

are treated with the FDA approved Leishmaniasis drugs Amphotericin B and 

Miltefosine, and immune response modifier Imiquimod, as well as the immune 

stimulatory drug candidate Eh-1 in in vitro models of cutaneous and visceral 

Leishmaniasis. During the experiments mono and combination treatments should be 

compared regarding hMDM response in L. major and L. infantum infection and their 

effect on drug screening parameters to identify suitable treatment combinations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-5: Chemical structures of the molecules used for treatment of Leishmania-infected 
macrophages during the thesis. Amphotericin B (A), Miltefosine (B), and Imiquimod (C) and Eh-
1. Miltefosine and Amphotericin B are FDA approved drugs for the treatment of visceral Leishmaniasis. 
Imiquimod has been used as an immune response modifier for topical treatment of cutaneous 
Leishmaniasis and Eh-1 is an immune stimulatory compound that was developed as a chemical analog 
to the glycosylphosphatidylinositol (GPI) anchor EhPIb derived from Entamoeba histolytica 
lipopeptidophosphoglycan (EhLPPG). Sources: (chemistds 2012, Jü 2012, Jü 2013, Fehling, Choy et 
al. 2020) 
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Macrophage responses to L. major and L. infantum infection and treatment with 

Amphotericin B, Eh-1, and their combination are compared by analysis of extracellular 

cytokine profiles with immunoassays to characterize the role of cytokine response 

during treatment. 

Sex differences are analyzed by the comparison of infection and treatment 

characteristics between female and male individuals including evaluation of drug 

screening parameters, phenotypical evaluation of macrophage polarization upon 

infection and extracellular cytokine profiles. Moreover, to shed a light on the role of sex 

hormones during L. infantum infection, male and female hMDMs were stimulated with 

5α-Dihydrotestosterone (DHT) and 17β-Estradiol (E2) (Figure 1-4) during their titration 

for the establishment of a stimulation protocol. 
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2 Materials and methods 
 

2.1 Materials 

2.1.1 Chemicals, solutions and kits 

Table 2-1: List of chemicals 

Chemical Manufacturer Identification Nr. 

BSA SERVA 11926.03 

EDTA ROTH 8043.2 

Tris ROTH 4855.2 

NH4Cl ROTH K298.1 

Charcoal, Dextran coated Sigma-Aldrich C6241-5G 

 

Table 2-2: List of commercial solutions 

Solution Manufacturer Identification Nr. 

DPBS w/o calcium, w/o 

magnesium, sterile filtered 
PAN Biotech P04-361000 

Biocoll Separation Solution Bio & Sell BS.L6115 

Anti-human CD14 magnetic 

beads 
BD Biosciences 557769 

RPMI Medium PAN Biotech P04‐17500 

RPMI Medium w/o phenol red PAN Biotech P04-16516 

M-CSF BioLegend 574804 

Fetal Bovine Serum Advanced Capricorn FBS-11A 

L-Glutamine PAN Biotech P04-80100 

Penicillin/Streptomycin AppliChem A8943 

DMSO ROTH A994.1 

DAPI Sigma-Aldrich D-9564 

FIX/Perm Concentrate invitrogen 00-5123-43 

FIX/Perm Diluent invitrogen 00-5223-56 

PermWash invitrogen 00-8333-56 

Trypan Blue invitrogen T10282 

Paraformaldehyde 4% in PBS Thermo Scientific J19943.K2 

Medium 199 Sigma-Aldrich 51322C 
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Zombie UV Dye Biolegend 77474 

Triton X-100 ROTH 9002-93-1 

CASYton OLS 5651808 

 

Table 2-3: List of utilized media and buffers 

PBS (20x) 

ddH2O 

+ 0,05 M KCl 

+ 0,03 M KH2PO4 

+ 0,16 M Na2HPO4 

+ 2,74 M NaCl 

 

cRPMI Medium 

RPMI Medium 

+ 10 % (v/v) FCS (heat-inactivated & hormone depleted via active charcoal stripping) 

+100 U/ml Penicillin/Streptomycin 

+ 2 mM L-Glutamine 

+ 2,06 nM M-CSF 

 

Erythrocyte Lysis Buffer 

0,144 M NH4Cl 

0,01 M Tris pH 7,6 

 

MACS Buffer 

1x PBS pH 7,2 

+ 2 mM EDTA 

+ 75,2 µM BSA 

 

FACS Buffer 

1x PBS 

+ 1% (v/v) FCS 
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Permeabilization Buffer 

1x PBS pH 7,2 

+ 50 mM NH4Cl 

+ 0,1 % (v/v) Triton X-100 

 

Blocking Solution 

1x PBS 

+ 0,3 mM BSA 

+ 0,1 % (v/v) Triton X-100 

 

Washing Buffer 

1x PBS pH 7,2 

+ 0,1 % (v/v) Triton X-100 

 

M199+ Medium 

1x Medium 199 

+ 20% (v/v) FCS (heat-inactivated) 

+ 2 mM L-Glutamine 

+ 100 U Penicillin 

+ 0,17 mM Streptomycine 

+ 40 mM HEPES pH 7,4 

+ 15,3 M Hemine 

+ 100 M Adenine 

+ 5 M Biopterine 

 

Table 2-4: List of commercial ready-to-use kits  

Kit Manufacturer Identification Nr. 

LEGENDplex custom panel 12-

plex 
Biolegend - 

 

For the analysis of macrophage cytokine profiles in the context of Leishmaniasis, a 

custom cytokine panel was designed in cooperation with Biolegend containing the 

following analytes: 
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IL-12p70, TNF-α, IL-6, IL-10, IL-1β, Arginase, CCL17, IL-23, IFN-γ, CXCL10, IL-18, CCL2 

 

2.1.2 Drugs, compounds and hormones 

Table 2-5: Drugs used for macrophage treatment during high content screening analyses 

Chemical/Solution Manufacturer Identification Nr. 
Stock 

Concentration 

Imiquimod in DMSO Thermo Scientific 99011-02-6 20,8 mM 

Miltefosine in cRPMI Sigma-Aldrich 58066-85-6 5 mM 

0,27 mM Amphotericin B/ 

0,52 mM 

Natriumdeoxycholat 

Gibco Life Technologies 15290018 
0,27 mM / 0,52 

mM 

EhPlb C16:0 DR („Eh-1) in 

DMSO 
AG Prof. Chris Meier - 6,25 mM 

17β-Estradiol in Ethanol Sigma-Aldrich E2257  

5α-Dihydrotestosterone in 

Ethanol 
Supelco D-073  

 

2.1.3 Parasites 

Leishmania parasites were kindly provided by PD Dr. Joachim Clos and his research 

group (RG) “Leishmania Molecular Genetics” at the BNITM. 

Table 2-6: List of parasite strains 

Parasite Strain Species classification 

L. major 5ASKH dermotropic 

L. infantum 3511 viscerotropic 

 

2.1.4 Cell source 

All human primary cells were isolated from from buffy coats of healthy donors kindly 

provided by the institute of transfusion medicine at the Universitätsklinikum Hamburg-

Eppendorf (UKE) with their personal consent. Ethics approval for the experiments with 

human blood samples was granted by the Ethics Committee of the University of 

Hamburg (202-10067-BO). 
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Alexa Fluor 647 goat--mouse Goat InvitroGen A32728 

BV510 -CD14 Mouse Biolegend 301842 

BUV395 -HLA-DR Mouse Biolegend 564040 

PerCP -CD16 Mouse Biolegend 302030 

 

2.1.6 Technical Devices and Software 

Table 2-9: List of technical devices 

Device Supplier Identification Nr. 

Water Bath VWB 6 VWR 462-0258 

Incubation/Inactivation Water 

Bath 
GFL 1002 

Centrifuge 5810 R Eppendorf EP5811000620 

Centrifuge 2-16KL Sigma - 

Class II Safety Cabinet MSC 

Advantage 
Thermo Scientific 51028226 

Class II Safety Cabinet NUNC 

MICROFLOW M51426/5 
NUNC - 

Cell Incubator Galaxy 170 S Eppendorf EPCO17014005 

Cell Incubator CB 170 BINDER - 

CO2 Cell Incubator HeraCell 150i Thermo Scientific 50116048 

Orbital Shaker (3mm shaking 

stroke) 
IKA 0003208000 

FACS LSR II Cytometer BD Biosciences - 

FACS Aurora Cytek - 

Ultrasonic Bath SONOREX 

SUPER 
BANDELIN RK 100 H 

Microscope AMG EVOS XL Thermo Scientific 12-563-452 

Microscope NIKON ECLIPSE 

TS100 
NIKON - 

Opera Phenix HCS System Perkin Elmer HH14001000 

Cell counter Multisizer 3 Coulter 

Counter 
Beckman Coulter - 
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Table 2-10: List of software 

Software Supplier Identification Nr. Version 

Image Analysis Software 

“Harmony” 
Perkin Elmer HH17000010 4.6 

Statistics and Graph 

Design Software “PRISM” 
GraphPad - 9.0.1 

Flow Cytometry Analysis 

Software “FlowJo” 
BD - v10 

LEGENDplex Evaluation 

Software “Qognit” 
Biolegend - 2022-07-15 

BD FACSDiva Flow 

Cytometry Software 
BD 23-17415-01 6.1.3 

 

2.1.7 Laboratory Supplies 

Table 2-11: List of laboratory supplies utilized during the experiments 

Material Supplier Identification Nr. 

PhenoPlate 96-well plates made 

from cyclic olefin 
Perkin Elmer 6055300 

V-bottom plates Biolegend 740379 

Neubauer Counting Chamber MARIENFELD 0640130 

Cell Separation Magnet BD Biosciences 552311 

12-channel pipette Mettler Toledo 17013811 

Digital 1-channel multi step 

pipette 
Mettler Toledo 17014489 

Digital 1-channel multi step 

pipette 
Eppendorf 4987000010 
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2.2 Methods 

Since experiments included potentially infectious solutions, all work prior to fixation 

was carried out in class II biosafety cabinets inside a S2 safety level laboratory. All 

materials used during this period were either packaged under sterile conditions or 

sterilized before use to minimize contamination. 

Several biochemical and biophysical methods were used for the generation of human 

primary macrophages from buffy coat samples, their infection with Leishmania 

parasites and subsequent treatment with different Leishmaniasis drugs or hormones. 

Various analysis methods were deployed to gain information about the state of the 

biological samples. A scheme of the general experiment workflow is displayed in 

Figure 2-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2: Schematic representation of experiment workflow. Methods used are shown in boxes 
in chronological order. Analysis methods are indicated by small black arrows. Cells in buffy coat samples 
were separated by density gradient centrifugation and peripheral blood mononuclear cells (PBMCs) 
were further purified by erythrocyte lysis. Cells were counted and a sample for FACS was taken. 
Depending on the requirement for the respective experiment, a defined cell number was used for 
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monocyte isolation via CD14+ MACS. Subsequently another FACS sample was taken and CD14+ 
monocytes were cultured for 11 days during macrophage differentiation. Macrophages were then 
infected with Leishmania parasites on day 13 and treated 24 hours post infection (hpi) with drugs or 
hormones. Two days after treatment cells were fixed for subsequent immunofluorescent staining. Before 
fixation the supernatants were aspirated and stored at -20°C until cytokine analysis. Following the 
staining process, cells were imaged with the confocal microscope of the Opera Phenix™ system and 
the images generated were analyzed with Harmony™ to generate various analysis readouts for 
interpretation and statistical evaluation. 

 

2.2.1 Parasite cell culture 

Leishmania promastigotes were kept in solution in M199+ Medium at 25 °C and 

pH = 7,4 in anaerobe condition in T25 flasks without filter cap and were split weekly 

(1:1000 one a week for L. major, 1:300 twice a week for L. infantum) at a confluence 

of approximately 80 % to ensure a representative, living and active parasite state. For 

infection experiments, stationary phase promastigotes were used. These were 

generated by splitting the 80 % confluent culture at a ratio of 1:10 four days before 

infection. Active parasite state was confirmed phenotypically by checking parasite 

motility at the day of infection at 20x magnification under a microscope. 

 

2.2.2 Generation of human primary macrophages from buffy 

coat samples 

To generate an adherent in vitro culture of human peripheral blood monocyte derived 

macrophages (hMDMs), it is necessary to separate monocytes from any remaining 

cells inside the buffy coat sample (Figure 2-3) and cultivate them in the presence of 

M-CSF to differentiate them into macrophages. 

Monocytes can be identified and purified by their characteristic high expression of 

CD14 on the cells surface. This is done by using CD14 magnetic beads in magnetic 

activated cell separation (MACS). Since buffy coats contain a heterogenous mixture of 

different hematopoietic cells that interfere with separation in a magnetic field, it is 

necessary to purify the mixture before MACS to ensure successful monocyte isolation. 

This is achieved by density gradient centrifugation and subsequent erythrocyte lysis. 
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Figure 2-3: Schematic representation of monocyte purification process. Buffy coats from healthy 
donors are used a starting material (1). Density gradient centrifugation is used to separate PBMCs from 
neutrophils, basophils and most erythrocytes (2). To further minimize erythrocyte contamination, 
erythrocyte lysis is carried out (3). Monocytes are then separated by CD14 MACS (4). Source: (Created 
with BioRender) 

 

2.2.2.1 Density gradient centrifugation 

In a first step PBMCs are separated from polymorphonuclear leukocytes and 

erythrocytes in a density gradient. For this, Biocoll with a density of 1.077 g/ml is used 

(Figure 2-4). Monocytes and platelets have a lower density than Biocoll and can be 

found in the supernatant, while granulocytes and erythrocytes can be found at the 

bottom of the tube separated by the Biocoll layer. For this separation step, SepMate 

tubes are used to minimize contamination with the lower layer and to speed up the 

separation process. 
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influx (s. Figure 2-5). This accumulation of intracellular NH4Cl leads to osmotic 

pressure, swelling and rupture of erythrocytes. (Hemker, Cheroutre et al. 2003, Le P. 

Ngo 2016) 

 

Figure 2-5: Schematic representation of the molecular basis of erythrocyte lysis. NH4Cl inside 
lysis buffer can disassociate into NH3 that diffuses through the cell membrane to react with H2O forming 
OH- and NH4

+. The enzyme carbonic anhydrase then catalyzes the formation of HCO3
- with CO2, which 

is exchanged with extracellular Cl- via Band3 anion translocator leading to accumulation of NH4Cl inside 
erythrocytes. Source: (Hemker, Cheroutre et al. 2003) 

 

For removal of any remaining erythrocytes, the cells were resuspended thoroughly in 

5 ml erythrocyte lysis buffer and incubated for 5 min at RT. After adding 5 ml of DPBS, 

cells were centrifuged again for 5 min at 1300 rpm, 4 °C. The cell pellet was 

resuspended in 5 ml DPBS and centrifuged for 5 min at 1300 rpm, 4 °C to further 

remove any remaining traces of erythrocyte lysis buffer. After resuspending the cell 

pellet in 10 ml DPBS, cells were counted in 0,04 % Trypan Blue using a Neubauer 

counting chamber (s. 2.2.2.3) to adjust the cell number for the following MACS step 

and a sample of 1x106 PBMCs was taken for FACS analysis. 
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2.2.2.3 Determination of cell concentration using a Neubauer counting 

chamber 

Cell concentrations in a sample can be determined by a Neubauer counting chamber, 

which utilizes the distribution of a specific volume in a known depth and area of a glass 

slide. Prior to counting, cells are stained with the live/dead staining dye Trypan Blue, 

which colors cells with compromised membranes. Counting a specific area delineated 

by squares impregnated on the chamber slide allows for the determination of cell 

concentration in the solution by the following formula: 

 

Equation 1: Formula for the calculation of living cell concentration from cells counted in a 
Neubauer chamber. The arithmetic mean of unstained cell number counted in four separate squares 
of the chamber is multiplied by the dilution factor and the chamber correction factor. 

 

𝑐 = 𝑛̅ ∙ 𝐹 ∙ 10000 
𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
 

𝑤𝑖𝑡ℎ 𝑐 = 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒, 𝑛 = 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑖𝑛 𝑎 𝑠𝑞𝑢𝑎𝑟𝑒, 𝐹 = 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

2.2.2.4 Determination of cell concentration using a CASY cell counter 

Determination of cell concentration by a CASY counter is enabled by the measurement 

of electric current between two electrodes in a flow cell with defined pore size. As single 

cells with intact membranes pass through the flow cell, their membrane barrier 

interrupts current flow between the electrodes generating a pulse signal proportional 

to their volume and diameter. Dead cells with compromised membranes yield a much 

smaller signal and are excluded. It is important to note, that for counting, cell samples 

must be dissolved in CASYton buffer, a specific electrolyte solution for cell counting, 

in a dilution of 1:1000. 

 

2.2.2.5 Isolation of CD14+ monocytes 

To isolate monocytes from any remaining cells, magnetic activated cell separation with 

anti-human CD14 magnetic beads was used. These magnetic nanoparticles have a 

monoclonal antibody directed against human CD14 cell surface receptor conjugated 

to their surface. After incubation with beads, monocytes can be positively selected via 
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immobilization of beads in a magnetic field, while the supernatant containing CD14- 

cells is removed. Since beads have a specific binding capacity, the cell number for 

bead incubation was adjusted according to manufacturer specifications. 

For the isolation of CD14+ cells, the pellet was resuspended in 2 ml MACS buffer after 

centrifugation for 5 min at 1300 rpm & 4 °C. Subsequently, 50 l of human anti CD14 

antibody-coated magnetic beads were added for every 107 cells and the mix was 

incubated for 30 min at RT. Then the respective volume of MACS buffer was added to 

generate a cell concentration of 1-8x107 cells per ml. The bead-cell suspension was 

transferred into FACS tubes and separated for 10 min at a cell separation magnet. 

Negative fractions of the separation were subsequently pooled and separated again. 

After a second separation step, the tubes were washed to collect any remaining beads 

and positive fractions were collected in  3 ml DPBS. To test for monocyte purity by 

FACS, a sample of 1x106 cells was taken from the CD14 positive fraction after 

separation. The CD14 negative fraction was discarded. CD14+ monocytes were used 

for the generation of macrophages (2.2.2.6). 

 

2.2.2.6 Generation of hMDMs in vitro 

Macrophages can be generated from peripheral blood monocytes in vitro by 

stimulation with M-CSF in the culture medium. Activated monocytes become adhesive 

as macrophages at the culture dish surface, while non-activated monocytes stay in 

solution. Thus, frequent medium changes are deployed as a mechanism for 

macrophage selection. 

It is important to note, that the cRPMI medium used was completed with M-CSF, and 

heat-inactivated, active carbon filtered fetal calf serum (FCS) to deplete any hormones. 

After dissolving the CD14 positive fraction in cRPMI medium, 1x105 CD14+ monocytes 

were seeded in PhenoPlate 96-well plates with a film bottom made from cyclic olefin 

in 200 l per well. Cyclic olefin provides a glass-like, optically clear surface, that allows 

for high quality microscopic imaging. The medium was exchanged for fresh cRPMI at 

day 4 (half medium change), 6 (half medium change) and 8 (full medium change) after 

seeding. 
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2.2.3 Infection and treatment of hMDMs 

2.2.3.1 Infection of hMDMs with Leishmania parasites 

Leishmania infection of human macrophages in vitro was done at day 11 after seeding 

with stationary phase promastigotes as it has been reported previously in literature 

(von Stebut and Udey 2004, Fehling, Choy et al. 2020, Zheng, Chen et al. 2020, 

Fehling, Niss et al. 2021). Previous experiments have shown that a time span of 4 h 

allows for efficient phagocytosis of Leishmania by macrophages (Dissertation Hanno 

Niss, BNITM 2020; Master Thesis Fahten Habib, BNITM 2021) and that L. major 

parasites show better infection characteristics when incubated at a temperature of 

34 °C, similar to the temperature of human skin (Sacks, Barral et al. 1983), compared 

to incubation at 37 °C, which is used for infections with the L. infantum. 

On day 11 after seeding, cells were infected with stationary phase Leishmania 

promastigotes (either L. infantum or L. major) in a MOI of 15:1. For this, parasites were 

counted on a Beckman Coulter/CASY cell counter and the respective amount for a 

MOI of 15:1 was centrifuged at 2500 rpm and 4 °C for 10 min. Subsequently the 

supernatant was discarded, and the parasite solution was adjusted to a parasite 

concentration of 1,5 x 107 cells/ml with cRPMI medium. After removal of the medium 

with a vacuum pump, immediately 100 l of parasite solution was added to the infection 

wells. Uninfected wells were given 100 l of cRPMI medium without parasites. Cells 

infected with Leishmania infantum were incubated at 37 °C, 5 % CO2 and cells infected 

with Leishmania major at 34 °C, 5 % CO2. After 4 h of incubation, cells were washed 

twice with 150 l of warm DPBS to remove remaining extracellular parasites. 

Subsequently 200 l of cRPMI Medium were added and cells were further incubated 

at the temperature of the respective parasite (34 °C / 37 °C). 

 

2.2.3.2 Treatment with different drug combinations 

Different reference drugs were used for the treatment of Leishmania-infected hMDMs. 

Amphotericin B and Miltefosine were used as leishmanicidal drugs, while Imiquimod 

and Eh-1 represent immune response modifiers. Two therapeutic strategies were 

used: mono treatment and combination treatment. 
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Drugs were administered as mono treatment in the following concentrations:  

 

Amphotericin B:  0,01 M, 0,1 M, 0,5 M and 1 M 

Miltefosine:   1 M, 5 M, 10 M and 15 M  

Imiquimod:   1 M, 5 M and 10 M 

Eh-1:    1 M, 5 M and 10 M 

 

For combination treatments each concentration of the leishmanicidal drugs (AmpB/Mil) 

was tested with each concentration of the immune response modifiers (Imi/Eh-1): 

 

Amphotericin B + Imiquimod:  

0,01 M AmpB + 1 M Imi, + 5 M Imi, + 10 M Imi 

0,1 M AmpB + 1 M Imi, + 5 M Imi, + 10 M Imi 

0,5 M AmpB + 1 M Imi, + 5 M Imi, + 10 M Imi 

1 M AmpB + 1 M Imi, + 5 M Imi, + 10 M Imi 

 

Amphotericin B + Eh-1:  

0,01 M AmpB + 1 M Eh-1 + 5 M Eh-1, + 10 M Eh-1 

0,1 M AmpB + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

0,5 M AmpB + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

1 M AmpB + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

 

Miltefosine + Imiquimod:  

1 M Mil + 1 M Imi, 5 M Imi, + 10 M Imi 

5 M Mil + 1 M Imi, + 5 M Imi, + 10 M Imi 

10 M Mil + 1 M Imi, + 5 M Imi, + 10 M Imi 

15 M Mil + 1 M Imi, + 5 M Imi, + 10 M Imi 

 

Miltefosine + Eh-1:  

1 M Mil + 1 M Eh-1 + 5 M Eh-1, + 10 M Eh-1 
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5 M Mil + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

10 M Mil + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

15 M Mil + 1 M Eh-1, + 5 M Eh-1, + 10 M Eh-1 

 

Each drug treatment was tested in four technical replicates, while uninfected and 

infected untreated controls were carried out in eight technical replicates. 

 

24 h post infection medium of the wells was discarded and immediately replaced with 

100 l of fresh cRPMI Medium. Drug combinations were prepared in cRPMI Medium 

and 100 l of each drug combination was added to the cells. 

Because of its amphiphilic nature, Eh-1 forms micelles at RT. Therefore, Eh-1 vials 

were sonicated for 10 min at 37 °C and vortexed thoroughly before use. 

Cells were incubated for 48 h at 34 °C / 37 °C, 5 % CO2 with the respective drugs. 

Subsequently, supernatants were collected and frozen at -20 °C for further analysis. 

After that, cells were fixed as described in 2.2.3.3. 

 

2.2.3.3 Cell fixation 

Cell fixation is a method, that is deployed to preserve the given state of a cell. Chemical 

fixatives like paraformaldehyde (PFA) covalently cross-link all proteins in the cell 

stopping all biological processes while improving mechanical stability. 

Cells were washed twice with 200 l of warm DPBS. Subsequently, 150 l of 4 % PFA 

in PBS were added and incubated for 20 min to fixate cells. Finally, cells were washed 

again with 200 l DPBS and stored at 4 °C in 200 l DPBS until immunofluorescence 

staining (s. 2.2.4.3). 

 

2.2.3.4 Stimulation of hMDMs with different sex hormones during 

Leishmania infection 

To test the influence of human sex hormones on the infection of hMDMs with 

Leishmania infantum, Dihydrotestosterone (DHT) and 17β-Estradiol (E2) were added 

to the medium in different concentrations. 
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DHT reaches concentrations of up to 3 nM in the blood of human adult males 

(Swerdloff, Dudley et al. 2017). Typical concentrations for in vitro DHT stimulation 

range from 1 - 100 nM in literature (Guth, Bohm et al. 2004, Cai, Hong et al. 2011, Lee, 

Kim et al. 2019). After an initial experiment in this range had shown no effect (data not 

shown), the following concentrations were used for DHT: 

DHT: 10 nM, 50 nM, 100 nM, 500 nM, 1 µM, 5 µM  

E2 blood levels range from 0,1 nM - 1,5 nM in human adult females (Laboratories 

2022). For Estradiol, concentrations of 0,1 nM - 10 µM can be found in literature (Behl, 

Widmann et al. 1995, Pentikainen, Erkkila et al. 2000, Rogers and Eastell 2001). Thus, 

the following concentrations were used during the experiments: 

E2:  10 nM, 100 nM, 500 nM, 1 µM, 2 µM, 5 µM 

Importantly, for these experiments cRPMI medium without phenol red was used since 

it has been shown to be a weak estrogen receptor antagonist (Berthois, 

Katzenellenbogen et al. 1986).  

Buffy coat samples were purified and monocytes differentiated into macrophages (in 

cRPMI without phenol red) as described in 2.2.2. Before infection, medium was 

discarded and replaced with 200 µl of cRPMI containing the respective sex hormone 

concentration. After incubation for 30 min, the medium was removed, and infection with 

L. infantum (MOI 15:1) was carried out as described in 2.2.3.1. Cells were fixated 24 

h.p.i. as described in 2.2.3.2 until immunofluorescence staining (s. 2.2.4.3). 

 

2.2.4 Analysis methods 

2.2.4.1 Surface marker staining and fluorescence activated cell sorting 

(FACS) of monocytes0 

FACS is a technique based on the analysis of fluorescent signals inside a flowing 

sample. It can be used to detect and count the number of fluorescent signals in a 

sample. Inside the cytometer a point laser is placed next to a flow cell. As the sample 

is pumped through the flow cell, the laser induces fluorescence of the analyte, which 

will be converted into digital information by several photodetectors. These detect 

forward scatter, side scatter and fluorescence signals. Based on these signals, 

analytes inside the sample can also be sorted (BosterBIO 2022). In this case FACS is 
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used to count the number of monocytes inside samples before and after MACS to 

ensure successful purification.  

FACS samples of 1x106 cells were taken before (PBMCs) and after MACS (CD14+ 

fraction). An unstained control of 1x106 PBMCs was used to get information about any 

fluorescent background signals. The cross talk of fluorescent signals in the panel has 

been previously compensated in the flow cytometry software by our research group. 

Samples were purified, stained, and analyzed on the same day and kept on ice during 

the purification and staining process until fixated. 

Samples were stained with fluorescent antibodies for the surface markers CD14, HLA-

DR, CD16 and the live/dead marker zombie UV (Table 2-12). 

Samples were collected and dissolved in 1 ml DPBS in FACS tubes on ice. In a first 

step, cell pellets were washed in FACS buffer. This was achieved by centrifugation at 

1400 rpm and 4 °C for 5 min, removal of the supernatant, addition of 1 ml FACS buffer 

and another centrifugation step at 1500 rpm and 4 °C for 5 min. After that, the 

supernatant was discarded, and cells were incubated with the surface marker staining 

panel (Table 2-12) for 30 min at 4 °C in the dark. The antibody mixture was prepared 

with the respective volumes in Table 2-12 and filled ad 50 l with FACS buffer. For 

live/dead staining, a control sample was incubated with 50 l Zombie UV in a dilution 

of 1:4000 in PBS.  Subsequently, 1 ml of FACS buffer was added to wash off remaining 

unbound antibodies and cells were centrifuged at 1500 rpm and 4 °C for 5 min. After 

removal of the supernatant, cells were resuspended in 100 l of FIX solution and 

incubated for 30 min at 4 °C in the dark to fixate the antibody staining. The fixation 

process was stopped by addition of 1 ml PermWash solution. After centrifugation at 

1500 rpm and 4 °C for 5 min, discarding of the supernatant and another washing step 

with 1 ml PermWash solution followed by centrifugation at 1500 rpm and 4 °C for 5 min 

and removal of the supernatant, cells were resuspended in 150 l of PermWash 

solution and measured at a Cytek FACS Aurora cytometer. This device is equipped 

with four lasers (405, 488, 561 and 640 nm) for the excitation of fluorescence and can 

detect fluorescence in 48 channels. For each sample, 5x105 events were recorded. 
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Table 2-12: Antibody panel used for FACS analysis of purification efficiency and identification of CD14+ 
monocytes 

Antigen Fluorochrome Description/Function (mainly) Expressed on Excmax Emimax 
Volume 

(µl) 

CD14 BV510 
Co-receptor for TLR mediated 

LPS binding (Zanoni and 
Granucci 2013) 

Monocytes/Macrophages 
(Ong, Teng et al. 2019) 

405 510 3,5 

HLA-DR BUV395 

MHC class II receptor 
involved in antigen 

presentation (Murphy and 
Weaver 2016) 

Monocytes/Macrophages, 
DCs, activated B-cells 

(Murphy and Weaver 2016) 
348 395 4,5 

CD16 PerCP 
Part of IgG Fc binding 

receptor (Murphy and Weaver 
2016) 

Monocytes/Macrophages, 
Neutrophils (Murphy and 

Weaver 2016) 
480 675 3 

live/dead Zombie UV 
staining of cells with non-

intact membranes (Biolegend 
2019) 

- 360 455 
1,25 

(1:100) 

 

2.2.4.2 Cytokine analysis using immunoassays 

To investigate the cytokine profiles of Leishmania-infected and treated human 

macrophages, a LEGENDplex immunoassay by Biolegend was used to allow for 

quantification of extracellular cytokine/chemokine concentrations. In cooperation with 

Biolegend a custom cytokine panel was designed containing the following analytes:  

IL-12p70, TNF-α, IL-6, IL-10, IL-1β, Arginase, CCL17, IL-23, IFN-γ, CXCL10, IL-18, CCL2 

The assay uses cytokine specific beads labeled with fluorochromes. Allophycocyanin 

(APC) labeling of different intensity and varying bead size allow for distinction between 

analytes during analysis in a flow cytometer. Analytes bind to specific antibodies on 

bead surface and staining is achieved using biotinylated secondary antibodies. Biotin 

residues are then labeled by binding of Phycoerythrin (PE) conjugated streptavidin. 

Quantification of analyte concentration is achieved by using a standard for calibration. 

A schematic overview of LEGENDplex principle can be found in Figure 2-6. Flow 

cytometry data were evaluated for analyte concentrations using Biolegend’s Qognit 

Cloud-Based Data Analysis Software. 

LEGENDplex assays were performed in a 96-well V-bottom plate. Standard calibration 

was done according to manufacturer specifications. 
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Figure 2-6: Schematic representation of LEGENDplex assay principle. Analytes are bound to 
antibody coated beads (1.), which are then labeled with biotinylated detection antibodies allowing for 
streptavidin-PE mediated fluorescent signaling proportional to the respective analyte concentration (2.). 
Fluorescent signals can be measured in a flow cytometer (3.) and assigned to the respective analyte 
via distinction in APC signal and bead size (4.). (Biolegend 2022) 

 

For the reaction, 10 µl of cell culture supernatant or standard were mixed with 10 µl of 

assay buffer and 10 µl of pre-mixed beads. To avoid aggregation, beads were 

sonicated for 1 min and vortexed thoroughly before use. The mixture was incubated 

for 2 h at 800 rpm and RT on an orbital laboratory shaker in the dark. After sample 

binding, plates were centrifuged at 1050 rpm and RT for 5 min. The supernatant was 

discarded and beads were washed in 200 µl of washing buffer at 800 rpm for 1 min to 

get rid of remaining unbound sample before being centrifuged at 1050 rpm and RT for 

5 min. Subsequently, 10 µl of detection antibody were added and the mixture was 

incubated for 1 h at 800 rpm and RT on an orbital laboratory shaker in the dark. After 

that, 10 µl of PE conjugated streptavidin were added without washing and the mixture 

was incubated for another 30 min at 800 rpm and RT on an orbital laboratory shaker 

in the dark. In a final washing step 200 µl of washing buffer were added and the plate 

was centrifuged at 1050 rpm and RT for 5 min after being shook for 1 min at 800 rpm. 

Supernatants were discarded and the bead mixture was dissolved in 150 µl of washing 

buffer before flow cytometry analysis at the LSR II. For each sample 3600 counting 

events were recorded. 
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2.2.4.3 Immunofluorescence staining 

Immunofluorescence staining was used for visualization of macrophages and 

Leishmania parasites in preparation for subsequent confocal imaging and image 

analysis with Harmony™ software. Specific binding of analytes with monoclonal 

antibodies and subsequent binding of fluorophore coupled secondary antibody, as well 

as the use of fluorescent DNA binding dye allows for detection and localization of cells 

and parasites during fluorescence microscopy. 

For staining of Leishmania and macrophage cytoplasm, an antibody directed against 

90 kDa heat shock protein (Hsp90) was used. 4',6-Diamidino-2-phenylindol (DAPI) was 

used for staining of nuclei. Alexa 647 was used as fluorochrome for the secondary 

antibody. 

First, cells were washed twice with 200 l of washing buffer containing Triton X-100 for 

5 min at 300 rpm, RT on an orbital laboratory shaker. To permeabilize the cell 

membrane, cells were incubated with 150 l of permeabilization buffer containing 

Triton X-100 and NH4Cl for 15 min at 300 rpm, RT. To minimize unspecific binding, 

150 l of blocking solution containing bovine serum albumin (BSA) were added and 

incubated for 30 min at 300 rpm, RT. Subsequently 60 l of -HSP90 primary antibody 

(mouse) in blocking solution were added in a dilution of 1:4000 and incubated for 1,5 h 

at 300 rpm, RT. After that, cells were washed three times with 200 l of washing buffer 

for 5 min at 300 rpm, RT. For incubation of the secondary antibody (Alexa Fluor 647 

goat--mouse) the 96-well plates were covered with aluminum foil to ensure proper 

function of the fluorescent dye. The secondary antibody was diluted 1:8000 in blocking 

buffer with 36 M DAPI. Then, 60 l of this solution were added to the cells and 

incubated for 1h at 300 rpm, RT. To complete the staining procedure, cells were 

washed twice with 200 l of washing buffer and subsequently with 200 l of PBS. Cells 

were then stored in 200 l of PBS in the dark at 4 °C until measurement. 
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2.3 High content screening using automated confocal 

microscopy 

High content screening analyses are a common tool for rapid in vitro drug screenings. 

Combining high content screening with automated confocal microscopy and image 

analysis allows for rapid evaluation of drug screening experiments. In a first step 

images are generated by automated, confocal fluorescence microscopy, which are 

subsequently analyzed with a custom-made image analysis sequence for phenotypic 

screening of parasite infection by a drug screening image analysis software. For 

imaging, the confocal microscope of the Opera Phenix™ high content screening unit 

was used and the respective Harmony™ software by Perkin Elmer allowed for 

subsequent image analysis. 

   

2.3.1 Confocal microscopy with the Opera Phenix™ unit & 

Harmony™ image analysis software 

With its spinning disc confocal microscope, the Opera Phenix™ unit is capable of 

imaging fluorescent signals on different wavelengths. During the experiments, images 

were made in confocal mode, which is often used in fluorescent imaging to increase 

resolution (Alberts 2008). Moreover, spinning disc synchrony optics allowed for the 

efficient reduction of emission cross talk (s. Figure 2-7) (Angelika Foitzik 2015). 

During the experiments excitation of fluorescent Alexa Fluor 647 and DAPI was 

achieved with the 640 nm and 405 nm laser of the Opera Phenix™. Alexa Fluor 647 

was exposed to the 640 nm laser for 500 ms at 100 % power, while DAPI was exposed 

to the 405 nm laser for 400 ms at 100 % power. Images were generated with large-

format sCMOS cameras (16-bit, 4.4 megapixels, 2100 x 2100 resolution, 6.5 µm pixel 

size). Images were taken at 15 different positions in each well in image stacks ranging 

from -11 µm to 1 µm as seen in Figure 2-8. Stack images were layered to increase 

resolution allowing for generation of representative, high resolution pictures for 

subsequent evaluation with Harmony™. 
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The high content screening analysis software Harmony™ can be used for phenotypical 

analysis of fluorescence microscopy images according to different criteria like shape 

and size of fluorescent signals. Subsequently, these data can be related to certain 

evaluation parameters like cell morphology or intracellular/extracellular pathogens. 

Fluorescent signals were generated in two channels following excitation with the 

640 nm laser and excitation with the 405 nm laser. The evaluation process is divided 

into separate image processing steps that each segmentize the image depending on 

signals of the fluorescent channels, define regions of interest, quantify signals in these 

regions, define subpopulations and generate a readout value. 

Utilizing various processing steps and the software’s training mechanism, an image 

analysis sequence for the identification of hMDMs, Leishmania parasites and 

polarization status of macrophages has been set-up in previous work (Dissertation 

Hanno Niss, BNITM 2020; Master Thesis Fahten Habib, BNITM 2021).  

First, the analysis sequence detects nuclei and cytoplasm based on intensity and 

morphology properties of Alexa 647 and DAPI signal. Subsequently, the cytoplasm is 

defined as the region of interest, where spots are identified (again by intensity and 

morphology). These spots are then analyzed for their properties and classified based 

on highly selective criteria for the identification of Leishmania. Like this, infection of 

macrophages with Leishmania parasites can be automatically evaluated. 

Some exemplary images of the most important steps of the analysis sequence can be 

found in Figure 3-3. For a more details of image analysis parameters see 6.1 in the 

appendix. 

The custom-made analysis sequence generates several readouts. The following were 

used for subsequent data analysis: total macrophages per well, total leishmania per 

well, infected macrophages per well, percent % M1 shaped macrophages of total 

macrophages, percent % M2 shaped macrophages of total macrophages 
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2.3.2 Drug screening parameters and quality control for high 

content screening 

2.3.2.1 Introduction of drug screening readout parameters 

In drug screening experiments, not all parameters can be kept exactly reproducible like 

e.g. number of macrophages or Leishmania. Thus, for comparability, it is important to 

generate relative evaluation parameters. Important evaluation factors of parasite drug 

screenings are cell viability (gives information about the toxicity of a drug), infection 

rate and parasite burden. These parameters can be calculated by normalization of the 

data sets total macrophages, % infected macrophages and total leishmania of each 

well to the mean value of the infected untreated control yielding a value in percent of 

the control (“POC”). This leads to the following equations for the respective readout 

parameters: 

 

Viability: 

Equation 2: Calculation of the viability as the total macrophages of a well normalized to the mean of 
the infected untreated control yielding the percentage of control “POC” 

  

% 𝑃𝑂𝐶 =  
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠 𝑜𝑓 𝑤𝑒𝑙𝑙 𝑋

𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

Infection Rate: 

Equation 3: Calculation of the infection rate as the % infected macrophages of a well normalized to the 
mean of the infected untreated control yielding the percentage of control “POC” 

% 𝑃𝑂𝐶 =  
% 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠 𝑜𝑓 𝑤𝑒𝑙𝑙 𝑋

𝑚𝑒𝑎𝑛 𝑜𝑓 % 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

Parasite Burden: 

Equation 4: Calculation of the parasite burden as the total leishmania of a well normalized to the mean 
of the infected untreated control yielding the percentage of control “POC” 

% 𝑃𝑂𝐶 =  
𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑖𝑠ℎ𝑚𝑎𝑛𝑖𝑎 𝑜𝑓 𝑤𝑒𝑙𝑙 𝑋

𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑖𝑠ℎ𝑚𝑎𝑛𝑖𝑎 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
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These parameters allow for comparison of treatment between the two Leishmania 

strains since they do not show the same infection characteristics in vitro. 

 

2.3.2.2 Quality control for high content screenings 

Since high content drug screenings have a high requirement of measurement 

precision, assay quality control can be done by calculation of the Z’-Factor 

(Birmingham, Selfors et al. 2009). It compares deviations of positive and negative 

controls and gives a statistical tool for the evaluation of assay performance. 

 

Z’-Factor: 

Equation 5: Calculation of the Z’-factor. Assuming a Gaussian distribution of sample data, the Z’-Factor 
gives information about assay precision by comparison of standard deviations and means of positive 
and negative control. 

𝑍′ = 1 −
3 ∙ (𝜎𝑝𝑜𝑠 − 𝜎𝑛𝑒𝑔)

|𝑥𝑝𝑜𝑠̅̅ ̅̅ ̅̅ − 𝑥𝑛𝑒𝑔̅̅ ̅̅ ̅̅ |
 𝑤𝑖𝑡ℎ 

 𝜎𝑝𝑜𝑠
𝑛𝑒𝑔

= 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑜𝑟 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 & 

  𝑥𝑝𝑜𝑠
𝑛𝑒𝑔

̅̅ ̅̅ ̅̅ = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑜𝑟 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙  

 

2.4 Statistical analysis methods 

All data was generated in at least three replicates and compared between independent 

sample groups (e.g. untreated cell and treated cells). For statistical comparison 

unpaired two tailed t-tests are used, which assume a Gaussian distribution of data 

(Motulsky 2016, Frost 2018). Student’s t-statistic gives information about the 

probability of a difference between two data sets considering the mean, sample size 

and variance of each data set (Motulsky 2016, Frost 2018) The probability of difference 

between the data sets is represented by the p-value. Unpaired, two-tailed t-tests were 

carried out using the software GraphPad PRISM (version 8). 

Significances are displayed by the software PRISM as follows: 

ns  p ≥ 0,05  (not significant) 
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*  p ≤ 0,05 

**  p ≤ 0,01 

***  p ≤ 0,001 

****  p ≤ 0,0001 
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3 Results 
 

3.1 FACS analysis of monocyte purity before and after 

MACS separation 

In blood samples, usually three monocyte populations with different degrees of 

CD14/CD16 expression can be detected by fluorescence activated cell sorting (FACS) 

(Yang, Zhang et al. 2014). Because of their high degree of CD14 expression, 

monocytes for in vitro studies are often purified via CD14 positive selection in magnetic 

activated cell separation (MACS). This method shows high monocyte yields and high 

degrees of purity compared to other methods (Nielsen, Andersen et al. 2020). After 

density gradient centrifugation and erythrocyte lysis, monocytes were purified with 

MACS separation using CD14 magnetic beads. This step is crucial for minimizing 

contamination with other cell types, which could heavily influence experiment 

outcomes. After HLA-DR, CD14 and CD16 surface marker staining, FACS analysis 

was used for determination of monocyte purity. 

For the analysis of flow cytometry data, the gating scheme shown in Figure 3-1 was 

used. In a first step lymphocytes are separated from any cell debris according to size 

and granularity by forward and side scatter area signals (FSC-A & SSC-A), 

respectively. Subsequently single cells are selected by their difference in size 

compared to doublets or aggregates via forward scatter area and height (FSC-A & 

FSC-H). Zombie-UV dye cannot access alive cells with intact membranes but will color 

dead cells with compromised membranes allowing for gating of living cells, which do 

not show any Zombie-UV signal. In a next step, HLA-DR is used to separate 

monocytes from neutrophils and NK cells. Subsequently monocytes and monocyte 

subsets can be identified by their degree of CD14/CD16 expression. Non-classical 

monocytes are characterized by high CD16 expression, intermediate monocytes show 

both CD14 and CD16 expression and classical monocytes are characterized by high 

CD14 expression. 

Compared to the sample before MACS (Figure 3-1 A), after purification, cells showed 

a higher degree of SSC-A in the first gating step (Figure 3-1 B). Both samples 

consisted mostly of single cells, but after purification a bigger portion of cells showed 

a Zombie UV signal (7,2 % less cells in “alive” gate). The degree of HLA-DR signal in 
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3.2 HCS assay for the infection of human primary 

macrophages with Leishmania ssp. 

3.2.1 Confocal imaging of hMDMs infected with L. infantum and 

L. major 

After differentiation of monocytes to macrophages using M-CSF, hMDMs were infected 

with Leishmania infantum and Leishmania major. Infections were carried out in a MOI 

of 15:1. After immunofluorescence staining of HSP-90 and DNA, with the help of the 

Opera Phenix confocal microscope the following images were created in infected 

untreated cells: 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2: Confocal microscopy images of L. infantum (A) and L. major (B) in infected 
macrophages (MOI 15:1). Shown here are macrophages from a male individual (m3) that were infected 
with L. infantum (A) and another male individual (m7) that were infected with L. major (B).  Fluorescence 
signals of Alexa647 (red) and DAPI (blue) were detected and visualized with the confocal microscopy 

unit of the Opera Phenix system as described in 2.3.1. Scale bar = 100 m 

 

Figure 3-2 shows that staining of HSP-90 in Leishmania and macrophages and DNA 

in macrophage nuclei, Leishmania nuclei and Leishmania kinetoplast (very small DAPI 

spot inside Leishmania lumen, not visible in the images) could be achieved with Alexa 



Results 

 

Master Thesis Max Hüppner 62 

Fluor 647 and DAPI, respectively. Leishmania parasites could be found in cell 

cytoplasm primarily in their amastigote form, which is characterized by their oval shape 

and small size of around 2 µm in diameter. 

 

3.2.2 Using Harmony™ analysis sequence for high content drug 

screening of Leishmania infected hMDMs 

Confocal images created with the Opera Phenix™ were evaluated using the high 

content screening analysis software Harmony™. An analysis sequence for the 

identification of Leishmania parasites and macrophage polarization states was used to 

generate different analysis readouts. Figure 3-3 shows some exemplary outputs of 

processing steps inside the used analysis sequence. 

Leishmania can be identified by their abundant Hsp90 expression, which is a protein 

conveying temperature and pH resistance highly expressed in Leishmania parasites 

(2,8 % of total protein) (Brandau, Dresel et al. 1995). In human cells HSP90 is 

expressed in the cytoplasm to a much lesser extent (1-2 % of total protein) allowing for 

differentiation between human cells and parasites while staining hMDM cytoplasm for 

morphology investigation (Chen, Piel et al. 2005).  

Leishmania parasites and infected macrophages could be reliably detected in their 

image analysis building blocks of the analysis sequence. Macrophages were counted 

by the signals of their nuclei and could be successfully classified into M1/M2 state by 

evaluation of their phenotype. 

Generally, L. major parasites showed much higher numbers in macrophage samples 

upon infection compared to L. infantum. For L. major around 15 000 parasites were 

found in a well, while during L. infantum infection only around 4000 parasites could be 

detected. 
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Figure 3-3: Exemplary images of hMDMs infected with L. infantum parasites (MOI 15:1) after 
immunofluorescent staining as described in 2.2.4.3 made with the 20x water objective (NA = 1,0) 
of the Opera Phenix™ confocal microscope. Macrophages were generated from a blood sample of 
a male individual (m3). Shown here are Harmony™ software outputs at different steps of the analysis 
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sequence. The input image (1) shows fluorescence of DAPI (blue) and Alexa Fluor 647 (red). These 
fluorescent signals are used to generate the outputs “cytoplasm” (2, red), “Leishmania” (3, red), “infected 
macrophages” (4, green border), “M1 macrophages” (5, green) and “M2 macrophages” (6, green) of 

different processing steps. Scale bar = 100 m 

 

3.3 Analyzation of sex differences in infection 

characteristics 

It has been shown that parasite induced diseases show an infection bias toward male 

gender (Sellau, Groneberg et al. 2019). They show a higher susceptibility and higher 

parasite load during Leishmania infection (de Araujo Albuquerque, da Silva et al. 

2021). Moreover, macrophage polarization and cytokine response play important roles 

during disease development, as they regulate Th1 and Th2 responses (Italiani and 

Boraschi 2014).  

During the work for this thesis, multiple infections of male and female macrophages 

with both L. infantum and L. major were carried out (MOI 15:1) generating data from 

five male and five female individuals for L. infantum infection and three male and two 

female individuals for L. major infection. For each experiment, eight technical replicates 

of infected untreated control give information about general infection behavior, which 

can be compared to eight technical replicates of uninfected control cells. Each replicate 

well contained 1x105 of isolated monocytes. During image analysis around 3000-6000 

macrophages were analyzed per well. 

In the analysis sequence used, macrophage polarization status is analyzed according 

to morphology. It has been shown in previous experiments, that surface marker 

signature from M1 or M2 polarized hMDMs correlates with their morphology. 

Macrophages polarized into M1 state by stimulation with GM-CSF and IFN- show a 

round morphology and are generally smaller compared to macrophages polarized into 

M2 state by stimulation with M-CSF and IL-4, that show an elongated, spindle-like 

morphology. Based on this, morphology parameters in the analysis sequence (cell 

roundness, cell width, cell length and width to length ration) were adjusted to identify 

M1 and M2 phenotype in previous work (Master Thesis Fahten Habib, BNITM 2021). 

Generally, M1/M2 state evaluation must be handled with care since cell morphology 

can vary extensively. For trustable results, an additional FACS analysis with M1/M2 

state markers or a transcriptome analysis should always be carried out.  
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For the M1/M2 analysis in this thesis I rely on the confirmation of phenotypical M1/M2 

state analysis of hMDMs by FASC of previously generated results (BNITM, Fehling et 

al., unpublished). During the study “M1-like macrophages” were generated by 

stimulation with GM-CSF and IFN- and “”M2-like macrophages” were generated by 

stimulation with M-CSF and IL-4. Both macrophage populations were analyzed 

regarding M1 and M2 phenotype with the analysis sequence used during my 

experiments and compared by FACS analysis of the M1 surface markers CD86, CD64, 

CD68 and HLA-DR and M2 surface markers CD163, CD200R and CD206. The results 

in Figure 3-4 show, that M1-like macrophages are recognized by the analysis 

sequence as M1 macrophages, while M2-like macrophages are predominantly 

recognized as M2 macrophages. 

  

Figure 3-4: Percentage of M1- and M2-like macrophages in samples stimulated with GM-CSF and 

IFN- (M1-like macrophages), and M-CSF and IL-4 (M2-like macrophages) as classified by the 
Harmony™ analysis sequence used during the experiments. Macrophages stimulated with GM-

CSF and IFN- are recognized by the analysis sequence as M1 macrophages, while macrophages 
stimulated with M-CSF and IL-4 are predominantly declared as M2 macrophages. Source: (BNITM, 
Fehling et al., unpublished) 

 

Figure 3-5 shows, that M1 markers are significantly upregulated in M1-like 

macrophages compared to M2-like macrophages, which show significantly higher 

expression of M2 markers. 
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Figure 3-5: FACS analysis of M1 and M2 surface marker expression of M1- and M2-like 
macrophages. After surface marker staining of M1 markers (CD86, CD64, CD68 and HLA-DR) and M2 
markers (CD163, CD200R and CD206) for M1-like and M2-like macrophages, M1-like macrophages 
show significantly higher mean fluorescence intensities (MFIs) for M1 markers compared to M2-like 
macrophages, while M2-like macrophages show higher MFIs for M2 markers. Source: (BNITM, Fehling 
et al., unpublished) 

 

To see if there are differences in gender specific infection intensity, the percentage of 

infected macrophages from infected untreated controls of all male and female 

individuals were analyzed for both parasites (Figure 3-6 A & B). 

Since Leishmaniasis disease is driven by differences in Th1 and Th2 responses, 

analyzation of changes in M1/M2 state following Leishmania infection are compared 

for each macrophage activation state and gender respectively (Figure 3-6 C – F). 
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Figure 3-6: Differences observed 72 h after L. major (left) and L. infantum (right) infection (MOI 
15:1) of macrophages from seven male (L. infantum: m1, m2, m3, m4 & m5; L. major: m5, m6 & 
m7) and six female (L. infantum: f1, f2, f3, f4 & f5; L. major: f5 & f6) individuals. Immunofluorescent 
staining and image analysis with Harmony™ allowed for the evaluation of infected macrophages and 
macrophage phenotype as described in 2.3.1 and 2.3.2.1. Shown here are the difference in infected 
macrophages (in %) of male and female individuals for L. infantum (A) and L. major (B) infection as well 
as the difference in M1 (C & D) and M2 (E & F) phenotype (in % of total macrophages) between 
uninfected and infected macrophages of male and female individuals in violin plots. Distribution of data 
points is represented by the body width of the violin plot. Median and standard deviation are represented 
by the centered and outer lines inside the violin body, respectively. 

 

In L. infantum infection experiments significantly higher percentages of male 

macrophages were infected compared to female macrophages (**, p = 0,0044), while 

in L. major infection no significant difference was observed (ns, p = 0,4488). In 

L. infantum infection, both genders showed a rather stable infection of around 30-60 % 

of macrophages. In L. major infection a much higher scattering of the percent of 

infected macrophages could be observed. Around half of the infection experiments 

showed infection of around 20-40 % of macrophages, while the other half showed 

infection of around 60-80 %.  

Following L. infantum infection, females showed a significant increase in macrophages 

with M1 phenotype (*, p = 0,0465) and a significant decrease in macrophages with M2 

phenotype (**, p = 0,0032), while for males no significant differences in M1/M2 

phenotype were observed, although a tendency toward reduction of M2 phenotype 

could be seen (Figure 3-6 E, p = 0,0776). In L. major infection, male macrophages 

showed a significant increase in M1 phenotype (*, p = 0,0237), but no difference in M2 

phenotype (ns, p = 0,1255). Female macrophages showed no significant difference in 

M1 phenotype (ns, p = 0,3207) but a significant decrease in M2 phenotype (*, p = 

0,0308).  

When comparing male and female macrophage polarization response to L. infantum 

infection, no significant differences in M1/M2 state could be observed between the 

sexes. In L. major infection however, females showed significantly more macrophages 

with M1 phenotype in both uninfected and infected cells (uninfected: ***, p = 0,0008; 

infected: **, p = 0,0098). 
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3.3.1 Comparison of drug mono treatment strategies for 

Leishmania infantum and Leishmania major infection of 

hMDMs 

To compare drug treatment efficiencies, in vitro cultures of hMDMs were infected with 

Leishmania infantum and Leishmania major in a MOI of 15:1 and treated with different 

concentrations of Amphotericin B, Miltefosine, Imiquimod and Eh-1 24 h.p.i. for a 

duration of 48 h. Amphotericin and Miltefosine are FDA approved leishmanicidal drugs 

for the treatment of human visceral Leishmaniasis (FDA 2014, FDA 2022). Imiquimod 

is an immune stimulant, that has shown effectiveness in topical application in 

cutaneous Leishmaniasis (Fuentes-Nava, Tirado-Sanchez et al. 2021). These drugs 

are used as references. Eh-1 is a promising drug candidate for immune stimulation 

therapy in Leishmaniasis, that is compared to its commercial counterparts ´(Fehling, 

Choy et al. 2020). Treatment effects were analyzed after immunofluorescence staining 

by confocal imaging with the Opera Phenix and subsequent image analysis with 

Harmony™ allowing for the visualization of cells and parasites. With the help of an 

analysis sequence, readouts were generated that allowed for the calculation of 

normalized drug screening parameters viability, infection rate and parasite burden. 

To evaluate beneficial and cytotoxic treatment effects, viability, infection rate and 

parasite burden are compared between the different drugs and concentrations. 

Uninfected and infected untreated controls are used as references. The drug screening 

parameter viability is used to test for drug toxicity. It gives information about the number 

of alive macrophages compared to the negative control (infected untreated). A drug is 

considered toxic when it yields a viability of ≤ 50 POC. Leishmanicidal drug effects can 

be evaluated with infection rate and parasite burden. The infection rate compares the 

percentage of infected macrophages of wells with drug treatment with the infected 

untreated control. Drug efficacy on Leishmania infection can be seen by reduction in 

infection rate, while direct killing effects on Leishmania are displayed by the parasite 

burden, which represents the total number of Leishmania in a treated well compared 

to the infected untreated control. Analysis of infection rate and parasite burden of 

uninfected cells can give valuable information about image quality and success of 

image analysis sequence. 
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3.3.1.1 L. infantum infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7: Viability of male and female macrophages 72 h after L. infantum infection and 48 h of 
mono-treatment with different drugs in percentage of infected untreated control (POC). 24 h after 
infection (MOI 15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered 
in the given concentrations in four technical replicates each. Immunofluorescent staining and image 
analysis with Harmony™ allowed for the evaluation of macrophage viability as explained in 2.3.1 and 
2.3.2.1. Macrophages were obtained from three male and three female individuals (Eh-1: m3, m4, m5, 
f3, f4, f5; Imiquimod: m1, m2, m5 (x2), f1, f2, f5 (x2); Amphotericin B: m1, m3, m5 (x2), f1, f3, f5 (x2); 
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Miltefosine: m2, m4, m5, f2, f4, f5) yielding a total biological sample size of n = 6. The dotted line 
represents 50 % of infected untreated cell viability, which is used as a threshold for drug toxicity. Drugs 
yielding a viability of ≤ 50 % are considered toxic. Shown here are uninfected control, infected untreated 
control (both with eight technical replicates per individual) and respective concentrations of immune 
stimulants (Eh-1, Imiquimod) or leishmanicidal drugs (Amphotericin B, Miltefosine) in violin plots. 
Distribution of data points is represented by the body width of the violin plot. Median and standard 
deviation are represented by the centered and outer lines inside the violin body, respectively. 

 

Figure 3-7 A shows, that macrophages treated with Eh-1 had significantly higher 

viability compared to infected untreated cells (1 𝜇M: **, p = 0,0035; 5 𝜇M: ****, 

p < 0,0001; 10 𝜇M: ****, p < 0,0001) in L. infantum infection. This effect increased with 

Eh-1 concentration.  

Imiquimod treatment in a concentration of 5 𝜇M or 10 𝜇M also yielded a significantly 

higher viability compared to infected untreated cells (5 𝜇M: ****, p < 0,0001; 10 𝜇M: 

****, p < 0,0001)  as seen in Figure 3-7 B, while a concentration of 1 𝜇M showed no 

effect (ns, p = 0,1496).  

Amphotericin B treatment showed significant impairment of macrophage viability in a 

concentration of 0,01 𝜇M (***, p = 0,0006), whereas a concentration of 1 𝜇M increased 

macrophage viability significantly (**, p = 0,0026) (Figure 3-7 C). Concentrations of 0,1 

𝜇M and 0,5 𝜇M showed no effect on viability (0,1 𝜇M: ns, p = 0,3323; 0,5 𝜇M: ns, p = 

0,5581).  

Application of Miltefosine in the concentrations of 1 𝜇M, 5 𝜇M and 10 𝜇M showed a 

significant decrease in macrophage viability (1 𝜇M: **, p = 0,0057; 5 𝜇M: **, p = 0,0042; 

10 𝜇M: *, p = 0,0499), while 15 𝜇M Miltefosine did not have the same effect (ns, p = 

0,1719) (Figure 3-7 D).  

Interestingly, uninfected macrophages generally showed a lower viability compared to 

infected macrophages with a high degree of variance. Single replicates of some drug 

concentrations crossed the toxicity threshold, but no drug showed a median that is 

lower than 50 POC. 
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Figure 3-8: Infection rate of male and female macrophages 72 h after L. infantum infection and 
48 h of drug mono-treatment in percentage of infected untreated control (POC). 24 h after infection 
(MOI 15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered in the 
given concentrations in four technical replicates each. Immunofluorescent staining and image analysis 
with Harmony™ allowed for the evaluation of macrophage infection rate as explained in 2.3.1 and 
2.3.2.1. Macrophages were obtained from three male and three female individuals (Eh-1: m3, m4, m5, 
f3, f4, f5; Imiquimod: m1, m2, m5 (x2), f1, f2, f5 (x2); Amphotericin B: m1, m3, m5 (x2), f1, f3, f5 (x2); 
Miltefosine: m2, m4, m5, f2, f4, f5) yielding a total biological sample size of n = 6. The dotted line 
represents the mean of infected untreated infection rate. Shown here are uninfected control, infected 
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untreated control (both with eight technical replicates per individual) and respective concentrations of 
immune stimulants (Eh-1, Imiquimod) or leishmanicidal drugs (Amphotericin B, Miltefosine) in violin 
plots. Distribution of data points is represented by the body width of the violin plot. Median and standard 
deviation are represented by the centered and outer lines inside the violin body, respectively. 

 

In L. infantum infection, Eh-1 showed increasing reduction of macrophage infection 

rate with increasing concentration (1 𝜇M: *, p = 0,0169; 5 𝜇M: ****, p < 0,0001; 10 𝜇M: 

****, p < 0,0001) as seen in Figure 3-8 A. The infection rate was moderately decreased 

to a median of around 70 POC in the highest concentration. In female macrophages 

higher reduction of infection rate could be observed compared to male macrophages. 

A significant, dose-dependent reduction of infection rate in Imiquimod treatment could 

only be observed in concentrations of 5 𝜇M and 10 𝜇M (5 𝜇M: **, p = 0,0040; 10 𝜇M: 

****, p < 0,0001), while treatment with 1 𝜇M Imiquimod had no effect on infection rate 

(ns, p = 0,1536) (Figure 3-8 B). The infection rate dropped to a similar median value 

of around 70 POC in the highest Imiquimod concentration as observed in Eh-1 

treatment. 

For Amphotericin B treatment, a sudden drop of infection rate could be observed at the 

concentration of 0,5 𝜇M (Figure 3-8 C). This and the higher concentration of 1 𝜇M 

showed very low infection rates around 5 - 20 POC in their median (0,5 𝜇M: ****, 

p < 0,0001; 1 𝜇M: ****, p < 0,0001).  

Miltefosine treatment showed a dose-depended decrease of infection rate with high 

amount of variation in the data. A significant decrease was observed for concentrations 

of 10 𝜇M and 15 𝜇M (10 𝜇M: ****, p < 0,0001; 15 𝜇M: ****, p < 0,0001) with medians of 

around 60 POC and 50 POC, respectively (Figure 3-8 D). Interestingly, a tendency 

towards stronger reduction of infection rate could be observed for female macrophages 

compared to male macrophages. 

Uninfected cells generally showed very low infection rates (around 0 - 15 POC), but 

still some instances of POC around 30-40 could be found. Interestingly, treatments 

showed varying efficacy depending on drug and individual. For example, in Miltefosine 

treatment a female individual showed reduction up to around 10 POC, while a male 

individual showed only a minor reduction to around 90 POC. 
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Figure 3-9: Parasite burden of male and female macrophages 72 h after L. infantum infection and 
48 h of drug mono-treatment in percentage of infected untreated control (POC). 24 h after infection 
(MOI 15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered in the 
given concentrations in four technical replicates each. Immunofluorescent staining and image analysis 
with Harmony™ allowed for the evaluation of macrophage parasite burden as explained in 2.3.1 and 
2.3.2.1. Macrophages were obtained from three male and three female individuals (Eh-1: m3, m4, m5, 
f3, f4, f5; Imiquimod: m1, m2, m5 (x2), f1, f2, f5 (x2); Amphotericin B: m1, m3, m5 (x2), f1, f3, f5 (x2); 
Miltefosine: m2, m4, m5, f2, f4, f5) yielding a total biological sample size of n = 6. The dotted line 
represents the mean of infected untreated parasite burden. Shown here are uninfected control, infected 
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untreated control (both with eight technical replicates per individual) and respective concentrations of 
immune stimulants (Eh-1, Imiquimod) or leishmanicidal drugs (Amphotericin B, Miltefosine) in violin 
plots. Distribution of data points is represented by the body width of the violin plot. Median and standard 
deviation are represented by the centered and outer lines inside the violin body, respectively. 

 

Eh-1 treatment of L. infantum infection showed indistinct effects on the parasite burden. 

In some instances, Eh-1 increased parasite burden and in others a reduction of 

parasite burden was observed (Figure 3-9 A). It is important to note, that next to Eh-1 

treated macrophages also infected untreated cells showed a high variance of parasite 

burden. In a concentration of 10 𝜇M, parasite burden was reduced to a mean of around 

80 POC without statistical significance (ns, p = 0,0625).  

Treatment with Imiquimod led to significant reduction of parasite burden (Figure 3-9 

B). For 1 𝜇M Imiquimod, parasite burden was decreased to around 70 POC (***, p = 

0,0007). Both 5 𝜇M and 10 𝜇M Imiquimod showed a parasite burden of around 80 POC 

with lower statistical significance (5 𝜇M: **, p = 0,0091; 10 𝜇M: *, p = 0,0193).  

Amphotericin B treatment showed similar results in parasite burden as in infection rate. 

Both are reduced significantly to around 0 - 20 POC in a concentration of 0,5 𝜇M and 

1 𝜇M (0,5 𝜇M: ****, p < 0,0001; 1 𝜇M: ****, p < 0,0001), but also in concentrations of 

0,01 𝜇M and 0,1 𝜇M a reduction of parasite burden to around 70 - 80 POC could be 

observed (0,01 𝜇M: **, p = 0,0038; 0,1 𝜇M: **, p = 0,0067 (Figure 3-9 C).  

Upon treatment with Miltefosine a significant, dose-depended decrease of parasite 

burden could be observed. It dropped to around 80 POC with 1 𝜇M, around 55 POC 

with 5 𝜇M, 35 POC with 10 𝜇M and 20 POC with 15 𝜇M Miltefosine addition (1 𝜇M: *, 

p = 0,0106; 5 𝜇M: ****, p < 0,0001; 10 𝜇M: ****, p < 0,0001; 15 𝜇M: ****, p < 0,0001) 

(Figure 3-9 D).  

Generally, uninfected cells showed little to no parasite burden. 
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3.3.1.2 L. major infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10: Viability of male and female macrophages 72 h after L. major infection and 48 h of 
drug mono-treatment in percentage of infected untreated control (POC). 24 h after infection (MOI 
15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered in the given 
concentrations in four technical replicates each. Immunofluorescent staining and image analysis with 
Harmony™ allowed for the evaluation of macrophage viability as explained in 2.3.1 and 2.3.2.1. 
Macrophages were obtained from three male and two female individuals (Eh-1: m5 (x2), f5 (x2); 
Imiquimod: m6, m7, f6 (x2); Amphotericin B: m5, m7, f5, f6; Miltefosine: m5, m6, f5, f6) yielding a total 
biological sample size of n = 5. The dotted line represents 50 % of infected untreated cell viability, which 
is used as a threshold for drug toxicity. Drugs yielding a viability of ≤ 50 % are considered toxic. Shown 
here are uninfected control, infected untreated control (both with eight technical replicates per individual) 
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and respective concentrations of immune stimulants (Eh-1, Imiquimod) or leishmanicidal drugs 
(Amphotericin B, Miltefosine) in violin plots. Distribution of data points is represented by the body width 
of the violin plot. Median and standard deviation are represented by the centered and outer lines inside 
the violin body, respectively. 

 

Similar to the observations during treatment of L. infantum infection, during L. major 

infection Eh-1 significantly enhanced cell viability to around 120 POC in concentrations 

of 5 𝜇M and 10 𝜇M (5 𝜇M: *, p = 0,0485; 10 𝜇M: **, p = 0,0017), although no significant 

increase of viability could be seen for 1 𝜇M Eh-1 (Figure 3-10 A).  

Imiquimod treatment yielded no significant increase in macrophage viability, although 

small increases of viability median could be observed in all concentrations (Figure 

3-10 B).  

Compared to infected untreated macrophages a minor decrease in viability could be 

observed during treatment with 0,01 𝜇M Amphotericin B (*, p = 0,0409) as seen in 

Figure 3-10 C. In a concentration of 0,1 𝜇M the mean of cell viability was even lower, 

but without statistical significance (ns, p = 0,0515). This effect could not be observed 

in Amphotericin B concentrations of 0,5 𝜇M and 1 𝜇M.  

Miltefosine treatment in a concentration of 1 𝜇M led to a small decrease of viability 

median without statistical significance (ns, p = 0,5067) (Figure 3-10 D). This could not 

be found in higher concentrations.  

Uninfected cells, as seen in L. infantum infection, showed a lower viability than infected 

cells with a high amount of variance in the data. Generally, single data points crossed 

the toxicity threshold, but no drug showed a median that is lower than 50 POC. 
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Figure 3-11: Infection rate of male and female macrophages 72 h after L. major infection and 48 
h of drug mono-treatment in percentage of infected untreated control (POC). 24 h after infection 
(MOI 15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered in the 
given concentrations in four technical replicates each. Immunofluorescent staining and image analysis 
with Harmony™ allowed for the evaluation of macrophage infection rate as explained in 2.3.1 and 
2.3.2.1. Macrophages were obtained from three male and two female individuals (Eh-1: m5 (x2), f5 (x2); 
Imiquimod: m6, m7, f6 (x2); Amphotericin B: m5, m7, f5, f6; Miltefosine: m5, m6, f5, f6) yielding a total 
biological sample size of n = 5. The dotted line represents the mean of infected untreated infection rate. 
Shown here are uninfected control, infected untreated control (both with eight technical replicates per 
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individual) and respective concentrations of immune stimulants (Eh-1, Imiquimod) or leishmanicidal 
drugs (Amphotericin B, Miltefosine) in violin plots. Distribution of data points is represented by the body 
width of the violin plot. Median and standard deviation are represented by the centered and outer lines 
inside the violin body, respectively. 

 

Conversely to L. infantum infection, in L. major infection Eh-1 treatment showed no 

effect on macrophage infection rate (Figure 3-11 A).  

Imiquimod treatment of L. major infection showed a reduction of infection rate median 

to around 80 POC, but without statistical significance (Figure 3-11 B) (1 𝜇M: ns, p = 

0,1311;5 𝜇M: ns, p = 0,0515; 10 𝜇M: ns, p = 0,3332). High variance of data points could 

be observed and uninfected cells showed rather high infection rate (around 20-30 

POC) with one male individual (m7) displaying exceptionally high infection rates.  

Samples of the same male individual also showed high infection rates in uninfected 

cells of Amphotericin B treatments (Figure 3-11 C). Next to this, most samples of 

uninfected macrophages showed low infection rates of 0-15 POC. Application of 

Amphotericin B led to significant decrease of infection rate in the concentrations of 

0,1 𝜇M, 0,5 𝜇M and 1 𝜇M (0,1 𝜇M: **, p = 0,0026; 0,5 𝜇M: ****, p < 0,0001; 1 𝜇M: ****, 

p < 0,0001). For 0,01 𝜇M Amphotericin B only a minor decrease of infection rate 

median could be observed. The reduction of infection rate to around 45 - 50 POC in 

high concentrations of Amphotericin B seen in L. major infection is less strong than the 

effect observed in L. infantum infection (reduction to around 5 - 20 POC).  

Miltefosine treatment leads to significant infection rate for concentrations of 5 𝜇M, 

10 𝜇M and 15 𝜇M (5 𝜇M: *, p = 0,0206; 10 𝜇M: *, p = 0,0156; 15 𝜇M: *, p = 0,0359) 

(Figure 3-11 D).  

Interestingly, it can be observed that in some individuals high reduction of infection rate 

to around 50 POC at higher concentrations is achieved, while some individuals show 

no reduction at all leading to high variance of data. 
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Figure 3-12: Parasite burden of male and female macrophages 72 h after L. major infection and 
48 h of drug mono-treatment in percentage of infected untreated control (POC). 24 h after infection 
(MOI 15:1), Eh-1 (A), Imiquimod (B), Amphotericin B (C) and Miltefosine (D) were administered in the 
given concentrations in four technical replicates each. Immunofluorescent staining and image analysis 
with Harmony™ allowed for the evaluation of macrophage parasite burden as explained in 2.3.1 and 
2.3.2.1. Macrophages were obtained from three male and two female individuals (Eh-1: m5 (x2), f5 (x2); 
Imiquimod: m6, m7, f6 (x2); Amphotericin B: m5, m7, f5, f6; Miltefosine: m5, m6, f5, f6) yielding a total 
biological sample size of n = 5. The dotted line represents the mean of infected untreated parasite 
burden. Shown here are uninfected control, infected untreated control (both with eight technical 
replicates per individual) and respective concentrations of immune stimulants (Eh-1, Imiquimod) or 
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leishmanicidal drugs (Amphotericin B, Miltefosine) in violin plots. Distribution of data points is 
represented by the body width of the violin plot. Median and standard deviation are represented by the 
centered and outer lines inside the violin body, respectively. 

 

Treatment of L. major infection with Eh-1 showed a significant increase in parasite 

burden in concentrations of 5 𝜇M and 10 𝜇M (5 𝜇M: **, p = 0,0048; 10 𝜇M: **, 

p = 0,0049) to around 120 POC (Figure 3-12 A).  

In experiments with Imiquimod, data shows high variance and Leishmania could be 

detected in some uninfected cells, but especially in those from one male individual 

(m7). Otherwise, Imiquimod showed reduction of parasite burden to a median of 

around 70 POC in all concentrations, but only the concentration of 5 𝜇M showed 

statistical significance (**, p = 0,0053) (Figure 3-12 B).  

In Amphotericin B treatment, again in uninfected cells, high parasite burden could be 

detected in samples from male m7, while the other uninfected samples showed little to 

no parasites. Treatment of L. major infection with Amphotericin B showed a significant, 

dose-depended decrease of parasite burden with a median POC of 20 - 25 in higher 

concentrations (0,1 𝜇M: ***, p = 0,0007; 0,5 𝜇M: ****, p < 0,0001; 1 𝜇M: ****, p < 0,0001) 

(Figure 3-12 C).  

Miltefosine reduced parasite burden significantly in every concentration (1 𝜇M: *, 

p = 0,0118; 5 𝜇M: ***, p = 0,0002; 10 𝜇M: ****, p < 0,0001; 15 𝜇M: ****, p < 0,0001) up 

to a median parasite burden of around 50 POC in higher concentrations (Figure 3-12 

D). 
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3.3.1.3 Treatment response 

During evaluation of drug mono treatments, high variance of treatment efficacy could 

be observed for different individuals. Thus, treatment response of each individual to 

the respective drugs was evaluated creating the classifications “Responder” and “Non-

Responder” for each parasite and drug. A responder is characterized by a significant 

reduction (p ≤ 0,05) in infection rate compared to infected untreated control of the same 

individual following treatment with any concentration of a drug. In some cases, an 

individual showed a response to a treatment with minor statistical significance in one 

experiment, while in another experiment with the same treatment no response was 

found. These cases were classified as “Weak Responder”. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13: Treatment response in in the context of L. infantum infection. 24 h after parasite 
infection (MOI 15:1), macrophages of male and female individuals were treated for 48 h with either Eh-
1 (A), Imiquimod (B), Amphotericin B (C) or Miltefosine (D) in the concentrations seen in Figure 3-8. 
Immunofluorescent staining and image analysis with Harmony™ allowed for the evaluation of 
macrophage infection rate as explained in 2.2.4.3 and 2.3.1. A treatment response is defined by a 
significant decrease (p ≤ 0,05) in macrophage infection rate at any drug concentration compared to 
infected untreated control of the same individual. 
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For Eh-1 treatment of L. infantum infection, two (m3 & m5) out of three (m3, m4 & m5) 

males and all three females (f3, f4 & f5) showed a response (Figure 3-13 A). Treatment 

of L. infantum infection with Imiquimod yielded a response in two (m2 & m5) out of 

three (m1, m2 & m5) males and no response in three females (f1, f2 & f5) (Figure 3-13 

B). All three males (m1, m3 & m5) and females (f1, f3 & f5) responded to Amphotericin 

B treatment (Figure 3-13 C) while only two (m2 & m5, f2 & f4) out of three (m2, m4 & 

m5, f2, f4 & f5) males and females showed a response to Miltefosine treatment in 

L. infantum infection (Figure 3-13 D). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-14: Treatment response in in the context of L. major infection. 24 h after parasite infection 
(MOI 15:1), macrophages of male and female individuals were treated for 48 h with either Eh-1 (A), 
Imiquimod (B), Amphotericin B (C) or Miltefosine (D) in the concentrations seen in Figure 3-8. 
Immunofluorescent staining and image analysis with Harmony™ allowed for the evaluation of 
macrophage infection rate as explained in 2.2.4.3 and 2.3.1. A treatment response is defined by a 
significant decrease (p ≤ 0,05) in macrophage infection rate at any drug concentration compared to 
infected untreated control of the same individual. 

 

For Eh-1 treatment of L. major infection, one female (f5) showed a weak response 

while one male individual (m5) showed no response (Figure 3-14 A). Treatment of 

L. major infection with Imiquimod yielded a weak response in one female (f6) and no 

response in two males (m6 & m7) (Figure 3-14 B). Both males (m5 & m7) and females 
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(f5 & f6) responded to Amphotericin B treatment (Figure 3-14 C) while only female (f5 

& f6) and no male individuals (m5 & m6) showed a response to Miltefosine treatment 

in L. major infection (Figure 3-14 D). 

 

3.3.2 Analyzing the potential of drug combination treatment 

strategies for L. infantum and L. major infection of hMDMs 

In recent years Leishmania parasites have become increasingly resistant to common 

treatment strategies increasing the need for alternative treatment strategies (Mann, 

Frasca et al. 2021). One possibility is to combine different drug treatments in 

combination therapy to increase effectiveness and circumvent resistance (Ahmed, 

Curtis et al. 2020). To investigate if drug combination treatment of Leishmaniasis with 

FDA approved leishmanicidal drugs, and immune stimulatory molecules could be an 

alternative to mono treatments, their combined effect was tested on hMDMs in an in 

vitro setting. Moreover, results from male and female individuals were compared to 

investigate sex differences in treatment response and infection. 

As described in 3.3.1, evaluation of the normalized drug screening parameters viability, 

infection rate and parasite burden allow for the analysis of beneficial or cytotoxic 

treatment effects. Additionally, M1/M2 macrophage state was assessed phenotypically 

by image analysis as described in 2.3.1 to characterize treatment effects on 

macrophage polarization. 
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3.3.2.1 Assessment of beneficial and cytotoxic effects of drug 

combination treatment by drug screening parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15: Heat map of male and female macrophage viability in percentage of infected 
untreated control (POC) 72 h after L. infantum (A & C) and L. major (B & D) infection (MOI 15:1) 
and treatment with leishmanicidal drugs (Amphotericin B & Miltefosine) in combination with 
either Eh-1 (A & B) or Imiquimod (C & D). Drug combinations were administered 24 h after parasite 
infection in the given concentrations for 48 h in four technical replicates. Here the mean is shown. For 
Amphotericin B + Eh-1, Amphotericin B + Imiquimod and Miltefosine + Imiquimod combinations in 
L. infantum infection, macrophages from two male and two female individuals were used (Amphotericin 
B + Eh-1: m3 & m5, f3 & f5; Amphotericin B + Imiquimod: m1 & m5, f1 & f5; Miltefosine + Imiquimod: 
m2 & m5, f2 & f5), while only one individual of each gender was used for Miltefosine + Eh-1 combination 
(m4 & f4). In L. major infection, for each drug combination macrophages from one male and one female 
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individual were used (Amphotericin B + Eh-1: m5, f5; Amphotericin B + Imiquimod: m7, f6; Miltefosine + 
Eh-1: m5, f5; Miltefosine + Imiquimod: m6, f6). Immunofluorescent staining and image analysis with 
Harmony™ allowed for the evaluation of macrophage viability as explained in 2.3.1 and 2.3.2.1. Drug 
combinations yielding a viability of ≤ 50 % are considered toxic. 

 

For the statistical analysis during combination treatment, drug mono treatments were 

taken into consideration. If a drug showed an effect (also non-significant 

increase/decrease) on infection rate during mono treatment, combination treatment 

effect was tested against the effect of the respective drug in the respective mono 

treatment concentration. Results are shown in Figure 3-16, Figure 3-18 and Figure 

3-20. For an overview of p-values s. 6.2. 

Generally, no drug mono or combination treatment crossed the toxicity threshold of 

50 POC. 

Amphotericin B mono treatment often showed an impairment of macrophage viability 

in low concentrations (low statistical significance, Figure 3-16), but not in higher 

concentration for both male and female individuals in L. infantum and L. major infection 

(Figure 3-15). During Amphotericin B treatment of male macrophages after L. infantum 

infection, for two individuals (m3 and m5) a significant increase in cell viability could be 

observed in higher concentrations (Figure 3-15 A, Figure 3-16 A). 

As seen in Figure 3-15, for Miltefosine mono treatment often a reduced cell viability 

could be observed (low statistical significance, Figure 3-16). 

In Imiquimod mono treatment a slight increase in macrophage viability could be 

observed for male and female individuals in L. infantum infection with high statistical 

significance (Figure 3-15 left, Figure 3-16 left). In L. major infection, this effect could 

also be observed, but with low statistical significance (Figure 3-16). In one individual 

(m7) Imiquimod treatment of L. major infection led to significant impairment of cell 

viability. 

Eh-1 mono treatment shows an increase in viability for both female and male 

individuals in L. infantum and L. major infection with high statistical significance (Figure 

3-15, Figure 3-16).  
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Figure 3-16: Overview of statistical significances of differences in viability after L. infantum (A & 
C) and L. major (B & D) infection (MOI 15:1) and treatment with leishmanicidal drugs 
(Amphotericin B & Miltefosine) in combination with either Eh-1 (A & B) or Imiquimod (C & D). 
Statistical significance was tested against either infected untreated cells, cells treated with only Eh-1 in 
the respective concentration or cells treated with only AmpB in the respective concentration with 
unpaired two-tailed t-tests. Significances are displayed as stars (ns: p ≥ 0,05; *: p ≤ 0,05; **: p ≤ 0,01; 
***: p ≤ 0,001; ****: p ≤ 0,0001) 

 

Combination treatment of Amphotericin B or Miltefosine with Eh-1 or Imiquimod 

generally led to a decrease of the positive effect of immune response modifiers on 

viability observed during mono treatment (Figure 3-15), often with high statistical 

significance (Figure 3-16). This reduction was stronger for Miltefosine treatment than 
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for Amphotericin B treatment. No significant increase in viability could be seen 

compared to mono treatment with Eh-1 or Imiquimod. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-17: Heat map of male and female macrophage infection rate in percentage of infected 
untreated control (POC) 72 h after L. infantum (A & C) and L. major (B & D) infection (MOI 15:1) 
and treatment with leishmanicidal drugs (Amphotericin B & Miltefosine) in combination with 
either Eh-1 (A & B) or Imiquimod (C & D). Drug combinations were administered 24 h after parasite 
infection in the given concentrations for 48 h in four technical replicates. For Amphotericin B & Eh-1, 
Amphotericin B & Imiquimod and Miltefosine & Imiquimod combinations in L. infantum infection, 
macrophages from two male and two female individuals were used (Amphotericin B + Eh-1: m3 & m5, 
f3 & f5; Amphotericin B + Imiquimod: m1 & m5, f1 & f5; Miltefosine + Imiquimod: m2 & m5, f2 & f5), 
while only one individual of each gender was used for Miltefosine + Eh-1 combination (m4 & f4). In L. 
major infection, for each drug combination macrophages from one male and one female individual were 
used (Amphotericin B + Eh-1: m5, f5; Amphotericin B + Imiquimod: m7, f6; Miltefosine + Eh-1: m5, f5; 
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Miltefosine + Imiquimod: m6, f6). Immunofluorescent staining and image analysis with Harmony™ 
allowed for the evaluation of macrophage infection rate as explained in 2.3.1 and 2.3.2.1.  

 

Macrophage infection rate was decreased very strongly by Amphotericin B mono 

treatment in high concentrations (0,5 𝜇M and 1 𝜇M) with high statistical significance in 

both L. infantum and L. major infection, while in low Amphotericin B concentrations no 

significant decrease could be detected (Figure 3-17, Figure 3-18).  

Mono treatment with Eh-1 led to significant reduction of infection rate in L. infantum 

infection in higher concentrations (Figure 3-17 left, Figure 3-18 left), while in L. major 

infection no effect of Eh-1 could be observed. The reduction of infection rate was 

stronger in female individuals compared to male individuals. 

Imiquimod also showed significant reduction in infection rate during mono treatment of 

L. infantum infection (Figure 3-17 left, Figure 3-18). The effect was weaker than Eh-

1 in L. infantum infection, but in infection with L. major Imiquimod induced a stronger 

reduction of infection rate than Eh-1 (Figure 3-17 right). A similar reduction of infection 

rate was observed for mono treatment of L. infantum and L. major infection with 

Imiquimod. No difference between male and female macrophages was observed. 

During Amphotericin B treatment, a drop in infection rate could be observed for 

concentrations of 0,5 𝜇M and 1 𝜇M in all experiments (Figure 3-17). In lower 

concentration only a mild decrease with low statistical significance was observed 

(Figure 3-18). Efficacy of Amphotericin B treatment was higher in L. infantum infection 

(Figure 3-17 left) compared to L. major infection (Figure 3-17 right), although in one 

individual (f6) the same strong decrease as in L. infantum infection could be seen. 

Mono treatment with Miltefosine also showed a decrease in infection rate in higher 

concentrations with high statistical significance (Figure 3-17, Figure 3-18). In contrast 

to Amphotericin B mono treatment, the reduction was also visible in low concentrations 

of 5 𝜇M Miltefosine, but with low statistical significance. The reduction of infection rate 

generally was lower than in Amphotericin B mono treatment, although for one female 

individual (f4) a similar reduction of infection rate like in Amphotericin B treatment could 

be observed. Reduction of infection rate was stronger in L. infection than in L. major 

infection and female macrophages often showed stronger reduction in infection rate in 

Miltefosine mono treatment compared to male macrophages. 
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Figure 3-18: Overview of statistical significances of differences in infection rate after L. infantum 
(A & C) and L. major (B & D) infection (MOI 15:1) and treatment with leishmanicidal drugs 
(Amphotericin B & Miltefosine) in combination with either Eh-1 (A & B) or Imiquimod (C & D). 
Statistical significance was tested against either infected untreated cells, cells treated with only Eh-1 in 
the respective concentration or cells treated with only AmpB in the respective concentration with 
unpaired two-tailed t-tests. Significances are displayed as stars (ns: p ≥ 0,05; *: p ≤ 0,05; **: p ≤ 0,01; 
***: p ≤ 0,001; ****: p ≤ 0,0001) 

 

In L. infantum infection both male and female macrophages responded to Amphotericin 

B and Eh-1 treatment. Combination treatment of L. infantum infection of male 

macrophages with high Amphotericin B concentrations and Eh-1 led to a significant 

increase in infection rate in high concentrations of Eh-1 (Figure 3-17 A, Figure 

3-18 A). In low concentrations of Amphotericin B, the effect of Eh-1 dominated, but no 
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significant reduction could be achieved when combined. In L. major infection, where 

both female and male individuals responded to Amphotericin B, but not Eh-1, 

combining Amphotericin B with Eh-1 also led to increased infection rate in high 

concentrations (Figure 3-17 B, Figure 3-18 B). Only in one combination (0,5 𝜇M 

Amphotericin B with 1 𝜇M Eh-1) a statistically significant decrease of around 5 POC 

could be observed in female macrophages. 

When combining Miltefosine and Eh-1 it could be observed that in high Miltefosine 

concentration Eh-1 could further decrease infection rate for L. infantum and L. major 

infection in most cases (Figure 3-17 A&B, Figure 3-18 A&B). Interestingly, in 

L. infantum infection, also in low concentrations of both drugs a cooperative reduction 

in infection rate could be seen. 

In contrast to Eh-1, combination of high Amphotericin B concentrations with Imiquimod 

led to further reduction of infection rate for both male and female macrophages in 

L. infantum and L. major infection, although this effect was often not statistically 

significant (Figure 3-17 C&D, Figure 3-18 C&D). All individuals responded to 

Amphotericin B but only one female individual showed a response in Imiquimod mono 

treatment. In lower concentrations no positive effects but rather an increase in infection 

rate could be observed compared to mono treatments. 

Administration of 10 𝜇M Miltefosine in combination with Imiquimod showed a reduction 

of infection rate compared to Miltefosine mono treatment in L. infantum infection for 

both male and female macrophages, but without statistical significance (Figure 3-17, 

Figure 3-18). In L. major infection for one male (m6) individual (responded to 

Miltefosine, but not Imiquimod) the opposite effect could be observed, while one female 

(f6) individual (responded to both mono treatments) showed significant reduction. In 

female macrophages during L. major infection significant reduction could also be 

observed for 15 𝜇M Miltefosine with 10 𝜇M Imiquimod. 
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Figure 3-19: Heat map of male and female macrophage parasite burden in percentage of infected 
untreated control (POC) 72 h after L. infantum (A & C) and L. major (B & D) infection (MOI 15:1) 
and treatment with leishmanicidal drugs (Amphotericin B & Miltefosine) in combination with 
either Eh-1 (A & B) or Imiquimod (C & D). Drug combinations were administered 24 h after parasite 
infection in the given concentrations for 48 h in four technical replicates. For Amphotericin B & Eh-1, 
Amphotericin B & Imiquimod and Miltefosine & Imiquimod combinations in L. infantum infection, 
macrophages from two male and two female individuals were used (Amphotericin B + Eh-1: m3 & m5, 
f3 & f5; Amphotericin B + Imiquimod: m1 & m5, f1 & f5; Miltefosine + Imiquimod: m2 & m5, f2 & f5), 
while only one individual of each gender was used for Miltefosine + Eh-1 combination (m4 & f4). In L. 
major infection, for each drug combination macrophages from one male and one female individual were 
used (Amphotericin B + Eh-1: m5, f5; Amphotericin B + Imiquimod: m7, f6; Miltefosine + Eh-1: m5, f5; 
Miltefosine + Imiquimod: m6, f6). Immunofluorescent staining and image analysis with Harmony™ 
allowed for the evaluation of macrophage parasite burden as explained in 2.3.1 and 2.3.2.1.  
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Similar to the results of infection rate, parasite burden during Amphotericin B mono 

treatment showed a large drop in concentrations of 0,5 𝜇M and 1 𝜇M with high 

statistical significance (Figure 3-19). This could be observed for all treatments. In some 

instances, a reduction of parasite burden could be seen in concentrations of 0,01 𝜇M 

or 0,1 𝜇M but with very low statistical significance. 

Mono treatment with Miltefosine led to dose dependent reduction of parasite burden 

with high statistical significance in most cases (Figure 3-19, Figure 3-20). But 

compared to Amphotericin B treatment, parasite burden stayed higher. In L. major 

infection for male individuals a lower reduction was observed compared to female 

individuals. Generally, parasite burden was higher during Miltefosine mono treatment 

in L. major infection compared to L. infantum infection. 

When treated with Eh-1, parasite burden in L. infantum infection was reduced in all 

females, but only in one case with statistical significance (Figure 3-19, Figure 3-20). 

Here a very strong reduction of parasite burden was observed. Interestingly, in two 

male individuals (m3 & m5) parasite burden was increased while infection rate was 

decreased in higher concentrations of Eh-1 (Figure 3-17, Figure 3-19). For the other 

male individual, a statistically non-relevant reduction could be seen. In L. major 

infection, for three out of four individuals, treatment with Eh-1 led to increased parasite 

burden, one of which was statistically significant. For the other, a slight non-significant 

reduction could be observed. 

Imiquimod mono treatment showed minor reduction in parasite burden for almost all 

individuals with low statistical significance (Figure 3-19, Figure 3-20). Increasing 

Imiquimod concentration did not lead to a stronger reduction of parasite burden. 

Results between L. infantum and L. major, and male and female individuals were very 

similar. 

Combining Amphotericin B and Eh-1 lead to significantly increased parasite burden in 

L. infantum infection of male and female macrophages. In infection with L. major the 

same effect occurred for male and female cells, although a slight non-significant 

reduction could be observed for 0,1 𝜇M Amphotericin B combined with 5 𝜇M or 10 𝜇M 

Eh-1 (Figure 3-19, Figure 3-20). 

In contrast, treatment of 1 𝜇M Amphotericin B in combination with 10 𝜇M Imiquimod 

was found to significantly reduce parasite burden compared to mono treatment for 
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L. infantum infection of both, male and female macrophages (Figure 3-19, Figure 

3-20). In lower Amphotericin B concentration Imiquimod showed a tendency to 

increase parasite burden. In infection with L. major, combination of Amphotericin B and 

Imiquimod in high concentrations generally led to reduction in parasite burden, 

although in lower concentrations of Imiquimod, increases could also be observed. 

When Miltefosine was combined with Eh-1 for the treatment of L. infantum infection, 

for male macrophages no difference in efficacy could be observed in high 

concentrations (Figure 3-19, Figure 3-20). For female macrophages in low 

concentrations of 1 𝜇M Eh-1 and 1 𝜇M Miltefosine significant reduction of parasite 

burden could be observed and in high a concentration of 15 𝜇M Miltefosine cooperative 

reduction could be seen but without statistical significance. In L. major infection, 

parasite burden was found to be increased by Eh-1 in low concentration. For one male 

individual parasite burden was significantly reduced following 15 𝜇M Miltefosine 

treatment in combination with Eh-1. 

Combination treatment of Miltefosine with Imiquimod mostly reduced parasite burden 

in L. infantum and L. major infection compared to Miltefosine mono treatment, although 

in low Imiquimod concentration often a slight increase was observed (Figure 3-19, 

Figure 3-20). 
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Figure 3-20: Overview of statistical significances of differences in parasite burden after L. 
infantum (A & C) and L. major (B & D) infection (MOI 15:1) and treatment with leishmanicidal 
drugs (Amphotericin B & Miltefosine) in combination with either Eh-1 (A & B) or Imiquimod (C & 
D). Statistical significance was tested against either infected untreated cells, cells treated with only Eh-
1 in the respective concentration or cells treated with only AmpB in the respective concentration with 
unpaired two-tailed t-tests. Significances are displayed as stars (ns: p ≥ 0,05; *: p ≤ 0,05; **: p ≤ 0,01; 
***: p ≤ 0,001; ****: p ≤ 0,0001) 
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3.4 Analysis of extracellular cytokine profiles of hMDMs 

after L. infantum and L. major infection and combination 

treatment with Amphotericin B and Eh-1 

The development of Leishmaniasis disease is based on the differential development 

of immune response of individuals. Immediate Th1 immune responses have been 

related to parasite control, while Th2 responses are usually associated with 

exacerbated disease (Mann, Frasca et al. 2021). Macrophages as main replication 

centers for Leishmania are key players in the early control of parasite infection. Diverse 

cytokines and effector molecules have shown to be involved in parasite clearance and 

survival.  

To investigate parasite-specific macrophage response to drug mono and combination 

treatments, cytokine profiles of male and female macrophages after L. infantum or 

L. major infection and treatment with Amphotericin B and Eh-1 were generated via 

LEGENDplex assays of cell culture supernatants. Individuals were picked, that showed 

high reduction of infection rate in combination treatment (s. Figure 3-21 C & D). All 

individuals showed response to Amphotericin B treatment. Except for m5 and m9, all 

individuals showed response to Eh-1 treatment. For each individual two wells of each 

mono treatment, combination treatment and infected untreated macrophages were 

analyzed in technical duplicates. Male and female macrophages were included 

allowing for the analyzation of sex differences. With this number of replicates no 

statistical evaluation could be done. 

The LEGENDplex cytokine panel was custom made in cooperation with Biolegend and 

designed to cover macrophage-specific cytokines, that are relevant during Leishmania 

infection. In Figure 3-22 and Figure 3-24, cytokines are grouped depending on their 

function regarding T-cell activation. 

Cytokine concentrations were determined via standard calibration during LEGENDplex 

assays. Unfortunately, the molecules CCL2, IL-8 and Arginase showed higher 

fluorescence intensity than the maximum standard. Dilution of cell culture supernatants 

could not be deployed as a solution to this problem, since many cytokines showed low 

concentrations, that would not have been detected if diluted. Thus, since concentration 

values for CCL2, IL-8 and Arginase cannot be trusted, mean fluorescence intensities 

(MFI) are compared for these cytokines (Figure 3-23). It is important to note, that no 
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comparison of MFI between the cytokines can be done without the standard calibration. 

Since MFI is directly proportional to the cytokine concentration, still a comparison 

between treatment effects for individual cytokines is possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-21: Background information on analyzed cell supernatants. Shown here are total 
macrophages (A & B) and infection rates (C & D, in POC) of analyzed macrophage cultures for 
L. infantum (left) and L. major (right) infection generated via image analysis with Harmony™ and 
subsequent calculation of infection rate as described in 2.3.1 and 2.3.2.1. 

 

LEGENDplex assays measure cytokine concentrations, which highly depend on the 

macrophage number that is present in a particular sample. During image analysis, 

Harmony™ determines the number of total macrophages for each well. As shown in 

Figure 3-21 A & B, macrophage numbers were different in the analyzed wells. Thus, 

normalization of measured cytokine concentrations to a relative expression of 1000 
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macrophages was done to improve comparability between wells. It is important to note, 

that the results regarding macrophage number determined by Harmony™ do not 

accurately depict the real number of macrophages in the sample, as not the whole area 

of the culture well is analyzed. 

Generally, cytokine concentrations were found to show a high degree of variation 

between individuals of same gender and infection (Figure 3-22, Figure 3-24). 

L. major infection of female macrophages led to high expression of CCL2, IL-8, 

CXCL10, IL-18 and Arginase, and low expression of TNF-a, IL-12p70, IL-1, IL-10, 

CCL17 in untreated cells (Figure 3-22 A, Figure 3-23). In male macrophages in 

response to L. major infection the same cytokines were found, but in lower 

concentrations for almost all cytokines (Figure 3-24 A, Figure 3-23).  

Infection with L. infantum produced similar cytokine expression as it was seen in 

L. major infection (Figure 3-22 A, Figure 3-24 A, Figure 3-23). Higher levels of CCL2, 

CXCL10 and Arginase and no expression of TNF-, IL-12p70 and IL-1 could be 

detected. IL-10 expression could only be observed for one individual. Interestingly for 

f3 and m8 IFN- could be detected. Cells from both individuals showed considerably 

higher cytokine concentrations compared to the respective other individual with same 

conditions. This was especially evident for CCL2, IL-8 and Arginase. When comparing 

f5 and m5, that did not show IFN- expression, it can be seen, that female 

macrophages showed higher levels of CCL2, IL-8, IL-18, but lower levels of CXCL10 

and Arginase. 

For L. major infection, in macrophages from f7, treated with 10 𝜇M Eh-1, CXCL10, IL-

18 and IL-1 were present in higher concentrations compared to untreated cells, while 

TNF- was detected in lower concentration (Figure 3-22 B). In macrophages from f8 

all cytokines showed lower expression compared to untreated cells, except for IL-18, 

which showed a slightly higher concentration (Figure 3-22 B, Figure 3-23). 

Macrophages from f3 infected with L. infantum showed higher levels of CCL2, CCL17 

and Arginase upon treatment with Eh-1. For all other cytokines lower levels were 

observed and IFN- could not be detected. For f5, higher levels of CCL2 and IL-8 and 

a slight increase in IL-23 could be seen, while all other cytokine concentrations were 

reduced. 
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Figure 3-22: Cytokine concentrations in pg/ml per 1000 macrophages 72 h after infection of 
female macrophages with L. infantum or L. major and treatment with either nothing (A), 10 𝜇M 

Eh-1 (B), 0,1 𝜇M Amphotericin B (C) or 0,1 𝜇M Amphotericin B + 10 𝜇M Eh-1 (D) for 48 h at 24 h.p.i. 
Supernatants of macrophages from two female individuals were analyzed for both Leishmania ssp. (L. 
infantum: f3 & f5, L. major: f7 & f8). Red dots indicate cytokines that showed fluorescence signals higher 
than the maximum standard. MFIs of cytokines outside calibration range are shown in Figure 3-23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-23: Heat maps of mean fluorescence intensity (MFI) of CCL2 (A), IL-8 (B) and Arginase 
(C) that showed fluorescence outside calibration range. Here, treatment conditions are shown side 
by side for each individual and an individual legend is shown for each cytokine, because MFIs cannot 
be compared between different cytokines. 

 

When treated with 0,1 𝜇M Amphotericin B, L. major infected macrophages of f7 

produced higher levels of CCL2, IL-8, CXCL10, TNF-a, IL-10 and a slightly higher level 

of Arginase compared to Eh-1 treatment (Figure 3-22 C, Figure 3-23). IL-18 showed 

a lower concentration than during Eh-1 treatment, but higher than untreated cells. For 

f8, higher levels of CCL2, IL-8, CXCL10, TNF-a, IL-10 and slightly higher levels of 
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Arginase were observed compared to Eh-1 treatment. Arginase concentration was still 

considerably lower than in untreated cells. IL-18 and IL-1 concentrations were lower 

than in Eh-1 treated and uninfected cells, while IL-10 showed a higher concentration 

without treatment. In L. infantum infection, for f3 CXCL10, IFN- and IL-18 were 

increased compared to Eh-1 treatment. Especially CXCL10 and IFN- showed a very 

high increase. CCL2, IL-10 and Arginase showed lower levels, while IL-8 was found in 

similar concentration. The other female individual (f5) showed lower concentrations of 

CCL2, IL-8 and IL-18 compared to Eh-1 treatment. CXCL10 and Arginase were found 

in higher concentration. 

During combination treatment of L. major infection, for f7 CXCL10, IL-18, Arginase and 

IL-1 showed much higher concentrations compared to both mono treatments (Figure 

3-22 D, Figure 3-23). This was accompanied by low IL-10 expression and high IL-8 

expression. CCL2 concentration was higher than in Eh-1 treatment, but lower than in 

Amphotericin B treatment. For f8, CCL2, IL-8, IL-10 and Arginase levels were much 

lower during combination treatment than in infected untreated cells, similar to what was 

seen during Eh-1 treatment. In combination however, IL-8, CXCL10 and Arginase 

show higher levels, while IL-18 and CCL2 show slightly lower concentration compared 

to Eh-1 treatment. Combination treatment of L. infantum infection showed very high 

concentration of CCL2 for f3. This was higher than in all other treatments. Moreover, a 

high CXCL10 concentration was observed. IFN-g, IL-18, CCL17 and Arginase were 

present in lower concentrations than for uninfected cells. For f5 high IL-8, IL-18 and 

Arginase levels were observed, whereas CCL2 and CXCL10 showed lower 

concentrations compared to untreated cells and mono treatments. 

For male macrophages from individual m9 infected with L. major, in Eh-1 mono 

treatment high levels of IL-18 and IL-1 were found while CCL2, IL-10 and Arginase 

showed lower concentrations compared to infected untreated cells (Figure 3-24 B, 

Figure 3-23). For m5 all cytokine levels except CCL2, which was slightly increased, 

were lowered during Eh-1 treatment. In L. infantum infection of macrophages from m8, 

Eh-1 led to increased concentrations of all cytokines except IL-18, which was slightly 

lower, compared to untreated cells. Interestingly, IFN- showed the highest 

concentration during Eh-1 treatment for m8. During L. infantum infection, for m5 higher 

concentrations of CCL2 and IL-8 were found in Eh-1 treated macrophages compared 

to untreated cells, while CXCL10, IL-18 and Arginase levels were reduced. 
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In Amphotericin B treatment m9 showed higher concentrations of CCL2, CXCL10 and 

IL-10 compared to Eh-1 treatment, but considerably lower levels of IL-8 and IL-18, 

which were still higher than in untreated cells (Figure 3-24 C, Figure 3-23). During 

Amphotericin B treatment for m9 the lowest Arginase level could be observed 

compared to other conditions. For m5, almost all cytokines showed higher levels than 

in untreated cells and Eh-1 mono treatment. Only CXCL10 and CCL17 showed higher 

concentrations without treatment. Treatment of L. infantum infection with Amphotericin 

B led to lower concentrations of almost all cytokines compared to Eh-1 treatment for 

m8. Only IL-18 was found in a considerably higher amount compared to both, untreated 

cells and cells treated with Eh-1. Interestingly, the lowest Arginase concentration could 

be detected during Amphotericin B treatment compared to other conditions, although 

for m8 the highest Arginase levels were observed compared to the other male 

individuals. For m5 Amphotericin B treatment led to lower levels of CCL2 and IL-8, 

while IL-18 and Arginase were found in higher concentration compared to Eh-1 

treatment. CXCL10 was found in comparable levels to untreated cells. 

For m9 combination treatment of L. major infection with Amphotericin B and Eh-1 led 

to high levels of CXCL10, IL-18, IL-1 and Arginase (Figure 3-24 D, Figure 3-23). 

CCL2 and IL-10 were found in lower concentration compared to all other conditions. In 

combination treatment of L. major infection, high levels of almost all cytokines were 

observed for m5. Especially CCL2 and IL-8 were found in very high concentrations, 

but also Arginase and IL-18 showed increased concentration compared to all other 

conditions. Combination treatment of L. infantum infection led to very low cytokine 

levels in macrophages from m8. Very low levels were observed for CCL2, CXCL10, 

while IL-8, IL-18 and Arginase showed only slightly lower levels than during Eh-1 

treatment. For m5, combination treatment reduced CXCL10 level compared to all other 

conditions, while CCL2 and IL-8 were found in very high concentrations. Arginase and 

IL-18 were found in similar concentrations compared to other conditions. 
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Figure 3-24: Cytokine concentrations in pg/ml per 1000 macrophages 72 h after infection of male 
macrophages with L. infantum or L. major and treatment with either nothing (A), 10 𝜇M Eh-1 (B), 

0,1 𝜇M Amphotericin B (C) or 0,1 𝜇M Amphotericin B + 10 𝜇M Eh-1 (D) for 48 h at 24 h.p.i. 
Supernatants of macrophages from two female individuals were analyzed for both Leishmania ssp. (L. 
infantum: f3 & f5, L. major: f7 & f8). Red dots indicate cytokines that showed fluorescence signals higher 
than the maximum standard. MFIs of cytokines outside calibration range are shown in Figure 3-23. 

 

 

3.5 Stimulation of hMDMs with Estradiol (E2) and 

Dihydrotestosterone (DHT) during L. infantum 

infection 

Sex hormones have been shown to have a stimulating effect on various immune cells 

(Taneja 2018, Wilkinson, Chen et al. 2022). In parasitic diseases it has been shown 

that infection rate and disease severity follow a male bias and that DHT modulates 

immune response in parasitic infections (Sellau, Groneberg et al. 2019). For 

Leishmaniasis, DHT and E2 have been shown to influence immune response and 

parasite load (de Araujo Albuquerque, da Silva et al. 2021). 

To test the impact of sex hormones on Leishmania infection, in a first step, a stimulation 

protocol for sex hormones must be established. Therefore, DHT and E2 were added 

in different concentrations ranging from 10 nM to 5 𝜇M to male and female 

macrophages in a boost stimulation. High content screening readouts were generated 

with the use of Harmony™ image analysis sequence after immunofluorescence 

staining and confocal imaging. 
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Figure 3-25: Overview of the drug screening readouts viability (A & B), infection rate (C & D) and 
parasite burden (E & F) in percent of infected untreated control after L. infantum infection (MOI 
15:1) and boost stimulation with DHT (left) in the concentrations 10 nM, 50 nM, 100 nM, 500 nM, 
1 𝜇M and 2 𝜇M, and E2 in the concentrations 10 nM, 100 nM, 500 nM, 1 𝜇M, 2 𝜇M and 5 𝜇M for male 
macrophages. Macrophages for DHT and E2 stimulation were generated from different male individuals 
(n =1; DHT: m10, E2: f5). For viability, the toxicity threshold of 50 POC is shown as dotted line. For 
infection rate and parasite burden, dotted lines represent the mean of infected untreated control. Data 
is shown in box plots with the median represented by the centered line and standard deviation 
represented by box frame. 
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During DHT stimulation of male macrophages, uninfected cells showed a lower viability 

compared to unstimulated and stimulated cells (Figure 3-25 A). DHT stimulation led 

to slightly lower medians of cell viability in higher concentration compared to 

unstimulated cells, but without statistical significance. Single data points cross the 

toxicity threshold but no median of any DHT concentration shows a viability lower than 

50 POC. 

Infection rate of male macrophages stimulated with DHT showed higher median of 

around 120 POC in concentration of 50 nM and lower medians of around 80 POC in 

concentrations of 1 𝜇M and 2 𝜇M without statistical significance (Figure 3-25 C). 

Parasite burden also showed an increase in median in concentrations of 10 nM and 

50 nM, while a dose dependent decrease could be observed in concentrations from 

100 nM - 1 𝜇M up to a median of around 50 POC, but without statistical significance 

(Figure 3-25 E). 

 

During E2 treatment cell viability of uninfected male macrophages was lower compared 

to infected untreated and stimulated cells (Figure 3-25 B). No data points crossed the 

toxicity threshold of 50 POC. 

A slight increase of infection rate was observed in higher concentration of E2, while a 

minor decrease was seen in a concentration of 10 nM (Figure 3-25 D). No statistical 

significance could be observed. 

Parasite burden of male macrophages was decreased cells stimulated with 10 nM E2 

without statistical significance (Figure 3-25 F). In higher concentration no difference 

could be seen compared to infected untreated cells. 
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Figure 3-26: Overview of the drug screening readouts viability (A & B), infection rate (C & D) and 
parasite burden (E & F) in percent of infected untreated control after L. infantum infection (MOI 
15:1) and boost stimulation with DHT (left) in the concentrations 10 nM, 50 nM, 100 nM, 500 nM, 
1 𝜇M and 2 𝜇M, and E2 in the concentrations 10 nM, 100 nM, 500 nM, 1 𝜇M, 2 𝜇M and 5 𝜇M for 
female macrophages. Macrophages for DHT and E2 stimulation were generated from different male 
individuals (n =1; DHT: f9, E2: f5). For viability, the toxicity threshold of 50 POC is shown as dotted line. 
For infection rate and parasite burden, dotted lines represent the mean of infected untreated control. 
Data is shown in box plots with the median represented by the centered line and standard deviation 
represented by box frame. 
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When comparing viability of female macrophages infected with L. infantum and 

stimulated with DHT, a significant impairment of cell viability in a concentration of 2 𝜇M 

DHT could be observed compared to infected untreated cells, even though this did not 

cross the toxicity threshold of 50 POC (Figure 3-26 A). Generally, no median crossed 

the toxicity threshold, although single points showed a viability below 50 POC. 

DHT significantly increased the infection rate of female hMDMs during L. infantum 

infection in a concentration of 2 𝜇M (Figure 3-26 C). No other concentration showed 

an impact on infection rate. 

Parasite burden showed a slight increase in mean in higher DHT concentrations, but 

without statistical significance (Figure 3-26 E). 

 

For E2 treatment, again, single points showed viability near the toxicity threshold, but 

no median was found to be lower than 50 POC (Figure 3-26 B). No significant 

differences in cell viability could be observed. 

Interestingly, female macrophages showed significantly reduced infection rates for all 

E2 concentrations except for 2 𝜇M in with a reduction of around 10 - 30 POC (Figure 

3-26 D). The highest effects were observed for concentrations of 500 nM and 5 𝜇M. 

Similar observations were made regarding parasite burden. Here, a strong, significant 

decrease was observed in all E2 concentrations with similar medians around 50 - 

60 POC (Figure 3-26 F). The lowest mean and highest significance was observed for 

5 𝜇M E2.  
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4 Discussion 
 

4.1 Effects of mono therapy with leishmanicidal drugs 

and immune response modifiers 

To evaluate the efficacy of Amphotericin B and Miltefosine treatment combined with 

the immune response modifiers Imiquimod and Eh-1, it is important to understand the 

effects of the drugs during mono treatment. For the analysis of mono treatment effects, 

monocytes were purified from buffy coat samples and differentiated to hMDMs in vitro. 

After the separation of PBMCs from buffy coat samples, monocytes were purified with 

anti-CD14 magnetic beads. FACS analysis could show the successful purification as 

monocyte populations were strongly increased. Since beads were directed against 

CD14 surface marker, a specific enrichment in classical monocytes could be seen 

while intermediate and non-classical monocyte populations were reduced compared 

to the sample before MACS purification. As expected, magnetic bead separation led 

to high monocyte purity and yield, as FACS data suggested that on average around 

15 % of cells inside the PBMC samples were monocytes and average monocyte yields 

after MACS were 10 - 25 % with a purity of around 70 - 80 %. 

After mono treatment, viability, infection rate and parasite burden of macrophages was 

compared between the drugs. Macrophage viability showed that treatments did not 

have relevant cytotoxic effects, as no drug led to a mean below the toxicity threshold. 

Infection rate and parasite burden of uninfected cells were used to verify the quality of 

staining and image analysis. In L. infantum infection, overall low infection rates and 

parasite burdens close to 0 POC were observed in uninfected cells for all treatments. 

This indicates, that staining, imaging and image analysis worked with a low error rate. 

For L. major infection on the other hand, for macrophages from one male individual 

(m7) high infection rates and parasite burdens of around 20 - 40 POC could be 

observed. After this was recognized, images of uninfected macrophages from this 

individual were checked and revealed that the staining of HSP-90 with Alexa647 

showed high variation in fluorescence intensity with some very bright spots of intense 

fluorescence (Figure 4-1). These spots were much bigger than those found in infected 

cells and were found inside and outside cell cytoplasm, which indicates that the spots 

are not Leishmania. Moreover, high variation of fluorescence intensity indicates a high 
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degree of unspecific binding, which could be induced by inadequate blocking prior to 

antibody staining. In the analysis sequence these HSP-90 spots and some areas of 

higher fluorescence intensity were falsely recognized as Leishmania parasites 

explaining the high parasite numbers. Unfortunately, this problem was not recognized 

in time to repeat the experiment. Although the image analysis sequence did correctly 

identify most of the parasites present in the infected samples, data from this individual 

is tainted with a high error rate and must be viewed critically. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Exemplary image of inadequately stained uninfected macrophages from male 
individual m7. Fluorescence signals of HSP-90 (red) and DAPI (blue) were detected and visualized 
with the confocal microscopy unit of the Opera Phenix™ system as described in 2.3.1. HSP-90 staining 

showed a high variation in Alexa647 signal with big, intense spots. Scale bar = 100 m 

 

During mono treatment, Amphotericin B in concentrations of 0,5 𝜇M and 1 𝜇M showed 

strong reductions in infection rate and parasite burden. This is caused by the formation 

of aqueous pores in Leishmania membranes since Amphotericin B concentration 

exceeds the threshold of 0,4 𝜇M for their formation in Leishmania (Cohen 2016). This 

effect was observed to be stronger in L. infantum infection compared to L. major 

infection. It has been previously observed that viscerotropic Leishmania strains show 

higher susceptibility to Amphotericin B treatment than dermotropic strains (Berman and 

Wyler 1980). Viability was shown to be increased in the concentration of 1 𝜇M for 
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L. infantum, which is most likely because of reduced parasite burden, as apoptosis 

occurs as a response mechanism to intracellular parasite infection (Solano-Galvez, 

Alvarez-Hernandez et al. 2021). Amphotericin B was the only drug that yielded a 

treatment response in all individuals. 

Miltefosine induced dose-depended reduction of infection rate and parasite burden. 

Miltefosine has shown different modes of action regarding its leishmanicidal activity. 

Apoptosis-like cell death is observed in Leishmania after depletion of mitochondria 

membrane potential and inhibition of cytochrome C oxidase (Khademvatan, Gharavi 

et al. 2011, Khademvatan, Gharavi et al. 2011, Mollinedo 2014). Cytochrome C 

oxidase inhibition has been shown to be dose dependent explaining the dose 

dependent decline (Mollinedo 2014). Generally, for L. major treatment, responses 

were not as strong as in L. infantum infection. In cutaneous L. braziliensis strain lower 

uptake of Miltefosine dependent on the expression of the P-type ATPase subunit 

LbRos3, which shows lower expression in L. braziliensis compared to the visceral L. 

donovani strain, was observed indicating that cutaneous strains could show lower 

susceptibility to Miltefosine treatment (Sanchez-Canete, Carvalho et al. 2009). 

Interestingly, Eh-1 showed an increase in viability for both, L. infantum and L. major 

infection. Since terminally differentiated macrophages do not proliferate in the given 

conditions, it is likely that treatment either induced proliferation or reduced parasite 

related cell death. Infection rates were reduced upon treatment with Eh-1 in 

L. infantum, but not in L. major infection. Depending on the species, Leishmania 

membranes are made to around 40-70 % of phospholipids (Beach, Holz et al. 1979, 

Wassef, Fioretti et al. 1985). Eh-1, as an analog of the phosphatidylinositol anchor 

EhPIb, is very likely to interact with parasite membranes. Different membrane 

compositions could be an explanation for the different efficacy between the two 

parasite strains. EhLPPG has been shown to induce IFN- response in NKT cells after 

interaction with TLR1/2/6 (Lotter, Gonzalez-Roldan et al. 2009). TLR2 has been 

associated with a protective role in Leishmaniasis (de Veer, Curtis et al. 2003) 

suggesting that Eh-1 might interact with TLRs in macrophages inducing the production 

of Th1 related cytokines to mediate parasite clearance. 

During Imiquimod treatment of L. infantum infection, a slight dose-dependent decrease 

of infection rate was observed, while L. major infected hMDMs showed a non-

significant decrease in median irrespective of concentration. Imiquimod is known to 
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bind to TLR7/8 and induce Th1 related cytokines (Bubna 2015). It has been shown to 

induce NO production in mouse models of Leishmaniasis facilitating parasite killing 

(Buates and Matlashewski 1999, Ghaffarifar, Foroutan et al. 2021). Parasite killing by 

induction of NO production explains the reductions in infection rate and parasite 

burden. 

Generally, in L. major infection treatments showed lower efficacy. The L. major strain 

used was isolated from the spleen of a patient, although the preferential tissue for 

cutaneous strains is in the dermis indicating that this strain was especially resistant. 

 

4.2 Analyzing the potential of combination therapy of 

Amphotericin B and Miltefosine with immune 

response modifiers 

Current treatment of cutaneous and visceral Leishmaniasis heavily relies on drugs with 

strong adverse effects and high cost (Mann, Frasca et al. 2021). A trend in parasite drug 

resistance further increases the need for new treatment strategies (Mann, Frasca et al. 

2021). Since Leishmaniasis course of disease has been shown to be altered by the 

degree of Th1 or Th2 immune response, an interesting opportunity is presented by 

combination treatments with immune response modifiers (Mann, Frasca et al. 2021). 

To analyze the effects of drug combinations, Amphotericin B and Miltefosine were each 

combined with Imiquimod and Eh-1 in different concentrations for the treatment of 

L. infantum and L. major infection. Administration in mono treatment fashion allowed 

for the comparison of drug effects alone and in combination. 

When combined with Amphotericin B in a concentration below the threshold for the 

formation of aqueous pores, no difference in leishmanicidal effect of Eh-1 could be 

observed. This indicates that membrane alteration by the formation of non-aqueous 

ion channels does not affect leishmanicidal effects of Eh-1. However, in concentrations 

that crossed the threshold for aqueous pore formation, Eh-1 mostly led to a significant 

increase in infection rate indicating that Eh-1 inhibits pore formation in the Leishmania 

membrane. As an amphiphilic molecule derived from a GPI anchor, Eh-1 is likely to 

associate with membranes altering pore formation by Amphotericin B. 
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In low concentrations of Miltefosine, combination with Eh-1 shows further reduction of 

infection rate and parasite burden in L. infantum infection. Since Miltefosine effect is 

dependent on its uptake by parasites, increased uptake mediated by Eh-1 could be an 

explanation (Pinto-Martinez, Rodriguez-Duran et al. 2018). They have similar structure 

with roughly the same length of alkyl chains and polar headgroups, similar to 

phospholipids found in parasite membranes, indicating that their association near or in 

parasite membranes is not unlikely (Figure 1-5). For L. major infection only in high 

Miltefosine concentration an effect of combination treatment could be found. 

Miltefosine uptake was shown to be lower in Leishmania strains that cause cutaneous 

disease (Sanchez-Canete, Carvalho et al. 2009). This could explain why a higher 

Miltefosine concentration is needed for L. major compared to L. infantum to induce 

leishmanicidal effects. Although cooperative reduction was found, combination of 

Miltefosine with Eh-1 also induced increased infection rates in some cases limiting the 

potential for this drug combination. 

Combination of Amphotericin B concentrations below the threshold for aqueous pore 

formation with Imiquimod often showed increased infection rate and parasite burden 

compared to mono treatments indicating no cooperative function of their effects. In 

higher Amphotericin B concentrations however, in almost all cases reduction of 

infection rate compared to Amphotericin B mono treatment was seen. Imiquimod is a 

TLR receptor agonist, that induces Th1 response in macrophages (Bubna 2015), while 

Amphotericin B acts directly on Leishmania (Cohen 2016). Cooperative function of 

these drugs could be expected in cases where either TLR signaling is amplified by 

Amphotericin B interaction with hMDM membrane or Imiquimod stimulates NO 

production for cooperative killing of parasites. In high Amphotericin B concentrations, 

the latter was most likely observed. 

Combining high concentrations of Miltefosine with Imiquimod showed increased 

reduction of infection rate and parasite burden compared to mono treatments except 

for one male individual, where combination treatment led to significant increase. This 

shows, that Imiquimod and Miltefosine can exert a cooperative effect during the 

clearance of Leishmania. Since effects of Miltefosine are not fully understood, it is hard 

to pinpoint how cooperative effects are achieved mechanistically. A hypothesis would 

be, that Imiquimod reduces the bioavailability of polyamines by induction of iNOS and 

NO production, which sequesters substrate from arginase reducing polyamine 

concentration for parasites (Bubna 2015). This could cooperate with Miltefosine to 
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further inhibit membrane anabolism (Pinto-Martinez, Rodriguez-Duran et al. 2018). 

Interestingly a phase 2 clinical study investigated use of Imiquimod as an addition to 

oral Miltefosine treatment for cutaneous Leishmaniasis in 2010 with no results, 

indicating that drugs show no cooperative effect in vivo (Soto 2010). 

Although combination therapy with immune response modifiers theoretically has great 

potential and drugs showed convincing effects in their mono treatment, no drug 

combination provided convincing evidence of a strong cooperative effect during 

combination treatment. A slight potential was observed for the combination of 

Amphotericin B or Miltefosine with Imiquimod, but more experiments are needed to 

provide further evidence for these effects or to find drugs that mediate stronger 

leishmanicidal effects when combined. For this, it is important to understand drug 

effects mechanistically and investigate their effects in vivo. 

 

4.3 Analyzing the role of hMDM cytokines during 

treatment of L. infantum and L. major infection 

In Leishmaniasis diverse cytokines and effector molecules secreted by macrophages 

show important effects on the elimination or persistence of parasites and thus the 

course of disease. Many cytokines related to type 1 immune responses have been 

related to parasite elimination in macrophages (Liu and Uzonna 2012, Bogdan 2020). 

The most important player in parasite elimination is iNOS, which is upregulated after 

stimulation with IFN- and TNF- (Liu and Uzonna 2012). But also, other inflammatory 

mediators like IL-12 and CXCL10 have been shown to be relevant to develop a 

protective immune response (Maspi, Abdoli et al. 2016). This is often linked to inhibition 

of effector molecules of type 2 immune responses. In Leishmaniasis IL-10 and Arg1 

have been associated with disease progression (Maspi, Abdoli et al. 2016, Bogdan 

2020). However, a cooperative role of Th1 and Th2 cytokines has been associated 

with the best disease outcome (Carneiro, Lopes et al. 2020). 

To investigate if Amphotericin B and Eh-1 mono treatment and their combination could 

induce the expression of protective cytokines, LEGENDplex assays were used to 

determine cytokine concentrations in hMDM culture supernatants. Experiments with 

considerable leishmanicidal effect of treatments were picked and diverse cytokines 

with relevance in the context of Th1/Th2 responses were analyzed. 
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Generally, cytokine expression levels differed between the individuals of the same 

conditions, although the cytokines found are almost the same. This is likely because 

of age differences (Bajaj, Gadi et al. 2020) and epigenetic memory (Sun and Barreiro 

2020). Aging leads to impaired function of immune cells including macrophages (Bajaj, 

Gadi et al. 2020). Especially activation of TLRs and their downstream pathways can 

be increased drastically resulting in higher inflammatory signaling (Bajaj, Gadi et al. 

2020). Moreover, responses to pathogens differ substantially between human 

individuals because previous challenges with pathogens can lead to epigenetic 

memory of innate immune cells (Sun and Barreiro 2020). This does not only include 

previous challenge with the same pathogen, but also pathogens that interact with 

receptor pathways in a similar way (Sun and Barreiro 2020). 

In infected untreated hMDMs, generally an induction of pro inflammatory cytokines and 

chemokines was observed. High levels of IL-18 and IL-8 indicate activation of 

macrophages and pro inflammatory signaling (Dayakar, Chandrasekaran et al. 2019). 

IL-12 is the major cytokine for the activation of pro inflammatory CD4+ T cells (Muraille, 

Leo et al. 2014). Expression of IL-12 in L. major infection and not in L. infantum 

infection indicates a stronger initial Th1 response, which is consistent with the fact, that 

most infection with L. major are self-limiting (Mann, Frasca et al. 2021). Moreover, 

during L. infantum infection higher levels of Arg1 were observed suggesting a stronger 

active suppression of oxidative response for L. infantum, which is consistent with the 

observation that in visceral Leishmaniasis higher degree of M2 macrophage 

polarization and increased expression of Arg1 was observed (Kumar, Das et al. 2018). 

These immunosuppressive effects during the early stages of infection likely enables 

L. infantum parasites to persist in host cells until they are transported to the inner 

organs while L. major parasites are cleared by immediate induction of Th1 response 

and oxidative response. 

Female macrophages showed stronger reduction of infection rate following treatment 

associated with higher concentrations of cytokines in L. major infection. Higher 

cytokine concentrations were also party observed in L. infantum infection. This will be 

further discussed in 4.4. 

During L. major infection expression of TNF-a, IL-1 and IL-12p70 indicate stimulation 

of mannose-fucose receptor, which initiates inflammatory response (Liu and Uzonna 

2012, Elmahallawy, Alkhaldi et al. 2021). High expression IL-18 and IL-1 indicate 
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inflammasome formation, which in Leishmaniasis provided protection by NO mediated 

parasite killing (Liu and Uzonna 2012, Maspi, Abdoli et al. 2016, Tapia, Daniels et al. 

2019, De Miguel, Pelegrin et al. 2021). 

During Eh-1 treatment the expression of these inflammasome related cytokines is 

increased compared to untreated cells and infection rate reduced indicating increased 

inflammasome mediated NO response. 

In Amphotericin B treatment, stronger reduction of infection rate was observed than in 

Eh-1 treatment, although cytokines related to inflammasome response showed lower 

levels. Amphotericin B is known to induce intracellular ROS production (Mesa-Arango, 

Trevijano-Contador et al. 2014) suggesting a combination of ROS and NO mediated 

parasite killing. 

During combination treatment inflammasome related cytokines show higher levels and 

infection rate is further reduced compared to mono treatments suggesting cooperative 

induction of protective oxidative response with NO and ROS. 

In two individuals (m5 and f8) generally lower reduction of infection rate was observed 

upon treatment. Here, Eh-1 led to reduced Arg1 level, but also reduced pro 

inflammatory and inflammasome related cytokines. This indicates a different 

mechanism for parasite removal which might be based on increased iNOS activity 

induced by reduction in Arg1 level. Arg1 sequesters substrate for NO production from 

iNOS (Liu and Uzonna 2012). More information would be needed to confirm this. 

Amphotericin B treatment showed higher levels of CCL2, IL-8 and IL-18 suggesting 

higher ROS production as the primary mechanism in these macrophages instead of 

inflammasome mediated NO production. In combination treatment, again a 

combination of oxidative responses led to slightly reduced infection rate compared to 

mono treatments. 

During L. infantum infection two individuals (m8 and f3) showed expression of IFN-, 

which indicates the presence of other immune cells since hMDMs only produce IFN- 

upon simultaneous stimulation with IL-12 and IL-18 (Darwich, Coma et al. 2009) and 

IL-12p70 could not be detected. These individuals showed much higher concentrations 

of cytokines overall and can not be compared to the other samples. They will be 

excluded from this discussion since the goal was to analyze treatment effects on 

macrophages (for further discussion of samples with IFN- expression see 6.3). 
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In supernatants that did not show IFN- expression, high expression of CXCL10 and 

Arg1 was found indicating high degree of immunosuppression that was accompanied 

by low expression of inflammatory mediators IL-8 and IL-18. CXCL10 expression could 

indicate activation of TLR2 and NF-B pathway by LPG on Leishmania surface 

(Figueiredo, Viana et al. 2017, Elmahallawy, Alkhaldi et al. 2021). 

Treatment with Eh-1 led to reduction of CXCL10 concentration but could induce higher 

levels of IL-8 and CCL2. In male and female macrophage Arg1 expression was also 

slightly reduced. Reduction of infection rate to around 65 POC was observed. These 

results indicate that Eh-1 mediates protection mostly independent of the cytokines 

analyzed as IL-8 and CCL2 have no direct effect on oxidative response, although 

reduction of immunosuppression by Arg1 might play a role. 

Amphotericin B treatment did not induce relevant alteration in infection rate or cytokine 

profile indicating that ROS production induced by Amphotericin B is sufficiently 

counteracted by elevated Arg1 expression. 

During combination treatment the effect of Eh-1 on cytokine expression dominated, but 

with higher levels of Arg1 and the reduction of infection rate was reduced compared to 

Eh-1 mono treatment. This indicates that during L. infantum infection Amphotericin B 

ameliorates Eh-1 mediated protection possibly by inhibiting Eh-1 effect on Arg1 

expression. 

The goal of this experiment was to see if treatment with Eh-1, Amphotericin B and their 

combination could induce a protective cytokine response in hMDMs.  

These results suggest that Eh-1 leads to protection mediated by Th1 cytokine 

expression and inflammasome formation in L. major. A similar effect was observed for 

Amphotericin B, but higher treatment effect was observed likely induced by ROS 

production. For L. major infection combination therapy further increased protective 

cytokine expression and protective effects. 

For L. infantum infection, treatment of hMDMs with Eh-1 led to reduction of infection 

rate without induction of the protective cytokines analyzed, although reduction of Arg1 

level might contribute to this effect. Amphotericin B showed no effect on protective 

cytokine expression and reduced protective effect of Eh-1 when combined. 
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4.4  Analyzing sex specific differences during 

L. infantum and L. major infection and treatment of 

hMDMs 

The infection rate and disease severity of Leishmaniasis shows a male bias indicating 

a role of male sex specific factors like androgens or genetic differences in immunity in 

disease development (Bernin and Lotter 2014). Sex specific differences could be 

observed in many experiments for this thesis. Infection rates, macrophage polarization 

and cytokine profiles were compared between male and female hMDMs to get 

information about infection characteristics of L. major and L. infantum. To analyze the 

impact of male and female sex hormones on the infection with L. infantum and 

establish a stimulation protocol, stimulation of hMDMs with DHT and E2 in different 

concentration was done. 

During L. infantum infection significantly higher infection of male macrophages was 

observed compared to female macrophages. In mouse model experiments with 

L. infantum, 72 h.p.i. higher infection rates were observed in macrophages from male 

mice compared to female mice, although in the first 24 h no difference in uptake was 

observed (Lockard, Wilson et al. 2019). This indicates a better initial parasite control 

in female macrophages. Interestingly, in female, but not macrophages a significant 

increase in M1 macrophages was observed 72 h after infection with L. infantum 

accompanied by a decrease in M2 macrophage polarization. Increased number of M1 

macrophages initiates a stronger oxidative response leading to better immediate 

control of parasites.  

In mono treatments with Eh-1 and Miltefosine for L. infantum infection female hMDMs 

showed stronger reductions of infection rate indicating a difference in the efficacy of 

treatment for these drugs. This could be caused by differences in surface receptor 

composition. Escape from X-chromosome inactivation leads to higher TLR7 

expression in women compared to men. Eh-1 is likely to interact with TLRs on 

macrophage surface as it is derived from EhLPPG, which binds to TLRs or scavenger 

receptors (Fehling, Choy et al. 2020). Thus, stronger pro inflammatory response and 

parasite killing could be mediated by increased TLR7 stimulation. Miltefosine treatment 

was shown to increase TNF- levels in human serum samples, which is majorly 

produced by macrophages (Mukhopadhyay, Das et al. 2011). Moreover, E2 stimulation 
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has been associated with epigenetic trained immunity and increased activation of non-

canonical NF-B pathway following pathogen challenge in murine BMDMs (Sun, Pan 

et al. 2020). Since TNF- is a cytokine produced downstream of NF-kB signaling 

pathway, that has been associated with upregulation of NO production (Bogdan 2020), 

females might show stronger parasite removal following Miltefosine treatment. 

During L. major infection, no sex specific difference in the percentage of infected 

macrophages was observed. This is consistent with literature as in human cutaneous 

leishmaniasis caused by L. major differences between sexes have not shown a clear 

bias (Lockard, Wilson et al. 2019). 

Further differences in sex specific immune response were observed during analysis of 

cytokine profiles. Female macrophages generally showed higher levels of cytokine 

expression. Female mice and rats express more TLRs on the surface of macrophages 

indicating a stronger capacity for females to mount pro inflammatory response 

(Scotland, Stables et al. 2011). Moreover, in humans, monocytes from women are 

known to induce stronger cytokine expression in response to ex vivo stimulation with 

LPS (Jacobsen and Klein 2021). Together with the epigenetic trained immunity effect 

described above, this indicates that upon pathogen challenge women induce a faster 

and stronger cytokine response also explaining the difference in M1 macrophage 

polarization upon L. infantum infection.  

Stimulation experiments with sex hormones showed no significant impact on infection 

rate or parasite burden during stimulation of male macrophages with either DHT or E2, 

while stimulation of female hMDMs with DHT led to increased infection rate and 

stimulation with E2 led to decreased infection rate. Stimulation with DHT was shown 

to increase parasite burden and infection rate in Leishmaniasis, although in this study 

parasites were stimulated instead of hMDMs (Lockard, Wilson et al. 2019). Moreover, 

in human macrophages NF-B activity is suppressed by DHT leading to reduced 

production of proinflammatory cytokines and NO (Snider, Lezama-Davila et al. 2009). 

DHT can also induce expression of IL-10 and IL-4, which are associated with parasite 

growth and disease progression (Snider, Lezama-Davila et al. 2009). E2 on the other 

hand has been shown to have pro inflammatory properties by induction of TNF- 

production mediating protection against Leishmania infection by stronger oxidative 

response (Karpuzoglu-Sahin, Hissong et al. 2001, Snider, Lezama-Davila et al. 2009). 
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The assay could successfully analyze the impact of sex hormones in different 

concentrations on the infection with L. infantum. A concentration of 2 μM DHT 

produced detectable effects during the infection. A concentration of 5 μM DHT could 

be tested in the future to analyze if higher effects could be observed. For E2 the 

strongest effect could be observed in the highest concentration of 5 μM. This 

concentration is well suited for future in vitro stimulation experiments. 

Sex specific differences during Leishmania infection could be observed in different 

experiments. Higher infection rates were detected in men, while women showed higher 

expression of cytokines and stronger pro inflammatory polarization. Stimulation with 

sex hormones showed a protective role for E2 in women and a higher infection rate for 

DHT in women, while male hMDMs were not significantly affected by hormone 

stimulation. 
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5 Conclusion and Outlook 
 

During this thesis different strategies for the treatment of hMDM infection with 

Leishmania infantum and Leishmania major were compared. Successful high content 

drug screening by image analysis after confocal imaging of infected, treated and 

stained hMDMs led to various data sets on different drug combinations. Further 

information about the characteristics of Leishmania strains during their infection and 

treatment of hMDMs were acquired by analyses of cytokine profiles. During these 

experiments various sex specific differences were observed. 

Mono treatment analyses could show the potency of the leishmanicidal drugs 

Amphotericin B and Miltefosine, and the potential for the immune response modifier 

Imiquimod and drug candidate Eh-1 for the treatment of Leishmania infection. All drugs 

could lower infection rates without relevant cytotoxicity, but treatment efficacy was 

highly dependent on Leishmania strain and individual. Amphotericin B has proven to 

be more efficient in the removal of parasites compared to Miltefosine, as its effects 

show a clear, concentration dependent mechanism, that led to very efficient reduction 

of parasite load in both infections and all individuals, whereas Miltefosine showed an 

effect that was individual dependent and did not ensure efficient parasite removal. Eh-

1 showed great potential in L. infantum infection with similar success as the FDA 

approved immune response modifier Imiquimod, although it did not alter the course of 

infection for L. major. Imiquimod showed effects for both parasite strains. Both immune 

response modifiers showed lower treatment response rates compared to 

leishmanicidal drugs.  

The strain dependency of drug efficiency and response would be an interesting topic 

for further analyses, as drugs could maybe be chemically optimized for specific strains 

in the future. For future studies it could also be interesting to correlate age with 

treatment responsiveness especially to immune response modifiers, since age is a big 

factor influencing inflammatory responses. This could also give insights about the 

effector mechanisms of these drugs, since some mechanisms might be increased, 

reduced or lost with old age. To further specify the mechanisms of Eh-1, localization 

studies with fluorescent markers would be beneficial and could maybe also shed a light 

on the differences in treatment efficacy between Leishmania strains. 
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Combination treatments with leishmanicidal drugs and immune response modifiers did 

not reveal a combination that securely amplified leishmanicidal effects, however 

potential was observed for combinations of Amphotericin B or Miltefosine with 

Imiquimod. Further studies are needed to confirm this, as significant cooperative 

effects were only observed in particular concentrations. Combination therapy with drug 

candidate Eh-1 did not show convincing potential for combination therapy as inhibition 

of aqueous pore formation was observed in combination with Amphotericin B and 

combination with Miltefosine yielded minor reductions but in some cases also 

increases in infection rate. It is important to further elucidate drug mechanisms in order 

to combine drugs with cooperative effects and also to look at later timepoints after 

treatment to confirm successful clearance. Also, drug combination should be tested in 

more concentrations to get more information about concentration dependent effects. 

Moreover, testing combination treatments in the presence of other lymphocytes could 

be an interesting approach for the future. 

Cytokine analyses showed that treatment of L. major infection with Amphotericin B and 

Eh-1 could induce the expression of protective cytokines and reduce infection rate. 

The cytokine profiles observed during L. major treatment indicate an inflammasome 

dependent oxidative response, that was amplified during treatment with Eh-1. 

Combination with Amphotericin B in a concentration below aqueous pore formation led 

to stronger parasite elimination likely mediated by ROS production. These effects 

seem to depend on the immune response of the respective individual, as treatment 

showed lower efficacy in individuals with less pronounced inflammasome response. In 

L. infantum infection Eh-1 could induce reduction of infection rate that was likely 

independent of protective pro inflammatory cytokine expression, although a minor 

effect on Arg1 expression could be observed. Amphotericin B and combination therapy 

showed no protective effect in a concentration below the threshold for aqueous pore 

formation. 

Important sex differences were observed during infection with L. infantum and L. major, 

that reflect and confirm data presented in literature. During L. infantum infection a male 

bias of infection was observed with higher infection rate and stronger M1 differentiation 

of female hMDMs following infection. This is consistent with higher levels of protective 

cytokines observed in female cytokine profiles which most likely led to a more 

pronounced oxidative response. Treatments were also observed to have differing 

effect on female and male hMDMs, as female macrophages showed stronger cytokine 
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expression most likely linked to differences in TLR expression and epigenetic trained 

immunity induced by E2. This was represented in better response to Miltefosine and 

Eh-1.  

By using different concentrations of the sex hormones DHT and E2 during the 

stimulation of hMDMs in L. infantum infection, 2 μM DHT and 5 μM E2 were identified 

as concentrations with relevant effect. It could be seen that E2 shows protecting effects 

especially in high concentration likely by stronger induction of oxidative response. 

Stimulation with DHT on the other hand led to a stronger infection by 

immunosuppression. These effects could be observed in female, but not male hMDMs. 

More data is needed on the infection under influence of sex hormones to confidently 

propose a difference in sex hormone response between male and female hMDMs, but 

a tendency towards stronger response was observed in female hMDMs. As higher 

infection rate after DHT stimulation of Leishmania prior to infection is reported in 

literature (Lockard, Wilson et al. 2019), it would be interesting to also test stimulation 

of parasites with both sex hormones before infection. Moreover, DHT could be tested 

in higher concentration. This could improve the efficacy of stimulation and show 

stronger effects for further in vitro analyses. Additionally, it would be interesting to test 

the influence of sex hormones on the infection with other Leishmania strains.
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Population:  

 

M2 macrophages- number of 

objects 

 

 Method:  

Formula:  

Population Type:  

 

Variable A: 

number of objects 

 

 

 

 

Variable B: 

number of objects  

 

 

Output name: 

 

Formula Output 

1. a/b 2. to 4. a/b*100 

Objects 

  1. Leishmania 

  2. Infected macrophages 

  3. Seriously infected    

      macrophages 

  4. Double infected   

      macrophages 

 

 

Macrophages 

  1. Leishmania per infected 

      macrophage 

  2. % infected macrophages 

  3. % seriously infected 

      macrophages 

  4. Double infected    

      Macrophages 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

 

Master Thesis Max Hüppner 131 

6.2 P-value tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1: Overview of p-values for the statistical significance calculations during combination 
treatment displayed in Figure 3-16.  
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Figure 6-2: Overview of p-values for the statistical significance calculations during combination 
treatment displayed in Figure 3-18. 
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Figure 6-3: Overview of p-values for the statistical significance calculations during combination 
treatment displayed in Figure 3-20. 
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6.3 Discussion of supernatants with IFN- expression 

For one female (f3) and one male (m8) individual IFN- could be detected in the 

supernatant after infection with L. infantum. Since the release of IFN- from 

macrophages is induced upon simultaneous stimulation with IL-12 and IL-18, and IL-

12p70 was not present in supernatants, the most likely explanation for IFN- 

expression is the presence of other regulatory immune cells like e.g. NKT cells 

(Darwich, Coma et al. 2009). The FACS analysis of samples after MACS showed a 

low degree of impurity with other lymphocytes, which could induce IFN- production 

upon antigen presentation by macrophages. Further supporting this is the fact, that in 

these supernatants much higher levels of cytokines were detected. 

Interestingly, Eh-1 treatment led to much higher production of IFN- compared to 

untreated cells for m8 and reduction of infection rate to around 60 POC. EhLPPG was 

shown to induce IFN- production in NKT cells after presentation of EhLPPG via CD1d 

(Fehling, Choy et al. 2020). This could indicate that macrophage cultures of m8 

contained NKT cells, which showed IFN- production after presentation of Eh-1 by 

macrophages. IFN- is a potent inducer of NO production by iNOS (Bogdan 2020). 

High Arg1 levels could indicate a strong oxidative response causing parasite killing.  

Interestingly, when treated with Eh-1, f3 showed an even stronger reduction of infection 

rate to around 35 POC. Since IL-4 is known to induce CCL17 expression (Wirnsberger, 

Hebenstreit et al. 2006), high CCL17 levels in samples of f3 suggest that IL-4 is 

present. This is accompanied by abrogation of IFN- expression and high Arg1 level. 

This is contradicting, since the absence of IFN- suggests lower induction of protective 

NO response, but high Arginase level could indicate high NO production and parasite 

killing. Together, this suggests that for f3 Eh-1 mediated protection to L. infantum 

infection independent of protective cytokine expression, although further evidence is 

needed to support this. 

Upon treatment with Amphotericin B, for f3 IFN- expression was increased very 

strongly with high level of CXCL10 and low level of IL-10 associated with reduction of 

infection rate to around 75 POC. The cytokines found in the sample suggest a strong 

oxidative response. Interestingly, for high IFN- expression induced by Amphotericin 

B, a lower leishmanicidal effect was observed compared to Eh-1 treatment, where no 
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IFN- production was found, further supporting an effect independent of oxidative 

response during Eh-1 treatment of L. infantum infection in female macrophages.  

On the other hand, strong reduction of infection rate to around 35 POC was observed 

for m8. Here, also a strong increase in IFN- was seen compared to uninfected cells 

with a reduction in Arg1 level. Also, no CCL17 could be detected in these samples, 

which indicates absence of IL-4 leading to stronger type 1 oxidative response, while 

IL-10 effect was likely ameliorated by CXCL10. Together, these effects showed high 

degree of protection.  

In combination, the IFN- inducing effect of Amphotericin B seems to be suppressed 

by Eh-1 while CCL2 and CXCL10 show higher levels than during Eh-1 treatment. Arg1 

and IL-10 levels are further reduced compared to both mono treatments indicating a 

stronger type 1 response and increased NO production. As infection rate is not lowered 

in combination compared to Eh-1 mono treatment, most likely the cytokine 

independent mechanism of Eh-1 shows a stronger protective effect than cytokine 

mediated NO production. 

 

6.4 Declaration on oath 

I confirm that I wrote this thesis on my own, without using any other than the declared 
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