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1. Zusammenfassung 
Die kutane Leishmaniasis stellt eine Form der weltweit verbreiteten Leishmaniasis dar, die 

insbesondere in subtropischen Gebieten endemisch ist. Über einen Stich der Sandmücke 

kommt es zur Infektion mit Leishmanien, wobei die Parasiten zunächst myeloide Zellen, 

insbesondere Makrophagen, befallen und hier zu den sogenannten Amastigoten heranreifen 

und sich replizieren. Charakteristisch für die kutane Form der Leishmaniasis sind 

Hautulzerationen, die selbstlimitierend abheilen, sofern ein intaktes Immunsystem besteht. Die 

viszerale Leishmaniasis dagegen endet unbehandelt häufig letal. In den Maus-Genotypen 

C57BL/6 und BALB/c spiegelt sich das Phänomen unterschiedlicher Immunantworten mit 

konsekutiv differierender Krankheitsausprägung wider. Mäuse des Genotyps C57BL/6 zeigen 

nach Infektion mit L. major einen selbstlimitierenden Krankheitsverlauf mit spontaner 

Abheilung der Hautläsionen, wohingegen Mäuse des Genotyps BALB/c einen schwereren 

Verlauf mit nekrotisierenden Läsionen ohne spontane Abheilungstendenz aufweisen. Auch 

nach Ausheilung persistieren die Parasiten lebenslang im Wirt, wodurch die Gefahr einer 

erneuten Exazerbation unter Immunsuppression besteht. Derzeit gibt es kein verfügbares 

Vakzin.  

Myeloide Zellen, insbesondere Makrophagen und Dendritische Zellen, aber auch Monozyten 

spielen in der Erkrankung eine zentrale Rolle. In den letzten Jahrzehnten hat sich durch die 

intensive Forschung das Bild einer diversen Zellpopulation geformt, wobei stetig neue Aspekte 

die Komplexität des myeloiden Netzwerks unterstreichen. Ziel dieser Arbeit war es, 

darzustellen, inwiefern die Ausprägung der Zellantwort auf Ebene myeloider Zellen je nach 

Immunitätslage des Individuums differiert und dabei insbesondere phänotypische, aber auch 

funktionelle Unterschiede dieser Zellen während verschiedener Krankheitsphasen mit 

einzubeziehen. Zunächst wurden dazu die Ohren von C57BL/6 und BALB/c Mäusen mit L. 

major Parasiten infiziert. Zu verschiedenen Zeitpunkten nach Infektion wurden die Tiere 

abgetötet, das Volumen der Ohrläsionen gemessen und das Ohrgewebe zu Einzelzellen 

aufgearbeitet. Mittels Durchflusszytometrie erfolgte die Analyse verschiedener 

Oberflächenantigene sowie intrazellulärer Antigene, anhand derer insgesamt zwölf 

Untergruppen myeloider Zellen unterteilt werden konnten. Der Anteil dieser verschiedenen 

Zellgruppen an der gesamten myeloiden Zellpopulation konnte so zwischen den Maus-

Genotypen zu verschiedenen Krankheitszeitpunkten nach Infektion mit L. major verglichen 

werden.  Insgesamt prägte sich in den ersten Wochen nach Infektion zunächst ein ähnliches 

Bild und es zeigten sich hinsichtlich der myeloiden Zellgruppen nur wenige Unterschiede 

zwischen den Maus-Genotypen. Der Hauptunterschied zeigte sich vornehmlich in Woche 9 

nach Infektion, wobei in C57BL/6 Mäusen im Gegensatz zu BALB/c Mäusen ein signifikant 

höherer Anteil der Zellen die Marker Ly6C und CD64 exprimierte. Die Expression dieser 

Marker kann sowohl auf einen monozytären Ursprung, als auch auf eine pro-inflammatorische 
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Signatur der Zellen hindeuten. Der Zeitpunkt des Auftretens während der Heilungsphase der 

C57BL/6 Mäuse könnte auf eine wichtige Bedeutung dieser Zellen für die antiparasitäre 

Immunantwort schließen lassen. In der Population, welche mutmaßlich vorwiegend Monozyten 

beinhaltete zeigte sich zudem eine starke Dynamik in der Expression von Ly6C, was durch 

eine stetige Differenzierung sowie Ein- und Auswanderung der Zellen in bzw. aus dem 

Gewebe bedingt sein könnte. Die Daten sprechen insgesamt für eine wichtige Bedeutung der 

Monozyten und von diesen abgeleiteten Zellen für die Heilung in C57BL/6 Mäusen.  

Anhand der iNOS- bzw. Arginase-1-Expression konnte das pro- bzw. anti-inflammatorische 

Milieu in den verschiedenen Genotypen dargestellt werden. Wie bereits anhand der Literatur 

antizipierbar, konnte bestätigt werden, dass in C57BL/6 Mäusen eine signifikant höhere 

Expression von iNOS stattfindet, als in BALB/c Mäusen. Es zeigten sich hier bezüglich der 

Enzymexpression jedoch keine spezifischen Tendenzen auf Zellebene, sondern lediglich 

vergleichend zwischen den Maus-Genotypen. Beispielsweise zeigten als von Monozyten 

abgeleitete Makrophagen definierte Zellen in C57BL/6 Mäusen eine signifikant höhere 

Expression von iNOS, wohingegen diese in BALB/c Mäusen signifikant mehr Arginase-1 

produzierten.  

Unsere Beobachtungen lassen daher vermuten, dass die Funktionalität von Zellen eher durch 

den Genotyp der entsprechenden Mäuse und die immunologische Prägung ihrer zellulären 

(Mikro-)Umgebung, wie z.B. durch pro-inflammatorische Zytokine bestimmt wird, als dass sie 

mit spezifischen phänotypischen Eigenschaften verbunden ist.  
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2. Introduction  

2.1 Leishmaniasis  

Leishmaniasis is an infectious vector-borne disease, caused by parasites of the genus 

Leishmania, which are transmitted to humans and other mammals by female sand flies.1-4 As 

a neglected tropical disease, leishmaniasis causes an estimated 0.7 to 1 million new cases 

per year according to actual reports of the World Health Organization (WHO).5 12 million 

people are already infected, while 350 million people are at risk of infection.1,6,7 

Three main forms of the disease can be distinguished: Visceral, (also termed kala-azar), 

cutaneous and mucocutaneous leishmaniasis.8 With approximately 600.000 to 1 million new 

cases worldwide per year, cutaneous leishmaniasis (CL) is the most common form of the 

disease, while of visceral leishmaniasis (VL) 50.000 to 90.000 cases occur annually.5 The 

majority of cases of CL is reported in the Americas, the Mediterranean basin, Middle East and 

Central Asia. VL mainly appears in Brazil, east Africa and India.5 Whereas VL, associated with 

fever, anemia, weight loss and affection of liver and spleen, is fatal in over 95% of cases when 

left untreated, the cutaneous form results in ulcers that may leave permanent scars, disability 

or stigma.1,5 

More than 20 Leishmania species are known to exist, with each of them having different 

impacts on form and severity of the disease.1,8 One of the species leading to the cutaneous 

form is L. major.1 In addition to parasite species, immune competence determines disease 

outcome.1 Leishmaniasis is strongly linked to poverty and occurs predominantly in rural areas, 

where access to health care is limited.1,9 However, although considered a tropical disease, 

leishmaniasis is becoming more and more relevant all over the world due to globalization and 

climatic changes. Therefore, in the future, cases of leishmaniasis might increase also in 

wealthier and better developed regions of the world.1,9,10 Unfortunately, no vaccine is available 

so far.1 Leishmaniasis is treatable and curable, however, drugs are expensive, show severe 

adverse effects and an increase in drug resistance is observed.1,11 In addition, parasites cannot 

be fully eliminated from the body12, but may persist13-16 live-long17, which might provide long-

term memory and immunity against the disease18, but in contrast bears the risk of a relapse 

once immunosuppression occurs.1,5,13,19  
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2.1.1. Leishmania life cycle  

Leishmania are obligate intracellular parasites that have different developmental stages.20-24 

Infection of female sand flies takes place during their blood meal of infected humans or other 

mammals21,25, where they take up amastigote life forms of the parasite.23,26 When ingested in 

the sand fly gut, these life forms may transform into infective metacyclic promastigotes.20-24,27 

Transmission of the disease to another host takes place during the next bite of the sand fly2, 

whereby promastigotes are intradermally inoculated into the host’s organism.23,24 Neutrophils, 

macrophages (MF) and dendritic cells (DC) then phagocytose Leishmania promastigotes.28 In 

MF, they locate to parasitophorous vacuoles (PV)29, which are formed by fusion of 

phagosomes and lysosomes30 to transform into the intracellular amastigote life form31,32 and 

replicate.24,30,33,34 Finally, during another sand fly blood meal and consecutive parasite uptake, 

another cycle of transmission starts, (Figure 1).23  

 

 

Figure 1  Leishmania life cycle 
Figure was modified after Sacks & Noben-Trauth23 and created using Smart Servier Medical Art, no permission required.35 
Inoculation of L. major parasites takes place during the bite of a sand fly. MF take up promastigotes and phagolysosomes are 
formed. Inside these phagolysosomes, promastigotes differentiate into amastigotes and replicate. During another blood meal of 
the sand fly, amastigotes are taken up into the gut of female sand flies. Here, proliferation and differentiation into non-infectious 
procyclic promastigotes takes place. These forms are rapidly dividing and differentiate into non-dividing metacyclic promastigotes, 
which can be transmitted during another sand fly bite.23 
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2.1.2. Cutaneous leishmaniasis  

CL is characterized by a lesion which occurs at the site of a sand fly bite. Lesions develop 

approximately 5 weeks after infection and their appearance correlates with the onset of parasite 

growth control.36-38 CL can be subdivided into Old World vs. New World CL, which refers to 

location-dependent predominance of distinct Leishmania species in different parts of the world. 

Old World CL species are prevalent in regions of the Mediterranean Basin, the Middle east, the 

Horn of Africa, or the Indian subcontinent, while New world species are mainly found in Middle 

and South America. These forms also differ from each other by phenotype of lesions. L. major 

is one of the species that leads to Old World CL and is transmitted by the sand fly Phlebotomus 

papatasi.4,39  Lesions heal spontaneously over the course of time, which may be supported by 

local therapy.1,40-42 However, the infection may result in scars that persist live-long.1,5 In addition, 

some cases of CL can develop into more serious manifestations, such as diffuse CL, 

disseminated CL, mucocutaneous leishmaniasis and leishmaniasis recidivans.11  

 

2.2 Immune system  

The immune system consists of two parts, the innate and the adaptive immune system, which 

both are crucially important to effectively initiate host defense responses.43-45 In the dermis, an 

effective interaction between both parts is provided by the network of lymphatic and blood 

vessels, which support migration of immune cells in and out of the skin.46 

Innate immunity not only includes physical, chemical and microbiological barriers, but more 

importantly consists of cells like neutrophils, monocytes, MF and natural killer (NK) cells as 

well as complement, cytokines and acute phase proteins. Altogether, these components 

constitute the initial host response, which is a rapid, but not very precise reaction towards an 

invading pathogen or toxin.43-45 

By inducing and regulating T lymphocyte responses, DC perform a linking position between 

innate and adaptive immunity.45-52 

Adaptive immunity is composed of T and B lymphocytes, which develop specific reactions 

when confronted with antigens, but take several days or weeks to evolve appropriate 

responses.43 These specific reactions include B and T cell activation and differentiation 

pathways, leading to T cell homing towards site of inflammation and antibody release by B 

cells.43 The type of activated T cell in response to antigen is determined by the major 

histocompatibility complex (MHC) molecule used for antigen presentation.43 MHC class I 

molecules, which are expressed by all nucleated cells, present endogenous antigens, including 

virus and tumor antigens.43 This results in activation of CD8+ cytotoxic T cells, which then attack 
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marked cells.43 Presentation of exogenous antigen via MHC class II molecules, which in 

steady-state are primarily expressed by professional antigen presenting cells (APCs) such as 

DC, MF and B cells, leads to activation of CD4+ T cells.43 These CD4+ T helper (Th) cells may 

be further distributed into Th1, Th2 and Th17 cells,45 which all display distinct effector functions.44 

In the following, by production of cytokines, T cells induce activation of additional cells in order 

to mount an effective response towards pathogen invasion.43 Cytokine production also 

supports B cell growth, which then become mature cells able to secrete antibodies. In return, 

antibody production features a supportive function for T cells and serves the elimination 

process of toxins and pathogens.43 Importantly, these responses provide immune memory, 

meaning that during a second confrontation with the same antigen, the reaction can be much 

faster and therefore more efficient.43-45 

 

2.2.1. Myeloid cells  
Myeloid cells represent a heterogenic group of cells belonging to the leukocyte lineage and 

include MF, DC and monocytes.53-55 These cells share the feature of being professional 

antigen-presenting cells and are part of the mononuclear phagocyte system.53-57 Already in the 

19th century, the phagocytosis theory was proposed by Elie Metchnikoff.58 In the following, 

important characteristics and functions of these three cell groups are described. 

 

MF 

MF are considered important myeloid cells of the immune system, which are found in tissues 

all over the body. They possess one of the highest phagocytic capacities of all immune cells 

and act as host protectors that may adapt to different influences. Among their responsibilities 

lay diverse tasks, which include engulfment and neutralization of cellular debris and 

pathogens, as well as tissue homeostasis and repair. MF contribute to host-defense 

mechanisms with the ability to stimulate T cells, wound healing and resolution of inflammation. 

Importantly, MF are able to constantly switch their functional states from anti- to pro-

inflammatory and reverse, which is important to stop inflammatory processes once pathogen 

elimination has taken place and keep tissue damage to a minimum. By producing signal 

molecules like chemokines and cytokines, MF also recruit additional immune cells to the site 

of inflammation. In return, MF also require supply of messengers by other immune cells in 

order to be activated. Therefore, the appropriate interplay between this cell network is 

important for an effective immune response with elimination of invading organisms as well as 

the restoration of tissue integrity.6,53-55,59-63 

Historically, tissue MF and monocytes were grouped together and defined as mononuclear 

phagocytes. Moreover, MF were believed to arise from monocytes, as in 1968, van Furth et 
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al. defined a developmental series, in which monocytes were claimed to originate from 

promonocytes in the bone marrow, which after migration in the peripheral blood differentiated 

into MF found in the tissue.64 On the basis of this and the knowledge until that time point, the 

mononuclear phagocyte system was established.56 In contrast, later, the embryonic origin of 

MF was shown in experiments of Naito et al. (1989, 1990). Immature MF, which afterwards 

were found to differentiate into fetal MF, developed in the yolk sac even before monocytes or 

promonocytes were found here. Also, no differentiation of monocytes or promonocytes into 

fetal MF was obtained. This indicated fetal MF derival directly from hematopoietic stem cells. 

However, a second monocyte-derived MF (mo-MF) population was found to originate from the 

yolk sac and therefore, it was concluded that two different MF populations are derived in the 

yolk sac.65 In addition, as hematopoiesis continues in the fetal liver, also a fetal MF population, 

as well as a monocyte/MF population were found here. Their origin was suspected to be either 

from hematopoietic stem cells emerging in the fetal liver or by blood supply from the yolk sac.66 

Later, it became clear, that MF can maintain themselves through self-renewal and longevity 

and therefore are independent of monocyte supply.67 This was also confirmed in experiments 

by Hashimoto et al. (2013), since after depletion of MF, local proliferation of MF took place in 

order to repopulate the tissue.68 The supply of MF by circulatory Ly6Cmed/hi monocytes was 

found to be important especially during inflammation, where monocytes infiltrate affected 

tissues and develop into pro-inflammatory MF.69,70  

 

Monocytes 
The rapid recruitment of monocytes is made possible due to their circulation in the peripheral 

blood.64 Monocytes can be categorized according to different expression levels of the surface 

marker Ly6C which correlate with different functionality.47,69 Despite different functionality, 

there is evidence that nonclassical Ly6Clo monocytes evolve from classical Ly6Chi 

monocytes.67,69 When developed into Ly6Clo monocytes, they lose the ability to migrate, 

whereas classical Ly6Chi monocytes still possess this feature.69 Ly6Clo monocytes have a 

longer half-life than Ly6Chi monocytes47 and while they maintain homeostasis, Ly6Chi 

monocytes rather take action in inflammatory processes.47,59,69,71 Besides development into 

Ly6clo monocytes and MF, classical Ly6C+/hi monocytes also have the ability to differentiate 

into other myeloid cell types, such as DC.69,72-77 However, they are not only precursor cells, but 

do have phagocytic capacity themselves78 and may even engage in activities like migration to 

lymph nodes (LN) and antigen presentation that usually correspond to other myeloid cell types 

like tissue-MF and DC.79  
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DC 
DC rank among the most potent APCs to induce T cell immunity. By patrolling in the tissue, 

they act as immune sentinels.80 Once they capture foreign antigens or potential hazardous 

material, DC rapidly react and induce immune responses. Thereby, they perform key functions 

in the induction and regulation of immunity.43,55,80,81 

The term “DC” was coined in 1973, when Steinman et al. described “a novel cell type” in 

peripheral lymphoid organs, which they named “DC”.82 These cells originated from bone 

marrow as well as spleen.83 They expressed major histocompatibility complex (MHC) linked 

alloantigens84 and it was observed that DC were the most potent cells in inducing a mixed 

leukocyte reaction. Therefore it was assumed, that these cells were critical for generating 

immune responses.48 In line with this, it was shown that coculture of DC and T cells resulted 

in T cell proliferation49 and in contrast, stimulating capacity was reduced when DC numbers 

were diminished.51 Moreover, in 1981, Nussenzweig et al. analyzed surface antigens of DC, 

which led to the assumption of DC being separate from other leukocytes and “part of a unique 

Ia-rich leukocyte differentiation pathway”. Also, they came to the conclusion that it was unlikely 

for DC to be monocyte-derived.85 Already then they observed less phagocytic capacity in DC 

than in typical MF86, whereas MF were less potent than DC in stimulating T cell proliferation.49 

DC are found in lymphoid and non-lymphoid tissues. Especially during inflammation, DC 

migrate towards lymphoid organs, where they present peptides on their MHCs towards T 

lymphocytes. T lymphocytes then become activated, expand and produce cytokines. The 

ability to migrate constitutes one of the differences to MF.43,55,80,81,87 Furthermore, their role not 

only includes the initiation of pathogen fighting responses, but also the elimination of 

autoreactive T lymphocytes, which can be identified when confronted with self-antigen 

presenting DCs.55,87,88  

Today, several different DC subtypes are known, which are defined by distinct phenotypical 

and functional properties and also seem to differ in their origins: In general, it was shown that 

DC arise from pre-DC in the bone marrow.89-91 Common dendritic progenitors (CDP) 

responsible for maintaining the pDC as well as cDC population were described by Onai et al. 

(2007).92 Also, a MF and DC progenitor (MDP) has been described, which gives rise to several 

subsets of MF, specific types of DC and monocytes.93 In contrast to this, DC may also be 

monocyte-derived: Several authors showed that in inflammation, monocytes can differentiate 

into DC, whereby they acquire typical DC markers.47,75,77 It has been shown that these 

monocyte-derived-DC (mo-DC) might possess distinct features than other DC subtypes.74,75  

In the skin, DC can be further subdivided into Langerhans cells (LC) found in the epidermis and 

DC found in the dermis, also termed dermal DC (dDC).94 In the dermis, Henri et al. (2010) 

separated four different dDC subsets based on their expression of the markers Langerin 

(CD207), CD11b and CD103. Among these subsets, Langerinneg, CD11bhigh, CD103neg dDC 
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made up the most frequent cells with ≈ 66%, whereas the other three cell subsets were found 

in lower percentages: Langerinneg, CD11bneg/low, CD103neg dDC made up ≈ 16% and Langerinpos, 

CD11blow dDC that consisted of CD103pos/neg dDC made up ≈ 3% each.94  

In order to better identify and classify DC, in 2014, Guilliams et al. proposed a new 

nomenclature, where they subdivided classical DC (cDC) into cDC1 (e.g. CD207+, CD11bneg, 

CD8alpha+ and CD103+) and cDC2 (e.g. CD207neg, CD11b+ and CD172a+).57 Interestingly, 

Schlitzer et al. (2015) described that subset priming towards either cDC1 or cDC2 takes place 

already in the BM.95 These cDC1 and cDC2 were described to differ in their T cell stimulatory 

capacity with regard to Th cell priming in different directions. As early as 1999, Moldonado-

Lopez et al. described the role of the DC subclass in promoting Th1 or Th2 polarization, as 

antigen presentation by CD11b+ (DC2-like) cells lead to Th2 answers, whereas presentation by 

CD11bdull/neg (DC1-like) cells lead to Th1 answers.96 This dichotomy was further substantiated 

by several other studies.97-102 In a study by Sulczewski et al. (2020) splenic cDC1s were shown 

to promote Th1 polarization.102 In contrast, Plantinga et al. (2013) found, that CD11b+ cDCs 

induced Th2 cell immunity, while CD103+ cDCs were unable to do so.98 Also, in other studies it 

was shown that during helminth infection, mainly CD11b+ cDCs accumulate in the mesenteric 

lymph nodes (MLN) and stronger induce Th2-associated cytokines such as IL-5 and IL-13.99  

In conclusion, myeloid cells form a very heterogeneous yet closely interlinked group, due to 

their different differentiation pathways and origins, as well as divergent roles and specialisations 

in immunity and therefore are a very complex cell network to study.  

 

2.2.2. Myeloid cells in the immune response in experimental murine CL (L. 
major) 

In the early phase of Leishmania infection, the immune system does not respond in an 

appropriate manner towards pathogen invasion. This phase during the first 4-5 weeks of 

infection is referred to as “silent phase”, as host responses towards infection like production of 

cytokines like IL-12 or IFNg are not present and parasite growth takes place.36 Here, among 

myeloid cells, MF take over a special role: They allow parasites to reside, replicate and 

differentiate within them. Especially in dermal MF, the intracellular survival of L. major parasites 

was shown to be greater than in other MF analyzed, e.g. mo-MF or peritoneal MF.32 However, 

especially in immunodeficient mice, other cell types, such as neutrophils, eosinophils and 

dendritic leukocytes have also been observed to harbor parasites.36 Also, a study by Leon et 

al. (2007) showed, that next to monocytes and MF, dermal mo-DC and LN mo-DC were 

predominantly infected with L. major.75  
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Phagocytosis of Leishmania is enabled by complement activation with conversion of C3b to 

C3bi and fixation of the MF receptor CR3.103 This process inhibits the release of IL-12, a 

cytokine which is important for the induction of protective Th1 cell responses.104-108 In the 

infection with Leishmania, IL-12 is released by infected DC, but not by infected MF.109 Von 

Stebut et al. (1998) showed that although MF ingest parasites, they do not become activated 

by infection109 and the ability of L. major -MF to produce IL-12 was shown to be suppressed in 

various studies.110,111-113 Next to this, there are several other strategies which Leishmania use 

to avoid usual host-defense mechanisms: For example, in a study by Locksley et al. (1988), no 

respiratory burst machinery was detectable in L. major-infected dermal MF, a mechanism by 

which parasites assumingly are enabled to hide and differentiate within dermal MF.6,32 Another 

strategy is the inactivation of C3b by the Leishmania surface protease gp63, thereby leading to 

increased resistance against complement.114 Also, impaired IFNg-gamma mediated signaling 

in Leishmania infected cells has been reported.115  

After the initial “silent phase”, several immune cells are recruited towards lesion site, including 

neutrophils, eosinophils, MF, DC and lymphocytes, and lesion formation takes place.36,116 MF 

eventually become activated via cytokines, especially IFNg117-120 and TNF-α121-124 and MF 

activation then leads to pathogen-killing118,125 in an NO-dependent manner and lesion 

resolution6,126-128 For the induction of such protective immunity against Leishmania, DC are 

important: Although, compared to MF, DC are less efficient in phagocytosis of L. major 

parasites, DC are important initiators of T cell responses with consecutive MF activation.6,18,109 

LC and DC have been shown to ingest the parasites at the site of infection and migrate towards 

skin-draining LN.129,130 Parasite-specific antigens then are presented towards T 

lymphocytes18,129,130, inducing T cell proliferation and an antigen-specific immune 

response.18,129,130 In contrast to infection of MF, infection of DC with L. major leads to 

upregulation of the activation marker MHC I as well as induction of IFNg production by CD8+ T 

cells.6,38,109 Also, MHC II upregulation was found to be stronger in infected DC than in infected 

MF, therefore leading to earlier priming of CD4+ T cells towards effector Th1 cells by DC than 

by MF.6,109 However, DC immigration into lesional tissue is delayed until approximately 5 weeks 

after parasite inoculation.36  

At least five different DC subsets were shown to be involved following L. major infection. In a 

study by Baldwin et al. (2004), among these different DC, the most prominent subsets found in 

skin lesions were LC and dDC. Those cells also contained the highest parasite counts.131 As 

already described earlier, during inflammatory processes, Ly6Chi monocytes are recruited 

towards sites of inflammation and may differentiate into MF or DC, while during steady state, 

they mature in the circulation and begin to down-regulate the expression of Ly6C.69 Also, in the 

infection with L. major, monocytes are recruited towards lesion site, infiltrate the tissue and may 
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differentiate into monocyte-derived cells.75,132,133 Previous studies showed that these monocyte-

derived cells, together with monocytes and MF are predominantly infected by L. major 

parasites. Also, they very likely take action in the induction of protective Th1 responses.75 

 

2.3 Host dependence of the immune response towards L. major infection  

The infection with L. major is handled differently dependent on the individual immune system 

and genetic background of the host, which clinically appears as non-healing progressive 

lesions, that can even lead to systemic disease vs. lesion resolution. C57BL/6 and BALB/c mice 

are two different mouse strains that are known to develop these distinct immune responses 

towards the infection with L. major. In experimental immunology settings, C57BL/6 mice 

resemble resistant hosts and control L. major infection similar to immune-competent humans, 

which in this case is self-limiting. Control of parasite growth takes place approximately 5-6 

weeks after infection. Contrary to this, BALB/c mice represent a strain susceptible to infection, 

that is not resolving, but rather presenting continuous lesion formation that even results in more 

severe complications such as systemic disease. Thus, BALB/c resemble immune-

compromised patients and are used as a model for non-healing disease forms.15,23,36,38,131,134-

138 Distinct T cell responses seem to be involved in these differences.136,139 Thereby, the type 

of T cells is a key factor for disease direction.108 Th1 cells were shown to produce IFNg and IL-

2, while Th2 cells produce IL-4, IL-5 and IL-10 (Mosmann et al. 1986, cited by Sommer et 

al.1998).140 

Resistance was found to be associated with IL-12 driven Th1 cell responses. When treating 

otherwise susceptible BALB/c mice with IL-12, a shift from a Th2 predominant response towards 

a Th1 response was observed, which was accompanied with resolution of disease.108 In line 

with this, other studies showed that healing in resistant mice correlates with increased IFNg 

secretion and decrease of IL-4 secretion.141,140 Susceptibility towards disease is associated with 

IL-4 mediated Th2 cell136,139,142 responses and failure to downmodulate IL-4.113,140 Thereby, high 

IL-4 levels correlate with severity of disease.143 Moreover, treatment of IL-4 expressing 

susceptible BALB/c mice with anti-IL-4 antibody led to attenuation of the disease progress.142 

Also, in a study by Kopf et al. (1996), BALB/c mice deficient in IL-4 eventually became resistant 

against the disease, whereas IL-4 competent BALB/c mice developed progressive and necrotic 

lesions.144 Also, IL-17 has been identified as a cytokine involved in disease progress, as its 

levels were found to be higher in infected BALB/c than in infected C57BL/6 mice and in addition, 

IL-17 deficient mice developed significant smaller lesion volumes, which remained stable for 

several weeks.145 In addition, in investigations of Belkaid et al. (2002), resistant C57BL/6 mice 
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contained higher numbers of parasite-specific CD8+ T cells compared to those found in 

susceptible BALB/c mice.38 

Conclusively, these two strains show opposing immune reactions to the infection, in terms of 

susceptibility and resistance, mimicking human disease in immunocompetent vs. 

immunodeficient conditions and therefore are two very common genetic backgrounds used as 

an experimental tool to study anti-Leishmania immunity and to compare disease 

outcome.131,135 

 

2.4 iNOS & arginase-1  

Although the enzymes inducible nitric oxide synthase (iNOS/NOS2) and arginase-1 use the 

same substrate, L-arginine, for their activities,146,147 their roles in the disease are very contrary.  

Inducible nitric oxide synthase (iNOS/NOS2) is found in a variety of cells, including MF, DC 

and NK cells.148-155 iNOS is one of the three isoforms of the NO synthase148-151,156-163 and its 

product, NO, performs diverse functions, including host-protective antiviral and antimicrobial 

effects, as well as involvement in wound healing.126,164-166 Its induction depends on Th1 cell 

associated inflammatory cytokines, such as IFNg and TNF-α147,167-169 and microbial products 

and is mainly regulated through transcriptional mechanisms.170,171 In the infection with L. major, 

iNOS activity has been shown to be important for the cure of the disease: Several studies 

found a correlation between iNOS expression and lesion resolution as well as parasite 

control.126,172,173 Also, a study by Belkaid et al. (2000) showed, that deficiency in iNOS leads to 

faster progressing dermal lesions, which eventually become necrotic.36  

In contrast to iNOS is the enzyme arginase-1: It is expressed by various cells, e.g. MF, DC168 

fibroblasts174 and keratinocytes175,176 and its expression has been found to be increased by Th2 

cytokines, such as IL-4, IL-10 and IL-13.147,168,177 Arginase-1 is part of the urea cycle, where it 

converts L-arginine into L-ornithine and urea178-180, a step important for the detoxification of 

ammonia179 and the supply with ornithine.146,181,182 The latter of which can be further converted 

to prolin and polyamines, which are then used for collagen synthesis183,184 and cell 

proliferation.146,182,185 In line with this, expression of MF-derived arginase-1 has also been 

shown to be important for wound healing.175 However, in L. major infected mice, healing was 

shown to be independent of arginase-1.186 Moreover, mice susceptible to disease, which 

showed progressive lesions before, developed significantly smaller skin swellings in the 

absence of arginase-1187 or when arginase-1 activity was inhibited.188 Importantly, Leishmania 

parasites require arginase-derived polyamines for replication, and it has been shown that the 

activity of arginase correlates with parasite growth.188 Importantly, since NO-production by 
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iNOS is dependent on its substrate arginine, arginase-1 might also be capable to reduce 

substrate supply of iNOS.147,189-191   
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2.5 Aim 

The interplay between Leishmania parasites and host cells is complex and several strategies 

of the parasite have been shown to be important for the ability to manipulate host defense 

mechanisms.6,32,103,104,109-115 

The assumption that the group of MF, DC and monocytes, which play a central role in the 

disease, is more heterogenic than was thought before, has evolved over the past years.69,75,80,94 

Distinct types of cells in terms of ontogeny and subset identity accumulate in infected tissue 

and perform different functions during immunogenic processes.36,75 However, concerning the 

role of different DC subsets in L. major infection, much of the information about these cells in 

Leishmania infection has been investigated prior to the increasing knowledge about subset 

heterogeneity.131 Therefore, it is not completely clear, whether different subgroups of these 

myeloid cells might play a role in the infection and possibly also contribute to distinct 

functionality.  

In leishmaniasis, progression and severity of disease differ between distinct genotypes of 

mice.23,36,38,131,134-137 Therefore, the working hypothesis of this thesis is that myeloid cell subset 

distribution differs between the two genotypes of mice, as well as corresponding functionality 

of these cells. 

Within this thesis, I wanted to address the following aims:  

1) The first aim is to characterize different myeloid cell subsets of potentially distinct origins 

on the basis of specific marker expression. This characterization strategy will be 

repeated at different infectious stages to gain knowledge about myeloid cell kinetics 

during progression of the disease. 

2) The second aim is to compare myeloid cell subset appearance and distribution between 

the two genotypes, C57BL/6 and BALB/c mice. 

3) To describe the overall tendency towards pro- or anti-inflammatory actions, as well as 

the contribution of specific cell subsets, the third aim is to analyze myeloid cell 

functionality with regard to iNOS and arginase-1 expression. 
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3. Material and Methods  

3.1 Material  

3.1.1. Leishmania parasites  
Leishmania major (L. major), clone V1 (MHOM/IL/80 Institute Pasteur, Paris, France 

(MHOM/IL/80/Friedlin) 

 

3.1.2. Mice  

For this analysis, C57BL/6J mice and BALB/c mice, all between 7-25 weeks old at time point 

of infection, were used. 

 

3.1.3. Instruments  

Centrifuge Heraeus Megafuge 40R Thermo Fisher Scientific 

Cytocentrifuge Cellspin I Centrifuge (Cytospin) THARMAC, VWR 

FACS Attune NxT Acoustic Focusing Cytometer Invitrogen by Thermo Fisher Scientific 

Fluorescence microscope Keyence Deutschland GmbH 

Freezer -20°C Bosch economic-froster 

Freezer -80°C VWR International 

Fridge Liebherr, MediLine 

GasDocUnit for CO2 euthanasia Medres – medical research GmbH 

GentleMACS Octo Dissociator Miltenyi Biotec 

Incubator Heraeus Heracell 150 Thermo Fisher Scientific 

Microscopes Zeiss Primo Star/Nikon 

Microscope Slides (Menzel-Gläser Superfrost) Thermo Fisher Scientific 

Multichannel pipette Integra 

Multimode plate reader VICTOR Nivo PerkinElmer 
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Pipetgirl INTEGRA Biosciences 

Vortex Heidolph Instruments 

Water bath PolyScience 

 

3.1.4. Laboratory supplies   

Caliper VWR International 

Cannula Omnican-F, B. Braun 

Cell Culture Multiwell Plate, 6 well, PS Cellstar® Greiner Bio-One 

Cell strainers 70 µm Corning Incorporated 

Deep well microplate 96-well VWR International 

Dispenser VWR International 

ELISA maxi sorp 96-well plate Thermo Fisher Scientific 

ELISA plate sealers G-Bioscience (VWR International) 

FACS tubes Falcon; Corning 

Finntip pipette Thermo Fisher Scientific 

Finntip pipette tips VWR International 

GentleMACS™ C Tubes Miltenyi Biotec 

Gloves Ansell Limited 

Microplates, 6-; 96-well, flat bottom Greiner Bio-One 

Microplates, 96 well, PS, U-Bottom Greiner Bio-One 

Microplates, 96 well, V-shaped Thermo Fisher Scientific 

Neubauer counting chamber Marienfeld (VWR International) 

Parafilm laboratory film Heathrow (VWR International) 
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Pipette (5; 10; 25 ml) CELLSTAR Greiner Bio-One 

Pipette filter tips (0.2-12.,5; 125; 300; 1250 µl) INTEGRA Biosciences 

Pipette Racks (for 12.5; 125; 300; 1250 µl) INTEGRA Biosciences 

Reaction tubes (0.5; 1.5; 2; 5 ml) Eppendorf Hamburg 

Tubes Cellstar ® (15; 50 ml) Greiner Bio-One 

Tubes 50 ml THGeyer 

 

3.1.5. Reagents 

ACK Lysing Buffer Lonza BioWhittaker 

Aqua dem. Arium SterilePlus (Sartopore 2 150), 

Sartorius 

Attune Bleach Invitrogen by Thermo Fisher Scientific 

Attune Performance Tracking Beads Invitrogen by Thermo Fisher Scientific 

Attune Wash solution Life technologies 

Attune 1X Focusing Fluid Life technologies 

Attune 1X Shutdown Solution Invitrogen by Thermo Fisher Scientific 

BSA Sigma 

Collagenase Type I Worthington Biochemical Corporation 

Color Reagent A (H2O2) BD Biosciences 

Color Reagent B (Tetramethylbenzidine) BD Biosciences 

DMEM High Glucose w/ L-Glutamine, w/Sodium 

Pyruvate 

Biowest 

DNase I Roche Germany 
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Ethanol 70% Merck 

Fetal calf serum (FCS) Sigma Aldrich 

Fixable Viability Dye eF780 Invitrogen by Thermo Fisher Scientific 

Helipur H plus N B. Braun 

HEPES Carl Roth GmbH 

H3PO4 Roth 

Liberase LT Roche 

L-Glutamine 100X sterile filtered 200mM Biowest 

MEM Non-Essential-Amino-Acids 100X Biowest 

M199 Medium (1X) Gibco, Invitrogen 

M199 Medium (10X) Gibco, Invitrogen 

Normal Goat Serum Sigma Aldrich 

PBS tablets Gibco, Life Technologies, Thermo Fisher 

Scientific 

Penicillin-Streptomycin Solution 100X sterile 

filtered 

Biowest 

RPMI-1640 medium without L-Glutamine Lonza, BioWhittaker 

Staphylococcus Enterotoxin B Sigma 

Streptavidin eFluor 780 BioLegend 

Streptavidin-HRP R&D Systems 

Trypan blue Sigma Aldrich 

Tween 20 (Polysorbat 20) Caesar & Loretz GmbH 

2-Mercaptoethanol Sigma Aldrich 
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3.1.6. Kits (ready-to-use)  

AbC Total Antibody 

Compensation Kit 
• AbCTM Total Compensation 

capture beads 

• Negative beads 

Invitrogen by Thermo 

Fisher Scientific 

Foxp3/Transcription 

Factor Staining Buffer 

Set 

• Permeabilization Buffer 10X 

• Fixation/Permeabilization 

Concentrate 

• Fixation/Perm Diluent 

Invitrogen by Thermo 

Fisher Scientific 

 

RAL DIFF-QUIK 

Staining Kit 
• RAL Diff-Quik Fixative solution 

(methanol based solution) 

• RAL Diff-Quik Solution I 

(Xanthene solution) = buffered 

solution of Eosin Y (anionic 

dye)) 

• RAL Diff-Quik Solution II = 

buffered solution of thiazine 

dyes (cationic dyes), consisiting 

of methylene blue and Azure A 

RAL Diagnostics by 

Siemens Healthineers 

 

Mouse IFN-gamma 

DuoSet ELISA 
• Capture Antibody 

• Detection Antibody 

• Recombinant Standard 

• Streptavidin conjugated to 

horseradish-peroxidase 

R&D Systems 

 

3.1.7. Buffer and consumption solutions   

Collagenase Type I 400 U/ml in DMEM high glucose 

Digestion medium 50 µl DNase (20 mg/ml) 

500 µl Collagenase Type I (400 U/ml) 

9,5 ml DMEM high glucose medium 

DNase 20 mg/ml in RPMI 
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ELISA assay diluent 10% FCS in PBS 

ELISA block buffer 1% BSA in PBS 

ELISA capture antibody 4,0 µg/ml in PBS 

ELISA coating puffer 7.13 g Na2HCO3 + 1.59 g Na2CO3 + 1l 

PBS; pH 9,5 

ELISA detection antibody 600 ng/ml in ELISA reagent diluent 

ELISA reagent diluent 0.1% BSA, 0.05% Tween 20 in PBS 

ELISA stop solution 1 M H3PO4 

ELISA substrate solution 1:1 mixture of Color reagent A (H2O2) & 

Color reagent B (Tetramethylbenzidine) 

ELISA wash buffer 0.05% Tween 20 in PBS 

Fixation Solution ¼ eBioscience Fixation/Permeabilization 

Concentrate 

¾ eBioscience Fixation /Perm Diluent 

HEPES 1M 200 ml PBS + 47.66 g HEPES sterile 

filtered, 4°C, pH 7.4 

Leishmania Medium 70% M199 Gibco (1x) 

20% FCS 

4% HEPES 1 M 

2.85% M199 10x 

1% Adenine 10 mM 

1% L-Glutamine, (1%) 

1% Penicillin / Streptomycin (100 U/ml) 

0.2% Hemine (0.25%) 

PBS 1X 1 PBS tablet in 500 ml aqua dem. 
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RPMI complete Medium 5% FCS (5%) 

1% HEPES 1M 

1% Non-Essential Amino-Acids 

1% Penicillin / Streptomycin 

1% L-Glutamine 

0.1% 50mM 2-Mercaptoethanol 

in RPMI-1640 

Soluble Leishmania Antigen 1:100 in RPMI 

Staphylococcus Enterotoxin B 10 µg/ml in PBS 

Wash buffer 1 part Permeabilization Buffer 10X 

9 parts aqua dem. 

2-Mercaptoethanol 50mM 400 µl + 100 ml aqua dem. 

 

3.1.8. Antibodies  

Anti-Mouse Arginase 1 APC, Clone A1exF5 Thermo Fisher Scientific 

Anti-Mouse CD11b PE-Cy7, Clone M1/70 Thermo Fisher Scientific /eBioscience 

Anti-Mouse CD11c Alexa Fluor 700, Clone BioLegend 

Anti-CD16/32 (FC block), Clone 93 Invitrogen by Thermo Fisher Scientific 

Anti-Mouse CD19 Biotin, Clone 6D5 BioLegend 

Anti-Mouse CD45 BV421, Clone 30-F11 BioLegend 

Anti-Mouse CD49b Biotin, Clone DX5 BioLegend 

Anti-Mouse CD64 (FcgRI) FITC , Clone X54-

5/7.1 

BioLegend 

Anti-Mouse CD90.2 / Thy-1.2 Biotin, Clone 30-

H12 
Thermo Fisher Scientific 
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Anti-Mouse I-A/I-E BV510, Clone M5/114.15.2 BioLegend 

Anti-Mouse iNOS PE, Clone CXNFT Thermo Fisher Scientific 

Anti-Mouse Ly6C BV711, Clone HK1.4 BioLegend 

Anti-Mouse Ly6G Biotin, Clone 1A8 BioLegend 

Anti-Mouse NK1.1 Biotin, Clone PK136 BioLegend 

 

3.1.9. Software  

FACS Software Thermo Fisher Scientific 

FlowJo Version 9.9.5 FlowJoTM Software, Ashland, USA 

GraphPad Prism Version 8.4.0 GraphPad Software, San Diego, CA, USA 

 

  



34 
 

3.2 Methods 

3.2.1. Animal experiments welfare certificate  

Mice were bred under specific pathogen free conditions, according to North Rhine-Westphalia 

authority guidelines. Animal care was provided by the animal care takers of the 

Tierhaltungsnetzwerk der Medizinischen Fakultät, Universität zu Köln. Infection and 

euthanization as well as organ extraction was carried out according to legal regulations. For 

the mice used and the procedures performed in this study the experimental reference number 

is: (AZ) 81-02.04.2019.A234. 

 

Table 1  Number of mice analyzed per time point and strain 

  Strain 

Week  C57BL/6  BALB/c 

0 (naive)  12  10 

1.5  10 / 10  10 / 10 

3  5 / 5 / 5  5 / 5 / 5 

6  5 / 8 / 5  4 / 5 / 5 

9  5 / 5 / 5  5 / 5 / 5 

12  5 / 5 / 6  - 

 

3.2.2. Cultivation of L. major promastigotes  

L. major promastigotes were prepared by a laboratory technician at Universitätsklinikum Köln. 

1-2 x 107 freshly isolated amastigotes were plated in 5 ml Leishmania medium. The bottle was 

sealed airtight and incubated at 27°C. After 2-3 days, 5 ml of fresh medium was added to dilute 

the culture 1:2. After a further 3-5 days, the cells were split for the first time (1:5, sometimes 

1:2) and then split two or three times a week at a ratio of 1:10, depending on the density. Every 

6 to 8 weeks, new medium with L. major amastigotes (1-2 x 107/5 ml) was prepared. 
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3.2.3. Intradermal infection of mice  

Infection of mice was achieved by low-dose intradermal inoculation of approximately 103 high-

infectious metacyclic promastigotes in DMEM into each ear of both, C57BL/6 and BALB/c 

mice. Inoculation was performed by a technician of the lab.  

 

3.2.4. Determination of ear lesion size 
Ear lesion size was measured three-dimensional (ear thickness, width and length of lesion) 

using a caliper and the volume was calculated using the following formula: [(a/2 x b/2 x c/2) x 

4/3 x π)]. 

 

3.2.5. Single cell isolation from ears by enzymatic and mechanical tissue 
digestion  

At the required time points, mice were euthanized by CO2 euthanasia and afterwards 

disinfected using 70% ethanol. Ears were harvested and transferred into cell culture 6-well 

plates containing 5 ml PBS per well. Ears were collected separately per animal. To achieve 

efficient digestion, each ear was split to ventral and dorsal dermal sheet and was then dermis 

down transferred into a cell culture 6-well plate containing digestion medium. Tissue was 

incubated for 1 h at 5% CO2 and 37°C. Digestion was stopped by addition of 2 ml RPMI 

complete solution to each well. For mechanical digestion, each ear was transferred into a 

gentleMACS C tube, containing 5 ml RPMI complete solution. Tissue was homogenized using 

the gentleMACS Dissociator. To separate cells from the remaining tissue material, each cell 

suspension was transferred through a 70 µm cell strainer into a 50 ml tube. Remaining 

digestion medium of each ear was also passed through the strainer into the corresponding 

tube. GentleMACS C tubes were washed using 10 ml RPMI complete solution and content 

was also transferred through the cell strainers into the tubes. 

To separate cells from their medium, all samples were centrifuged at 300 g, 4°C, for 10 min. 

Supernatant was discarded and cell pellets were resuspended in defined volumes of PBS in 

order to be ready for cell counting.  

 

3.2.6. Counting viable cells  

Viable cells were counted using Neubauer Chambers. Cell pellets were resuspended in 

defined volumes of PBS and diluted with trypan blue in a specific concentration according to 

cell pellet volumes. Only viable, unstained cells were counted. 4 squares (16 chambers each) 
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and only top and left borders were counted. To calculate total cell counts per organ, the 

following formula was used: 

o Total cell counts per organ = mean count of 4 squares x dilution of trypan blue x 104 

(chamber factor) x total volume in ml 

 

3.2.7. Flow cytometry 
Surface staining 

Fluorescence-activated cell sorting (FACS) is a common method used to analyze and 

characterize cells by their phenotypic appearance. After single cell isolation and counting of 

cells, cells were centrifuged at 300 g, 4°C, 10 min. to gain cell pellets, supernatant was 

discarded and cell pellets were resuspended in defined volumes of PBS to gain 3 x 106 cells 

per 200 µl (if total cell counts were below this, lower numbers were taken). Cells were 

transferred to a 96-well plate for staining. The plate was centrifuged at 300 g, 4°C, 4 min. to 

gain cell pellets, supernatant was discarded and cell pellets were resuspended in 50 µl of anti-

FC-block (anti-CD16/-CD32) each and incubated at 4°C in the dark for 30 min. Anti-FC-block 

incubation was stopped by adding 150 µl clean PBS to each sample. Cells were centrifuged 

at 300 g, 4°C, 4 min., supernatant was discarded and cells were washed by centrifugation with 

150 µl of PBS.  

In preliminary experiments (data not shown), different antibody concentrations and markers 

were tested to determine optimal antibody panels for the staining. 

Cell pellets were resuspended in 50 µl of surface staining containing the following antibodies 

in the concentrations shown in Table 2: Anti-mouse Alexa Fluor 700-linked CD11c, Biotin-

linked-CD19, -CD49b, -CD90.2, -Ly6G, and -NK1.1, BV421-linked CD45, BV510-linked I-A/I-

E, BV711-linked Ly6C, FITC-linked CD64 and PE-Cy7-linked CD11b. 

Staining was incubated at 4°C in the dark for 30 min. and stopped by adding 150 µl PBS to 

each well. The plate was centrifuged at 300 g, 4°C, 4 min., supernatant was discarded and 

cells were washed twice with 150 µl clean PBS followed by centrifugation at 300 g 4°C for 4 

min. Cell pellets were resuspended in 50 µl of APC-eFluor 780-linked-Streptavidin and 

incubated at 4°C in the dark for 30 min. Incubation of staining was stopped by adding 150 µl 

clean PBS. The plate was centrifuged, supernatant was discarded and cells were again 

washed by centrifugation with clean PBS as previously described. 
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Table 2  Antibody panel used for surface staining 

Laser/Channel Fluorochrome Surface Dilution in PBS 

  FC Block 1:100 

BL1 FITC CD64 1:100 

RL2 Alexa Fluor 700 CD11c 1:200 

RL3 APC eFluor 780 Streptavidin 1:400 

RL3 APC eFluor 780 Viability 1:1000 

RL3 Biotin CD19 1:400 

RL3 Biotin CD49b 1:250 

RL3 Biotin CD90.2 1:1000 

RL3 Biotin Ly6G 1:500 

RL3 Biotin NK1.1 1:500 

VL1 BV421 CD45 1:400 

VL2 BV510 MHC II 1:150 

VL4 BV711 Ly6C 1:600 

YL4 PE-Cy7 CD11b 1:400 
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Fixation & intracellular staining 

For fixation of cells, the eBioscience fixation kit was used. Per cell pellet, 100 µl of fixation 

solution was used. Each cell pellet was resuspended in 100 µl of fixation solution and then 

incubated at 4°C in the dark for 45 min. After 45 min., the fixation process was stopped by 

adding 100 µl of wash buffer.  

After cell fixation, cells were washed twice by centrifugation at 400 g 4°C for 5 min. using 150 

µl wash buffer. For intracellular staining, cell pellets were resuspended in 50 µl of intracellular 

staining solution, which consisted of wash buffer containing PE-linked anti-iNOS and APC-

linked anti-Arginase 1 antibodies in the concentrations shown in Table 3. The cells were 

incubated with staining solution at 4°C in the dark for 45 min. The incubation was stopped by 

adding 100 µl wash buffer and cells were centrifuged at 400 g 4°C, 5 min. Cells were washed 

with 150 µl of wash buffer by centrifugation at 400 g 4°C for 5 min. and afterwards, cell pellets 

were resuspended in 100 µl of wash buffer. 

 

Table 3  Antibody panel used for intracellular staining 

Laser/Channel Fluorochrome Surface Dilution in eBioscience kit wash buffer 

(permeabilization solution)  

RL1 APC Arginase 1:100 

YL1 PE iNOS 1:200 

 

Acquisition 

Stained cell samples were acquired with the FACS Attune NxT Acoustic Flow Cytometer by 

Invitrogen/Thermo Fisher Scientific using the NxT Attune Software. Prior to acquisition, 

automatic compensation was performed with single cell staining or beads using appropriate 

fluorochromes. Where necessary, manual compensation was performed additionally 

afterwards. Analysis and manual compensation of data was performed using FlowJo Software, 

version 9.9.5. 

 
Myeloid cell gating strategy in ear samples 

Isolated ear tissue cells obtained from naïve mice and mice at week 1.5, 3, 6, 9 and 12 after 

infection with L. major were stained with surface staining in order to characterize different 

myeloid cell subsets based on their phenotypical appearance using flow cytometry. Since cell 
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numbers obtained from ear tissue of naïve mice and mice at early time points after infection 

were very low, here, 2-4 ear samples from different mice were pooled to generate detectable 

values. 

After excluding doublets, a specific gating strategy was used to enrich for myeloid cells (Figure 

2). First, by using lineage markers specific for B cells (CD19), T cells (CD90.2), NK cells 

(CD49b/DX-5 and NK1.1) and neutrophil granulocytes (Ly6G), myeloid cells were identified as 

lineage negative (linneg) and CD45+ cells (Figure 2A+B).47,55,72,73,79,85,87,192,193 

Next, MHC class II-expressing cells were selected (Figure 2C). Regarding the subtype of cells 

expressing MHC II, different types of these cells are possible:  

It was shown, that DC express constitutively high levels of MHC II on their surface61,85,194,195 

which is well accepted by today (e.g. reviewed in Merad et al. (2013) and Kashem et al. 

(2017).55,87 In contrast, on MF and monocytes, this marker was only found in a minority of cells, 

when kept under specific-pathogen-free (SPF) conditions. However, when these cells were 

kept under non-SPF conditions or injected with bacille Calmette-Guérin (BCG), MHC II levels 

were similar to those obtained on DC.85 Specifically, in the infection with L. major, MHC II 

upregulation was found to be stronger in infected DC than in infected MF.109 In addition, there 

is evidence, that upon differentiation of monocytes into MF or DC, MHC class II is 

upregulated.47,72,73,75,76 

In our population of cells, subsumed as “MHC II+ cells”, cells with both, intermediate and high 

expression levels of MHC II were included. Therefore, cells expressing MHC II were thought 

to be composed mainly of DC and mo-DC as well as MF and mo-MF.  

In addition to tissue-resident or tissue-infiltrating myeloid cells, blood cells from the circulation 

might be included in this population. Furthermore, this might be an explanation for the number 

of MHC IIneg cells found throughout all weeks post-infection in ear dermis, since mouse blood 

monocytes are mainly described to be MHC II negative.47,72,73,76,196,197 

Therefore, monocytes were suspected to make up the majority of MHC IIneg cells. To 

differentiate between them and other myeloid cells, the population of cells identified as CD45+, 

linneg, first was further separated into MHC IIneg and MHC II+ cells. MHC IIneg and MHC II+ myeloid 

cells were then further analyzed using different markers. These markers included CD11b, 

CD11c, CD64 and Ly6C.  
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Figure 2  Gating strategy  
Representative FACS density plots for the gating strategy used to identify myeloid cell subsets in ear tissue. A) Doublets were 
excluded in side and forward scatter (shown is forward scatter, FSC-A and FSC-H). B) A gate was set for viable, lineageneg and 
CD45+ cells. C) Resulting cells were separated into MHC IIneg vs. MHC II+ cells. The gating strategy was applied to all experiments 
and adjusted accordingly. D) MHC II+ cells were further subdivided in group 1, 2 and 3 according to the expression of the markers 
CD11b and CD11c. E) CD11b+/CD11c+ (group 2) and F) CD11b+/CD11cneg cells (group 3) were then analyzed for the expression 
of Ly6C and CD64 and subdivided into eight subsets. G) MHC IIneg cells were further analyzed for the expression of the markers 
CD11b and Ly6C and subdivided into four subsets.  
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Many years ago, the marker CD11c was detected and its expression was found especially on 

DC.194,195 Today, it is well accepted that this marker is expressed on DC.87,94,192,198 When 

differentiating into DC, monocytes upregulate CD11c.47 In addition, CD11c can be found on 

monocytes and MF.195,199-201 Also mo-MF may express CD11c, which has been observed in 

the gut.72 

CD11b (M1/70) is expressed on (dermal) MF61,192,194,202,203 as well as monocytes47,69,203 and 

DC.61,194,195 It should be noted, that subtypes of DC differ in their expression of CD11b. 

Specifically among dDC, Henri et al. (2010) showed, that the majority of dDC can be 

subdivided into two subsets and distinguished by expression of CD11b vs. absence of 

CD11b.94 In other sources, these cells are also referred to as cDC1 and cDC2.55,57,102  

According to the different marker expression of CD11b and CD11c, three myeloid cell groups 

(1-3) were identified among MHC II+ cells (Figure 2D): Group 1 expressed MHC II and CD11c, 

but lacked expression of CD11b. Since absence of CD11b is a feature of cDC1, and MHC II61,85 

together with CD11c expression94,192,194,195,198 also fits to the DC-like cell type, these cells were 

considered as cDC1.55,57,87 Due to the previously described features, group 2 (MHC 

II+/CD11b+/CD11c+) was thought to be constituted of MF or DC of any origin, therefore named 

Mo/MF/DC, whereas group 3 (MHC II+/CD11b+/CD11cneg) most likely contributed to different 

MF subsets, possibly also including mo-MF and were termed Mo/MF.  

The separation and identification of MF vs. DC by only the above described markers is not 

necessarily sufficient, since markers often are not exclusive for the different cell types, marker 

expression within groups defined as MF or DC may differ, and especially during inflammation, 

additional cells infiltrate the tissue.57,87,196,197 Therefore, we made an attempt to categorize the 

cell subsets present in mouse dermis, by adding markers that helped to define the different 

myeloid cell types more conclusively. Since technical conditions only allowed usage of a limited 

antibody panel, we selected two additional surface markers, CD64 and Ly6C. Based on the 

literature, these markers, in combination with traditional markers, such as MHC II, CD11b or 

CD11c, can help to make more definitive categorizations of myeloid cell subsets72-76,98,196,197,204 

In the following it is described, how the identification and subdivision of myeloid cells into eight 

different myeloid cell subsets was performed using the additional surface markers Ly6C and 

CD64. 

Gautier et al. (2012) identified a group of mRNA transcripts which are more powerful for the 

aim of distinguishing MF from DC.196 Among these genes, one of them encodes the high-

affinity Fcg receptor I, CD64, which is expressed on MF and partially on monocytes196 and can 

be used to distinguish dDC from mo-DC and MF.72,73,98,196,204  
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Therefore, we added the marker CD64 to our antibody panel (Figure 2E+F). After the analysis 

of CD11b and CD11c expression, we further examined Mo/MF/DC (group 2, Figure 2E) and 

Mo/MF (group 3, Figure 2F), which only differed by their expression of CD11c, for the 

expression of the markers CD64 and Ly6C. Ly6C is a monocyte marker expressed on 

monocytes in low to high amounts and may indicate a monocytic origin of DC and MF. 

However, it should be noticed, that Ly6C can be downregulated upon differentiation of 

monocytes into DC and MF.69,72,73,75,76,98,197 

cDC1 (group 1) were not further analyzed for their expression of Ly6C and CD64, since these 

cells could be categorized as cDC1 due to their expression of MHC II and CD11c, as well as 

absence of CD11b55,57,61,85,87,94,192,194,195,198 and, in addition, made up very low percentages. 

Among the Mo/MF/DC (group 2, MHC II+, CD11b+, CD11c+), five different cell subsets were 

separated: I (Ly6Cneg/CD64neg), II (Ly6C+/hi/CD64lo/+), III (Ly6C+/hi/CD64+/hi), IV (Ly6C+/CD64+/hi) 

and V (Ly6Cneg/CD64+/hi), (Figure 7). 

In a study by Tamoutounour et al. (2012), among CD11b+ cells, the identification of intestinal 

DC by their CD11chi, CD64neg phenotype was described.72 Furthermore, in another study, 

Tamoutounour et al. (2013) separated a population of CD11b+ dermal cells into two groups: 1) 

Ly6Cneg CD64neg (Flt3L-dependent, CCR2-independent) dermal (conventional) DC and 2) 

Ly6Clo to hi CD64lo to hi (Flt3L-independent, CCR2-dependent) “CD11b+ non-DCs”.73 The 

characterization of conventional DC (cDC) applied to our subset I with expression of MHC II, 

CD11b and CD11c and low expression or absence of Ly6C and CD64. We also defined these 

cells as cDC, but further characterized them as cDC2 based on their expression of 

CD11b.55,57,73 

In contrast, subset II resembled mo-DC, defined by high expression of Ly6C and low to positive 

expression of CD64, similar to the investigation of Tamoutounour et al. (2013), where a 

population characterized by marker expression MHC IIlo to +, CD11b+, CD11cneg to lo, Ly6Clo to hi 

and CD64lo to + were considered mo-DC.73 In addition, Chow et al. (2016) also described mo-

DC in the spleen as CD11cint, CD11bhigh, MHC II+, Ly6C+ and CD64+.74 Importantly, also in a 

study by Leon et al. (2007), in L. major infected mice, the description of mo-DC correlated with 

our subset II.75  

In addition, these cells phenotypically also resembled cells, defined by Serbina et al. as 

“TipDCs”, which are characterized by their monocytic origin, as well as their expression of 

iNOS.205,206 

When Tamoutounour et al. (2013) analyzed the “CD11b+ non-DC” population in mouse skin, 

they found two populations resembling the features of tissue MF. Those populations both were 

CD64+ and Ly6Clo, but could be distinguished into MHC IIneg and MHC II.73 The phenotypic 
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appearance of the population expressing MHC II fitted to subset V in this investigation, which 

also expressed MHC II and CD11b. Although MF and DC may express CD11c196, we 

characterized these cells as MF rather than mo-DC or cDC. This was based on their higher 

levels of CD64 expression, compared with CD64 levels in cells defined as mo-DC or cDC, 

which is in accordance with the study by Tamoutounour et al. (2013), where MF were defined 

as CD64hi, whereas mo-DC were CD64lo/+ and DCs were CD64neg.73,196 

Because we additionally found cells which showed similar high expression levels of CD64, 

compared to those obtained in subset V, but differed in their expression of Ly6C, we separated 

three subsets: III (Ly6C+/hi), IV (Ly6C+) and V (Ly6Cneg), which were speculated to be tissue-

infiltrating monocytes, developing into MF. This speculation was based on several studies: A 

study by Crane et al. using a model of sterile wound healing indicated, that Ly6Chi inflammatory 

monocytes are recruited from the circulation towards tissue, where they undergo a transition 

to Ly6Clo MF, possibly displaying MF involved in tissue repair. This transition, however, is not 

immediate.207 Also in other studies, a transition from monocytes to MF in inflamed tissue has 

been described: Bain et al. (2013) showed, that in the gut, Ly6Chi monocytes give rise to MF, 

which was associated with upregulation of MHC II and CD64, and downregulation of Ly6C and 

functional markers such as iNOS. This was a continuous process, where distinct differentiation 

stages could be obtained. Interestingly, during inflammation, this maturation process with full 

differentiation from Ly6Chi inflammatory monocytes into resident MF was partly disrupted, 

leading to accumulation of early stages of their differentiation continuum.197 Furthermore, 

Tamoutounour et al (2012) described the transition of Ly6Chi monocytes to MF in the gut in a 

waterfall-shaped manner. This was named the “Mo-waterfall”, which summarizes a 

differentiation process from Ly6Chi blood-monocytes towards MF-like cells upon tissue entry, 

accompanied by downregulation of Ly6C, and upregulation of markers such as MHC II, CD64 

and CD11c. Importantly, during inflammation, this waterfall primarily consisted of Ly6Cint to hi 

cells, with very few Ly6Clo cells, and blood monocytes primarily differentiated into MF that 

displayed a Ly6Cint to hiMHC II+CD64+ phenotype.72 In group 2, subsets III, IV and V 

phenotypically represented these differentiation stages in terms of Ly6C downregulation, 

although they all already expressed MHC II, CD11c and CD64.72 Subset III phenotypically was 

the closest to the stage of monocytes, with high expression of Ly6C, and already high 

expression of CD64 and were therefore considered as mo-MF (“mo-MF”).72 Subset V possibly 

displayed the stage closest to a MF (“MF”) with expression of CD64, but low expression of 

Ly6C,72 while subset IV seemed to be an intermediate stage between subset III and V (“mo-

MF/MF”). 

Interestingly, a similar phenomenon as observed in Mo/MF/DC (group 2) was also found 

among Mo/MF (group 3). These cells, which were defined by expression of MHC II, CD11b 
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and absence of CD11c expression, were separated into three different subsets: VI 

(Ly6Cneg/CD64neg/+), VII (Ly6C+/CD64+/hi) and VIII (Ly6Cneg/CD64+/hi). Although lacking CD11c 

expression, subset VII and VIII possibly also resembled the waterfall-like differentiation 

process from tissue-infiltrating monocytes towards MF.72 Subset VII rather resembled subset 

III, therefore named “CD11cneg mo-MF”, whereas subset VIII rather resembled subset V 

(“CD11cneg MF”). However, in this group no real intermediate stage was found. 

Subset VI, next to expression of CD11b and absence of CD11c, was defined by absence of 

Ly6C and no to low expression of CD64. Expression of MHC II and CD11b and absence of 

CD11c and Ly6C were in line with the definition as tissue-resident MF (TR-MF) by Bain et al. 

(2013).197 However, they additionally characterized these cells by the expression of F4/80, a 

marker we did not include in our study, and also, CD64 expression was lower than described 

by Bain et al. (2013).197 Yet, these cells did also not exactly fit to the phenotype of DCs, since 

they did not express CD11c87,194,195,198, although they partly resembled cells described by 

Tamoutounour et al. (2013) as “CD11b+ DCs”, which amongst other markers were CD11b+, 

CD64neg, Ly6neg, MHC II+ and CD11clo to +.73 Therefore, it was not exactly clear, whether subset 

VI cells rather resembled the described TR-MF or CD11b+ DCs.73,197 Eventually, we defined 

these cells as TR-MF, because of their absence of CD11c, which conflicted with the usual 

characterization of DC87,194,195,198, and second, because cDCs are described to be 

CD64neg72,73,98,196,204, but in fact, low expression of this marker was found in these cells. 

Finally, we analyzed the MHC IIlow population in more detail (Figure 2G): As already mentioned, 

the population of myeloid cells (CD45+, linneg), that did not express MHC II was believed to be 

constituted mainly of monocytes.47,72,73,76,196,197 To further confirm the monocytic phenotype of 

these cells, they were analyzed for the expression of the marker Ly6C, which can be up- and 

downregulated during differentiation processes of monocytes and is therefore found on the 

surface of monocytes in low to high amounts.69 Another marker that fits to the phenotype of 

blood monocytes is CD11b.69,72,76,203,208 According to expression levels of Ly6C and CD11b, the 

population was further subdivided into four different subsets in order to better visualize the 

differences of marker expression of these cells as well as their distinct behavior over time after 

infection with L. major: IX (Ly6Chi, CD11b+ monocytes), X (Ly6Cint, CD11b+ monocytes), XI 

(Ly6Clo/neg, CD11b+ monocytes), XII (Ly6Clo/neg, CD11blo/+ monocytes). 

 
Determination of total cell numbers per ear 

Due to limited channels available, we used the same FACS channel for the fixable viability dye 

and the lineage markers. Therefore, to determine total cell numbers per ear, a gate was set on 
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viable cells in all ear samples and this was conferred to as 100% of viable cells obtained by 

microscopic cell counting with trypan blue dye exclusion. 

Cell numbers of each subset were then calculated by using percentages obtained by our gating 

strategy (frequency of parent). When analyzing cell subsets, samples with very low cell 

numbers or no identifiable cell subsets were excluded.  

 

3.2.8. Cytospin centrifugation and DiffQuik hematoxylin and eosin staining  

Cytospin technique is a method to separate cells from a fluid medium and layer them on 

microscope slides. Layering of cells is achieved by centrifugation of the material in a specific 

centrifuge containing chambers and corresponding microscope slides for each sample.209 

Cytospin centrifugation was performed on cell suspensions generated from infected ear tissue, 

in order to be able to analyze intracellular and paracellular content of infected ear tissue 

microscopically. Per cytospin centrifugation tube, cells from one ear sample were used. 

20 µl of each ear sample were taken and filled up to a volume of 200 µl using PBS. Therefore, 

if cell numbers reached 3 x 106, approximately 0.3 x 106 cells of each sample were taken. If 

cell numbers were below 3 x 106, 10% of each sample was used for cytospin centrifugation. 

Cell suspensions were filled into cytospin centrifugation tubes. Each tube was connected with 

one microscope slide. Cells were centrifugated in the Cytocentrifuge Cellspin I (Cytospin) by 

THERMAL using the default program of the centrifuge. The resulting cells smeared on 

microscope slides were stained with DiffQuik hematoxylin and eosin (H&E) staining, using the 

DIFF-QUIK kit by RAL Diagnostics.210 As per the instruction manual, each slide was first dipped 

into the fixation solution for one min. Following this, each slide was dipped into Solution I for 

two min. and then finally dipped into Solution II for one min. Slides were washed in H2O and 

left to dry. Afterwards, they were examined microscopically for the presence of L. major 

parasites. 

 

3.2.9. LN cell preparation  
Cervical lymph nodes were digested mechanically by mashing them through a 70 µm cell 

strainer using the plunger of a syringe. Cell strainers were washed with 1 ml PBS and content 

of each well was transferred into a 15 ml tube. Each well was washed with 1 ml PBS to collect 

remaining cells and the solution was also transferred into the corresponding tube. Samples 

were centrifuged at 300 g, 4°C for 10 min. to separate the cells from their medium. Supernatant 

was discarded and cell pellets were resuspended in defined volumes of PBS in order to be 

ready for cell counting. After counting of cells, cells were centrifuged again at 300 g, 4°C, 10 
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min. to gain cell pellets, supernatant was discarded and cell pellets were resuspended in 

defined volumes of PBS.  

 

3.2.10. Antigen specific restimulation  

To assess in vitro cytokine release levels of lymph node cells in response to L. major contact, 

lymph node cells were restimulated with isolated soluble Leishmania antigen (SLA).  

SLA was prepared by a laboratory technologist at Universitätsklinikum Köln.211 

After preparation of single cells of cervical lymph nodes, in a 96-well plate, per well, 200 µl 

RPMI medium containing 1 x 106 cells were plated in restimulation medium. In week three, for 

each restimulation only 0,5 x 106 cells were used, because cell counts were low. 

For restimulation, the following media were applied 

• 1 x 106 cells: 

o 10 µl SLA 

o RPMI complete medium; negative control 

o 20 µl Staphylococcus Enterotoxin B (SEB); positive control 

• 0.5 x 106 cells: 

o 5 µl SLA 

o RPMI complete; negative control 

o 10 µl SEB; positive control 

To reduce technical errors, per LN sample, up to three replicates were performed (three wells 

à 106 cells) for SLA and RPMI medium, respectively, and up to two replicates (two wells à 106 

cells) for SEB medium, if cell counts allowed. After resuspension in the corresponding medium, 

cells were incubated at 5% CO2, 37°C for 48 h.  

After 48 h, cells were centrifuged at 300 g, 4°C for 4 min. Supernatant was collected and pooled 

per medium, then distributed onto 96 well plates and stored at -20°C. 

 

3.2.11. Cytokine quantification in supernatant of LN cells  

To quantify the amount of IFNg in supernatant of LN samples after antigen specific 

restimulation, the sandwich-ELISA “Mouse IFN-gamma DuoSet ELISA” kit by R&D Systems 

was used. Supernatants of technical repetitions were pooled per lymph node and medium. 

ELISA was performed according to manufacturer’s instructions: 

A 96-well maxi-sorp plate was coated with 100 µl of anti-cytokine capture antibody and 

incubated overnight at 4°C. For each incubation, the maxi-sorp plate was covered with a plate 
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sealer. The next day, the plate was washed three times with ELISA wash buffer. After the last 

washing step, the plate was inverted and blotted against a paper towel to remove any 

remaining buffer. Per well, 300 µl of ELISA block buffer was applied and incubated on a shaker 

for 1.5 h at room temperature (RT). After incubation, the plate was washed three times with 

ELISA wash buffer and afterwards, remaining buffer was removed using the described 

technique. Standard dilution was prepared, and standard concentrations, as well as samples 

in 100 µl reagent diluent each were added to the plate and incubated on a shaker for 1.5 h at 

RT. After incubation, the plate was washed three times with ELISA wash buffer. Per well, 100 

µl of detection antibody was added and incubated on a shaker for 1.5 h at RT. After incubation, 

the plate was washed three times with wash buffer. 100 µl of SA-HRP-solution was added per 

well and incubated for 20 min. at RT protected from light. Afterwards, the plate was washed 

three times with ELISA wash buffer and remaining fluid was removed. 100 µl of ELISA 

substrate solution was added to each well and incubated for 5-20 min. at RT protected from 

light. The reaction was stopped by adding 50 ml of ELISA stop solution per well. Optical density 

of each well was determined immediately using the Victor Nivo reading machine set to 450 

nm. The blank values were subtracted from the calculated values and a standard curve was 

then created. Afterwards the values were corrected according to the dilution factors.  

 

3.2.12. Statistical analysis  

For all statistical analyses the GraphPad Prism software, version 8.4.0 was used. 

For statistical analysis of significancy of difference between C57BL/6 and BALB/c mice at 

corresponding time points, Mann-Whitney-Test was used. For some groups, also a classical t-

test would have applied, but since not in all groups normal distribution applied, Mann-Whitney-

Test was used for all groups. To find out whether not only differences between means but also 

differences between distribution of values in the two groups were present, after performing 

Mann-Whitney-test, also Kolmogorov-Smirnov-test was performed at time points at which 

significant differences between groups were found. Here, in the majority of subsets and time 

points tested, the distribution also differed between the two mouse types. Subsets/time points 

where no statistically significant difference in the distribution was found, despite significant 

differences in means, are highlighted in the text.  
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4. Results  

4.1 Development of ear lesions in C57BL/6 vs. BALB/c mice after infection 
with L. major  

In order to generate a cutaneous infection with L. major, C57BL/6 and BALB/c mice were 

inoculated intradermally with low doses of L. major promastigotes into each ear. First, ear lesion 

sizes of mice from one independent experiment were measured at different time points after 

parasite inoculation (Figure 3) to display successful infection and to compare progress of 

disease between both genotypes of mice. 

In C57BL/6 mice, lesion volumes increased until week 6 and had already decreased when 

measured in week 9. In contrast, in BALB/c mice, lesion volume constantly increased until week 

9. Differences of lesion sizes between both genotypes were statistically significant in weeks 6 

and 9, where BALB/c mice showed bigger lesions than C57BL/6 mice (p values <0.01 and 

<0.0001). 

 

 
Figure 3  Ear lesion curve 

Ear lesions of C57BL/6 (▼) and BALB/c mice (▽) were measured in weeks 4 and 6 and weeks 4 and 9 after infection with L. 
major, with n ≥ 4 (≥ 8 ears) per time point and strain from one independent experiment. Per mouse, both ears were measured 
separately, and the mean lesion volume was calculated per mouse. Values represent mean lesion volume in mm3 ± Standard 
Error of the Mean (SEM). Significance of difference between values in C57BL/6 and BALB/c mice was determined using Mann-
Whitney test, with alpha = 0.05; ** = p < 0.01; *** = p < 0.001. 
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4.2 Presence of parasites in ear lesions of mice after infection with L. major 
After the inoculation of low doses of L. major promastigotes into the ear of C57BL/6 and 

BALB/c mice, ear tissue was harvested at different time points after infection. Single cell 

suspensions were prepared from ear tissue by enzymatic and mechanical digestion. To identify 

L. major parasites in single cell suspensions, cytospin centrifugation was performed per cell 

suspension of each ear sample. Figure 4 shows a section of one Diff Quik-stained slide 

showing a MF infected with L. major amastigotes. 

 

Figure 4  Parasite uptake into a MF isolated from infected ear tissue 
Shown are L. major infected cells obtained from an ear sample of a BALB/c mouse in week 9 post-infection. The picture shows 
representative data from one of three independent experiments at this time point with n ≥ 4 (≥ 8 ears) per mouse strain. Ear tissue 
of C57BL/6 and BALB/c mice was harvested at different time points post-infection with L. major. Single cell suspensions were 
generated from each ear by enzymatic and mechanical digestion. Cytospin centrifugation was performed on each cell suspension 
isolated from one infected ear. Slides were stained using DiffQuik H&E staining to visualize parasite invasion into cells. In the 
center of the picture, a MF containing L. major parasites can be seen. Arrows mark Leishmania amastigotes. 
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Each slide was screened for the presence of parasites (Table 4). In addition to ear lesion 

measurements, this served as an additional control for successful infection with L. major. In 

week 3, the overall cell density found on microscope slides was very low and only few slides 

contained L. major parasites (7/30 and 2/30 slides in C57BL/6 and BALB/c mice, respectively). 

Parasite presence increased towards week 6 in both mice, where all slides contained L. major 

parasites. In BALB/c mice, parasites were present in all ears screened in week 9. In contrast, 

in C57BL/6 mice, a slight decrease in the number of slides containing parasites was obtained 

over time (26/30 slides in week 9 and 23/32 slides in week 12). 

 

Table 4  Presence of L. major amastigotes in ear tissue of C57BL/6 and BALB/c mice at 
different time-points after infection with L. major 

  Strain 

  C57BL/6  BALB/c 

Week  Slides containing parasites  Slides containing parasites 

0  n.d.  n.d. 

1.5  n.d.  n.d. 

3  7/30  2/30 

6  36/36  28/28 

9  26/30  30/30 

12  23/32  n.d 

Ear tissue of C57BL/6 and BALB/c mice was harvested at different time points after infection with L. major. Single cell suspensions 
were generated from each ear by enzymatic and mechanical digestion. Cytospin centrifugation was performed per cell suspension 
isolated from one infected ear. The resulting cells smeared on a microscope slide were stained using DiffQuik H&E staining to 
visualize parasite invasion into tissue cells. Values represent the numbers of microscope slides containing L. major amastigotes 
out of the total number of slides examined per mouse strain and time point, with n ≥ 4 (≥ 8 ears) from three independent 
experiments. N.d. = not determined. 
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4.3 IFNg release of LN cells at different time points after antigen-specific 
restimulation in L. major infection  

In addition to ear tissue of L. major infected mice, the ear draining cervical LN of these mice 

were also harvested at different time points after infection. LN tissue was digested mechanically 

to isolate single cells. The resulting cell suspension was analyzed for cells capable of IFNg 

release in response to L. major exposure, which was achieved by antigen specific restimulation 

performed with SLA, (Figure 5). Cells isolated in weeks 3, 6 and 9 post-infection from both 

genotypes and in week 12 from C57BL/6 mice were restimulated with SLA for 48 h. Afterwards, 

levels of IFNg in supernatant of LN samples were assayed using sandwich-ELISA. Positive 

controls, which were performed by stimulation of cells with SEB all revealed high IFNg levels, 

indicating viable cell preparations containing APC and T cells (data not shown). 

Unstimulated samples showed low IFNg production throughout all weeks post-infection in 

C57BL/6 mice. In BALB/c mice, a small increase in IFNg was observed over time. Release 

levels in unstimulated samples of C57BL/6 and BALB/c mice did not differ significantly in weeks 

3 and 6 but did in week 9 (p value < 0.0001). 

In SLA-stimulated samples of C57BL/6 LN cells, IFNg release increased over time starting in 

week 3 with 7.5 ± 0.7 ng/ml and reaching maximum levels in week 9 (35.6 ± 7.4 ng/ml) and 

week 12 (37.3 ± 10.5 ng/ml). In contrast, in BALB/c mice, significantly lower levels of IFNg were 

found in week 3 with 3.3 ± 0.1 ng/ml. Also in week 9, IFNg levels were lower (28.7 ± 4.2 ng/ml), 

although not statistically significant. 
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Figure 5  IFNg quantification in supernatant of LN cells restimulated with SLA at different time points after 
infection with L. major 
Cervical LN from C57BL/6 (black) and BALB/c mice (grey) were harvested in weeks 3, 6, 9 and 12 after infection with L. major. 
LN were pooled per mouse and single cells were obtained by mechanical digestion. LN cells were restimulated with SLA or left 
untreated. IFNg levels assessed by ELISA performed on supernatant of cervical LN are shown in pg/ml, with n ≥ 4 of three 
independent experiments per time point and strain. Error bars show means ± SEM. Significance of differences between values 
in C57BL/6 and BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 
0.001. 
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4.4 Myeloid cells in ears of C57BL/6 and BALB/c mice in steady state and at 
different time points after infection with L. major  

Isolated ear tissue cells obtained from naïve mice and mice at week 1.5, 3, 6, 9 and 12 after 

infection with L. major were stained with surface staining in order to characterize different 

myeloid cell subsets based on their phenotypical appearance using flow cytometry. Since cell 

numbers obtained from ear tissue of naïve mice and mice at early time points after infection 

were very low, here, 2-4 ear samples from different mice were pooled in order to generate 

detectable values. 

By using a dumping channel including different lineage markers we aimed to gate out all non-

myeloid cells. Figure 6 shows percentages and total cell numbers of viable, CD45+ and lineage 

(CD19, CD90.2, CD49b/DX-5, NK1.1 and Ly6G) negative cells over time after infection in ear 

samples of C57BL/6 and BALB/c mice.  

Percentages and cell numbers increased over time after infection in both mice, with a slight 

decrease seen in week 6. In week 3, statistically significant higher percentages were found in 

BALB/c mice than in C57BL/6 mice (p = 0.000077), whereas in week 9 after infection, 

statistically significant higher percentages of myeloid cells were found in C576BL/6 than in 

BALB/c mice (p = 0.000161).  

 

 

Figure 6  Viable, CD45+, lineageneg myeloid cells in naïve mice and after infection with L. major  

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, 2-4 ear samples were pooled to enrich cells to generate 
more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed using flow cytometry. 
Myeloid cells were identified by expression of the surface marker CD45+ and absence of the lineage markers CD19, CD90.2, 
CD49b/DX-5, NK1.1 and Ly6G, (linneg). Shown is the development of percentages and total cell numbers per ear of these myeloid 
cells over time after infection with L. major in C57BL/6 and BALB/c mice. Significance of differences between values in C57BL/6 
and BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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After defining myeloid cells, we separated between MHC IIpos and MHCIIneg myeloid cells. 

Figure 7 shows percentages and total cell numbers per ear of MHC II+ and MHC IIneg myeloid 

cells over time after infection. Percentages and total cell counts of MHC II+ myeloid cells 

increased over time after infection in both, C57BL/6 and BALB/c mice with a slight decrease in 

week 6 after infection and an increase afterwards. Statistically significant differences between 

mice were found in percentages of uninfected mice (p = 0.004329), as well as in weeks 3 (p = 

0.000783), 6 (p = 0.000012) and 9 (p < 0.000001) after infection with L. major. In MHC IIneg 

myeloid cells, percentages slightly decreased towards week 1.5 and week 3 after infection, 

then showed an increase in week 6 after infection in both mice. In week 9 after infection, 

percentages had decreased in both mice, again, however this decrease was stronger in 

C57BL/6 mice than in BALB/c mice. In percentages, statistically significant differences between 

mice were found in naïve mice (p = 0.004329), as well as in weeks 3 (p = 0.000783), 6 (p = 

000012) and 9 (p < 0.000001) after infection with L. major. Total cell numbers per ear increased 

towards week 3 after infection in both mice, then decreased in week 6 after infection, followed 

by increasing cell numbers again in weeks 9 and 12 after infection with L. major. Statistically 

significant differences between mice were found in week 3 after infection (p = 0.000035).  
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Figure 7  MHC II+ and MHC IIneg myeloid ear tissue cells in naïve mice and after infection with L. major 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, 2-4 ear samples were pooled to enrich cells to generate 
more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed using flow cytometry. 
Myeloid cells were identified by expression of the surface marker CD45+ and absence of the lineage markers CD19, CD90.2, 
CD49b/DX-5, NK1.1 and Ly6G, (linneg). Shown is the development of percentages and total cell numbers per ear of MHC II+ and 
MHC IIneg myeloid cells over time after infection with L. major in C57BL/6 and BALB/c mice. Significance of differences between 
values in C57BL/6 and BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** 
= p < 0.001. 

 
 

4.5 Distribution of myeloid ear cells based on CD11b and CD11c marker 
expression  

CD45+, linneg, MHC II+ cells were further separated by the markers CD11b and CD11c and 

according to this subdivided into group 1 (cDC1; MHC II+, CD11bneg, CD11c+), group 2 

(Mo/MF/DC; MHC II+/CD11b+/CD11c+) and group 3 (Mo/MF; MHC II+/CD11b+/CD11cneg).  

In Figure 8a, the development of these groups is shown in a representative FACS density plot 

in week 3 after infection vs. in steady state. Furthermore, the distribution and development of 

the three myeloid cell groups in ear samples of C57BL/6 and BALB/c mice is shown in 

percentages and cell numbers per ear over time after infection with L. major (Figure 8b) as well 

as in mean percentages per time point and strain (Figure 8c). 
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cDC1 (CD11bneg, CD11c+) (group 1) showed the lowest percentages and cell numbers among 

the three cell subsets. No increase in percentages was obtained over time. In cell numbers, a 

small increase was seen due to the overall increasing cell numbers with weeks post-infection 

with L. major. 

Percentages of Mo/MF/DC (CD11b+, CD11c+) (group 2) were low in naïve mice (mean of 3% 

and 4% in C57BL/6 and BALB/c mice, respectively), and had only increased towards a mean 

of 8% in both mice in week 3. Highest percentages in this group were obtained in BALB/c mice 

in week 9 and in C57BL/6 mice in week 12 with 12% and 15%, respectively. Total cell numbers 

increased over time after infection with statistically significant difference between mice found 

only in week 6 (p = 0.0207).  

Mo/MF (CD11b+, CD11cneg) (group 3) made up the highest percentages at all time points. In 

week 1.5, a peak in percentages of these cells was obtained. Afterwards, in week 3, 

percentages dropped to lower percentages. Percentages remained at relatively stable levels in 

weeks 6, 9 and 12; similar to those obtained in naïve mice. Total cell numbers, however, 

increased, thus the total number of these cells increased over time after infection with L. major.  

Surprisingly, cellular distribution and timing of appearance of the three cell groups were quiet 

similar in both mice, except for week 3, where statistically significant higher percentages of 

Mo/MF (group 3) were found in BALB/c mice than in C57BL/6 mice, (p < 0.001).  
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Figure 8  Analysis of myeloid ear tissue cells in naïve mice and after infection with L. major based on CD11b 
and CD11c expression 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, 2-4 ear samples were pooled to enrich cells to generate 
more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed using flow cytometry. 
Myeloid cells were identified by expression of the surface marker CD45+ and absence of the lineage markers CD19, CD90.2, 
CD49b/DX-5, NK1.1 and Ly6G, (linneg). Among MHC II+ cells, three myeloid cell groups (1-3) were identified based on the 
expression of the markers CD11b and CD11c. a) Representative FACS density plots for the gating strategy used to subdivide 
three myeloid cell groups (1, 2 and 3) among MHC II+ cells, based on their expression of CD11b and CD11c in ear tissue of naïve 
mice (steady-state) and 3 weeks after infection with L. major (w3) in BALB/c mice. b) Development of percentages and total cell 
numbers per ear of myeloid cell groups 1-3 over time after infection with L. major in C57BL/6 and BALB/c mice. c) Mean 
percentages of group 1, 2 and 3 of all CD45+ linneg, MHC II+ cells per time point and strain. Significance of differences between 
values in C57BL/6 and BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** 
= p < 0.001. 

CD11b

gr
ou

p
1

cD
C
1

gr
ou

p
2

M
o/
M
Φ
/D
C

gr
ou

p
3

M
o/
M
Φ

Week post-infection

Week post-infection

Steady state L. major (w3)

C
D
11
c

0

20

40

60

80

100

n.d.

0 1.5 3 6 9 12
0

20

40

60

80

100

n.d.

0

20

40

60

80

100

0

2x105

4x105

6x105

8x105

0 1.5 3 6 9 12
0

2x105

4x105

6x105

8x105

0

2x105

4x105

6x105

8x105

n.d.

n.d.

n.d.

c)

C57BL/6

a)

b)

31.5 60 9 12

BALB/c 2
1

3
Not defined

%
of

C
D
45

+ ,
lin

ne
g ,
M
H
C
II+

To
ta
lc
el
ln
um

be
rs
/e
ar

0 103 104 105

0

104

105

106

0 103 104 105 106

0

104

105

106

3

21

***

C57BL/6
BALB/c

*n.d.

CD45+, linneg, MHC II+



58 
 

4.5.1. Identification of different cell subsets based on Ly6C and CD64 marker 
expression among myeloid ear tissue cells  

In Figure 9a, representative FACS density plots for the described subsets I-V identified among 

Mo/MF/DC (group 2) isolated from infected ear tissue of C57BL/6 mice are shown in week 12 

after infection vs. in steady state. Also shown is the development of these subsets in ear tissue 

of C57BL/6 and BALB/c mice in percentages and total cell numbers per ear over time after 

infection with L. major (Figure 9b), as well as mean percentages per time point and strain 

(Figure 9c). Since in weeks 0 and 1.5 very low cell numbers were found in all cell subsets of 

group 2, which did not lead to valid values, these time points were excluded from the analysis, 

(n.a. = not analyzed). Among group 2, cDC2 (subset I) were dominant in week 3 in both mice. 

Percentages were higher in C57BL/6 mice than in BALB/c mice and the difference between 

both mice was statistically significant (p = 0.0140). In week 3, percentages of cDC2 were 

followed by those obtained in mo-DC (subset II). In week 6, when compared to week 3, cDC2 

and mo-DC (subset I and II) had decreased in both mice, but especially in BALB/c mice, 

reappeared from week 6 onwards. In week 6, an influx of mo-MF/MF and MF (subset IV and 

V) was seen, with highest percentages obtained in MF (subset V) (40% and 34% in C57BL/6 

and BALB/c mice, respectively). Mo-MF (subset III) started to appear in week 9 and further 

increased towards week 12 in C57BL/6 mice. 

Overall, the onset of cell subset appearance and distribution was very similar in both mice. Only 

in week 9, stronger differences between C57BL/6 and BALB/c mice were observed. Here, 

percentages of CD64+/hi mo-MF/MF and MF (subsets IV and V) were higher in C57BL/6 mice 

than in BALB/c mice. Differences between both mouse strains were statistically significant in 

Mo-MF/MF (IV) and MF (V), with percentages in C57BL/6 mice being higher than those 

obtained in BALB/c mice (p < 0.001, respectively). In contrast, percentages of CD64neg to + 

subsets cDC2 and mo-DC (subsets I and II) were higher in BALB/c mice than in C57BL/6 mice. 

In mo-DC, a statistically significant difference between both mice was found at this time point 

(p = 0.0165).  

In general, in both strains, percentages of CD64neg to + (subsets I and II together) were higher 

in week 3, whereas in week 6, percentages of CD64+/hi mo-MF, mo-MF/MF and MF (subsets 

III, IV and V together) were higher. Differences appeared in week 9, where the ratio between 

mo-MF, mo-MF/MF and MF (subsets III, IV and V) vs. cDC2 and mo-DC (subsets I and II) 

shifted towards mo-MF, mo-MF/MF and MF (III, IV and V) in C57BL/6 mice, but towards cDC2 

and mo-DC (I and II) in BALB/c mice. 
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Figure 9  Analysis of Ly6C and CD64 expression among myeloid cell group 2 in ear tissue of naïve mice 
and after infection with L. major 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At w0 (naïve mice) and w1.5, ear samples of two mice were pooled to enrich cells in to 
generate more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed using flow 
cytometry. Myeloid cells were identified by expression of the surface marker CD45 and absence of the lineage markers CD19, 
CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg). Based on the expression of the markers CD11b and CD11c, three myeloid cell 
groups (1-3) were identified among MHC II+ cells. By analyzing the expression of the surface markers Ly6C and CD64, groups 2 
and 3 were further subdivided into different myeloid cell subsets. a) Representative FACS density plots for the gating strategy used 
to subdivide group 2 into five myeloid cell subsets (I-V) in ear tissue of naïve mice (steady state) and 12 weeks after infection with 
L. major (w12) in C57BL/6 mice. b) Development of percentages and total cell numbers of subsets I-V in C57BL/6 and BALB/c 
mice over time after infection with L. major. At week 0 and 1.5 very low cell numbers were obtained and therefore, these time 
points were excluded (n.a. = not analyzed). c) Mean percentages of subsets I-V of all CD45+ linneg, MHC II+, CD11b+, CD11c+ cells 
per time point and strain. Significance of differences between values in C57BL/6 and BALB/c mice was determined using Mann-
Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Figure 10a shows representative FACS density plots for the described subsets VI-VIII identified 

among Mo/MF (group 3) in infected ear tissue of C57BL/6 mice in week 12 after infection vs. 

in steady state. In Figure 10b, development of percentages and total cell numbers per ear of 

these subsets (VI-VIII) is shown. Mean percentages per time point and strain are shown in 

Figure 10c.  

Among all three subsets, TR-MF (subset VI) made up the highest percentages in naïve mice. 

In naïve C57BL/6 mice, significant higher percentages were found already than in naïve BALB/c 

mice (p = 0.0043). CD11cneg mo-MF (subset VII) then were dominant in week 1.5 in both mice, 

but these cells were possibly short-lived, as they disappeared in week 3. Here, again TR-MF 

(subset VI) showed the highest percentages. From week 3 onwards, CD11cneg mo-MF (subset 

VII) repopulated the tissue, accompanied by CD11cneg MF (subset VIII). In BALB/c mice, in 

week 3 statistically significant higher percentages of CD11cneg MF (subset VIII) were obtained 

than in C57BL/6 mice (p < 0.0001). However, in BALB/c mice, a decrease in percentages of 

CD11cneg mo-MF (subset VII) was obtained in week 9, whereas TR-MF (subset VI) now had 

increased in percentages and made up the majority of all three cell subsets. This was not 

observed in C57BL/6 mice, which led to a difference in mean percentages of CD11cneg mo-MF 

(subset VII) and TR-MF (subset VI) between both mice, with TR-MF (subset VI) being higher 

in BALB/c mice and CD11cneg mo-MF (subset VII) being higher in C57BL/6 mice. Differences 

between percentages of these subsets in C57BL/6 and BALB/c mice at this time point were 

statistically significant (p < 0.0001, respectively). Interestingly, this resembled the behavior 

obtained in Mo/MF/DC (group 3), where higher percentages of CD64+/hi subsets were found in 

C57BL/6 mice in week 9, whereas in BALB/c mice, CD64neg to + subsets were more present at 

this time point. However, differences in the distribution between cell numbers of subset VII in 

week 9 after infection were not statistically significant (using Kolmogorov-Smirnov-Test).  

Also, in BALB/c mice, mean percentages of TR-MF, CD11cneg mo-MF and CD11cneg MF 

(subset VI, VII and VIII) were rather similar in week 9, whereas in C57BL/6 mice, CD11cneg mo-

MF (subset VII) made up much higher percentages than those found in TR-MF and CD11cneg 

MF (subset VI and VIII). 
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Figure 10  Analysis of Ly6C and CD64 expression among myeloid cell group 3 in ear tissue of naïve mice 
and after infection with L. major 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At week 0 (naïve mice) and 1.5, ear samples of two mice were pooled to enrich cells to 
generate more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed using flow 
cytometry. Myeloid cells were identified by expression of the surface marker CD45 and absence of the lineage markers CD19, 
CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg). Based on the expression of the markers CD11b and CD11c, three myeloid cell 
groups (1-3) were identified among MHC II+ cells. By analyzing the expression of the surface markers Ly6C and CD64, group 2 
and 3 were further subdivided into different myeloid cell subsets. a) Representative FACS density plots for the gating strategy 
used to subdivide group 3 into three myeloid cell subsets (VI-VIII) in ear tissue of naïve mice (steady-state) and 12 weeks after 
infection with L. major (w12) in C57BL/6 mice. b) Development of percentages and total cell numbers per ear of subsets VI-VIII 
in C57BL/6 and BALB/c mice over time after infection with L. major. c) Mean percentages of subsets VI-VIII of all CD45+ linneg, 
MHC II+, CD11b+, CD11cneg cells per time point and strain. Significance of differences between values in C57BL/6 and BALB/c 
mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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4.5.2. Expression of iNOS and arginase-1 in myeloid ear tissue cells 

To analyze functionality of myeloid ear tissue cells, the antibody panel used for flow cytometry 

staining also included anti-iNOS and anti-arginase-1 antibodies for intracellular staining. First, 

all MHC II+ myeloid cells, composed of group 1, 2 and 3, were analyzed for their expression of 

iNOS and arginase-1. Figure 11 shows representative FACS histograms for the expression of 

iNOS in C57BL/6 (Figure 11a) and arginase-1 in BALB/c mice (Figure 11b) in steady-state vs. 

week 3 and week 9 after infection, respectively. In Figure 11c, percentages of MHC II+ myeloid 

cells positive for iNOS or arginase-1 are shown over time after infection with L. major. 

Percentages of iNOS expressing myeloid cells had increased in week 1.5 after infection in 

C57BL/6 and BALB/c mice. Mean percentages remained relatively stable until week 6. From 

week 6 onwards, percentages of iNOS expressing myeloid cells strongly increased, especially 

in C57BL/6 mice, with statistically significant higher values found in C57BL/6 mice than in 

BALB/c mice in weeks 6 and 9 (p = 0.0099 and p = 0.0001, respectively). Percentages in 

C57BL/6 mice further increased towards week 12. However, in total cell numbers, in week 9 

significant higher numbers of iNOS expressing myeloid cells were found in BALB/c mice than 

in C57BL/6 mice (p = 0.0274).  

Percentages of arginase-1 expressing myeloid cells remained very low until week 3, but had 

increased in week 6 in both mice. In BALB/c mice, percentages further increased towards week 

9. In contrast, in C57BL/6 mice, percentages had decreased in weeks 9 and 12 compared to 

week 6. Percentages of arginase-1 expressing myeloid cells were statistically significant higher 

in BALB/c than in C57BL/6 mice in weeks 6 and 9 (p = 0.0284 and p < 0.0001, respectively). 

Interestingly, at later time points, such as week 6 and week 9, in C57BL/6 mice, a higher 

percentage of myeloid cells expressed iNOS than in BALB/c mice. In contrast, the percentage 

of myeloid cells expressing arginase-1 was higher in BALB/c mice than in C57BL/6 mice. Also, 

the development of percentages of arginase-1 expressing myeloid cells differed between the 

mice, with decreasing percentages in C57BL/6 mice from week 6 to week 9, but increasing 

percentages in BALB/c mice. 
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Figure 11  iNOS and/or arginase-1 expression in MHC II+ myeloid cells (1, 2 and 3) in ear tissue of naïve 
mice and after infection with L. major 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, ear samples of two mice were pooled to enrich cells to 
generate more valuable results. Cells were stained with surface and intracellular staining and antigen expression of cells was 
assessed using flow cytometry. Myeloid cells were identified by expression of the surface marker CD45+ and absence of the 
lineage markers CD19, CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg) and MHC II+ cells were further subdivided into three 
myeloid cell groups (1, 2 and 3) based on their expression of the markers CD11b and CD11c. Intracellular staining was used to 
identify intracellular expression of the enzymes iNOS and/or arginase-1 in myeloid ear tissue cells. a) Representative FACS 
histograms for iNOS expression in steady state vs. week 3 after infection with L. major (w3) in C57BL/6 mice. b) Representative 
FACS histograms for arginase-1 expression in steady state vs. week 9 after infection with L. major (w9) in BALB/c mice. c) 
Percentages and total cell numbers per ear ± SEM of iNOS positive and arginase-1 positive myeloid cells (group 1, 2 and 3) in 
C57BL/6 and BALB/c mice at different time points after infection with L. major. Significance of differences between values in 
C57BL/6 and BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 
0.001. 
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4.5.3. Expression of iNOS and arginase-1 in different myeloid cell subsets in ear 
tissue 

In addition to overall expression of iNOS and arginase-1 in myeloid ear tissue cells after 

infection with L. major, the proportion of cells expressing both, iNOS and arginase-1 or only 

one marker was analyzed. Furthermore, the cell subsets in Mo/MF/DC (group 2) and Mo/MF 

(group 3) were analyzed for their expression of iNOS and arginase-1. Figure 12 shows 

representative FACS density plots for the expression of iNOS and arginase-1 among CD11cneg 

mo-MF (subset VII) in C57BL/6 and BALB/c mice at weeks 6 and 9 after infection with L. major, 

(Figure 12a), as well as the percentages of myeloid ear tissue cells, which express iNOS or 

arginase-1 or both, iNOS and arginase-1 (Figure 12b).  

Percentages of myeloid cells, expressing both, iNOS and arginase-1 differed between both 

mice in week 3, (p = 0.0394), with higher values found in C57BL/6 than in BALB/c mice. From 

week 3 onwards, percentages of these cells increased until week 9 with similar values obtained 

in both genotypes. Percentages of myeloid cells expressing only iNOS were similar in both 

genotypes until week 6, where percentages had slightly decreased in both mice and afterwards 

started to increase again towards weeks 9 and 12. In weeks 6 and 9, percentages of only iNOS 

expressing myeloid cells were statistically significant higher in C57BL/6 mice than in BALB/c 

mice (p = 0.0004 and p < 0.0001, respectively). Percentages in C57BL/6 mice further increased 

towards 49% in week 12. Percentages of myeloid cells expressing only arginase-1 increased 

in both genotypes until week 6. From week 6 to week 9, percentages did not further increase 

in BALB/c mice, but decreased in C57BL/6 mice from week 6 towards week 12 to a mean 

percentage of 2%. Percentages of only arginase-1 expressing myeloid cells were statistically 

significant higher in BALB/c mice than in C57BL/6 mice in weeks 3, 6 and 9, (p = 0.0073, p < 

0.0001 and p < 0.0001, respectively).  

Furthermore, the cell subsets in Mo/MF/DC (group 2) and Mo/MF (group 3) were analyzed for 

their expression of iNOS and arginase-1 (Figure 13). In week 6, mo-DC and mo-MF (subsets 

II and III) were excluded from the analysis, because cell numbers were too low. 

In week 6 and 9, in all subsets (I-VIII), higher percentages of iNOS single positive cells were 

found in C57BL/6 mice in comparison to those found in BALB/c mice. In week 6, in CD11cneg 

mo-MF (subset VII) and CD11cneg MF (subset VIII) difference between mice was statistically 

significant (p < 0.0001 and p = 0.0013, respectively). In week 9, except for cDC2 (subset I), 

difference between mice was statistically significant in all subsets.  

Percentages of only arginase-1 expressing cells were higher in BALB/c mice than in C57BL/6 

mice in week 6 in mo-MF/MF, MF, CD11cneg mo-MF (subsets IV, V, VII) (p < 0.0001) and 

CD11cneg MF (subset VIII), (p = 0.0028). However, in cDC2 and TR-MF (subsets I and VI), 
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percentages of arginase-1 single positive cells were higher in C57BL/6 than in BALB/c mice, 

with difference being statistically significant in TR-MF (subset VI), (p = 0.0361). In week 9, in 

all subsets, statistically significant higher percentages of arginase-1 expressing cells were 

found in BALB/c mice than in C57BL/6 mice.  

In week 6, in all subsets, except for TR-Mac (subset VI), percentages of cells expressing both, 

iNOS and arginase-1 were higher in C57BL/6 mice than in BALB/c mice. However, this shifted 

in week 9, where percentages were higher in BALB/c mice than in C57BL/6 mice in cDC2, mo-

DC, MF, TR-MF, CD11cneg mo-MF and CD11cneg MF (subsets I, II, V, VI, VII and VIII). 

Difference between mice was statistically significant in CD11cneg mo-MF and CD11cneg MF 

(subsets VII and VIII) in week 6, (p = 0.0040 and p=0.0240, respectively) and in cDC2, mo-DC, 

MF and TR-MF (subsets I, II, V, and VI) in week 9 (p < 0.0001, p = 0.0191, p= 0.0041 and p < 

0.0001, respectively).  
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Figure 12  iNOS and arginase-1 expression in MHC II+ myeloid cells in ear tissue of naïve mice and after 
infection with L. major, specifically distributed into cells positive for iNOS and/or Arginase-1 expression 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, ear samples of two mice were pooled to enrich in cells in 
order to generate more valuable results. Cells were stained with surface and intracellular staining and antigen expression of cells 
was assessed using flow cytometry. Myeloid cells were identified by expression of the surface marker CD45+ and absence of the 
lineage markers CD19, CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg) and MHC II+ cells were further subdivided into three 
myeloid cell groups (1, 2 and 3) based on their expression of the markers CD11b and CD11c. Intracellular staining was used to 
identify intracellular expression of the enzymes iNOS and arginase-1 in myeloid cells. a) Representative FACS density plots for 
iNOS and arginase-1 expression among MHC II+ myeloid cell subset VII at week 6 and 9 after infection with L. major in C57BL/6 
and BALB/c mice. b) Percentages ± SEM of MHC II+ myeloid ear tissue cells (group 1, 2 and 3), expressing only iNOS, only 
Arginase-1, or both, iNOS and arginase-1 in C57BL/6 and BALB/c mice at different time points after infection with L. major. 
Significance of differences between values in C57BL/6 and BALB/c mice was determined using Mann-Whitney test, with alpha = 
0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Figure 13  iNOS and arginase-1 expression in MHC II+ myeloid cells subsets (I-VIII) in ear tissue of C57BL/6 
and BALB/c mice at week 6 and 9 after infection with L. major, specifically distributed into cells expressing 
either iNOS or arginase-1 or both, iNOS and arginase-1 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, ear samples of two mice were pooled to enrich in cells in 
order to generate more valuable results. Cells were stained with surface and intracellular staining and antigen expression of cells 
was assessed using flow cytometry. Myeloid cells were identified by expression of the surface marker CD45+ and absence of the 
lineage markers CD19, CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg) and MHC II+ cells were further subdivided into three 
myeloid cell groups (1, 2 and 3) based on their expression of the markers CD11b and CD11c. By analyzing the expression of the 
surface markers Ly6C and CD64, group 2 and 3 were further subdivided into different myeloid cell subsets (I-VIII). Intracellular 
staining was used to identify intracellular expression of the enzymes iNOS and arginase-1 in myeloid cells. a) Percentages ± 
SEM of MHC II+ myeloid ear tissue cell subsets I-VIII in week 6, expressing only iNOS or only arginase-1 or both markers in 
C57BL/6 and BALB/c mice in week 6 and 9 after infection with L. major. Subsets I, II and III were excluded from the analysis in 
week 6 (not analyzed = n.a.), because cell numbers were too low. Significance of differences between values in C57BL/6 and 
BALB/c mice was determined using Mann-Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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4.5.4. Ly6C and CD11b expression among MHC IIneg ear cells in C57BL/6 and 
BALB/c mice after infection with L. major 

Figure 14a shows representative FACS density plots for subsets IX-XII in C57BL/6 mice in 

steady state vs. week 12 after infection with L. major. Development in percentages and total 

cell numbers per ear of these subsets over time after infection with L. major, as well as mean 

percentages per time point and strain are shown in Figure 14b and 14c, respectively. MHC 

IIneg cells presented a range of different Ly6C expression levels throughout the different time 

points after infection. The percentages of Ly6Chi, CD11b+ monocytes (Ly6Chi, CD11b+ mo; 

subset IX), which expressed the highest levels of Ly6C of all four subsets, already differed 

between naïve C57BL/6 and BALB/c mice, (p = 0.0043). Percentages then increased shortly 

after infection, with a peak in week 1.5 after infection. This influx of cells of Ly6Chi, CD11b+ mo 

(subset IX) was stronger in C57BL/6 than in BALB/c mice (p = 0.0015). Also in week 3, a 

statistically significant difference was found between C57BL/6 and BALB/c mice (p < 0.0001). 

Ly6Chi, CD11b+ mo (subset IX) had already decreased in week 3 after infection, to increase 

again in week 6. Here, in total cell numbers, a statistically significant difference was found 

between mice, with higher numbers in BALB/c than in C57BL/6 mice (p = 0.0233), however no 

statistically significant difference was found in the distribution. Also, in Ly6Clo/neg, CD11blo/+ mo 

(subset XII), which was defined by low expression/absence of Ly6C and low to positive 

expression of CD11b, a fluctuation of percentages was found over time after infection with L. 

major. Overall, in Ly6Cint, CD11b+ mo (subset X) and Ly6Clo/neg, CD11blo/+ mo (subset XII), 

higher percentages were found in C57BL/6 than in BALB/c mice at all time points, except for 

week 9 after infection, where percentages were higher in BALB/c mice than in C57BL/6 mice. 

The difference in percentages between mice was statistically significant in subset X in weeks 

1.5, 3 and 6 after infection (p = 0.0232, p = 0.0411 and p = 0.0092, respectively) and in 

Ly6Clo/neg, CD11blo/+ mo (subset XII) in week 6 after infection, (p = 0.0004). Percentages of 

Ly6Chi, CD11b+ mo (subsets IX), Ly6Cint, CD11b+ mo (subset X) and Ly6Clo/neg, CD11blo/+ mo 

(subset XII) were relatively similar in weeks 6, 9 and 12, whereas Ly6Clo/neg CD11b+ mo (subset 

XI) was not present and only showed a small increase in percentages in week 3. At this time 

point in Ly6Clo/neg CD11b+ mo (subset XI), in total cell numbers, a statistically significant 

difference was found between mice, with higher numbers in BALB/c than in C57BL/6 mice (p 

= 0.0095). Also, in Ly6Clo/neg, CD11blo/+ mo (subset XII), regarding total cell numbers per ear, 

higher numbers were found in BALB/c than in C57BL/6 mice (p = 0.0092) in week 3 after 

infection. 

Overall, the expression of Ly6C in MHC IIneg, CD11b+ cells was dynamic over time, with an 

influx of Ly6Chi cells in week 1.5, towards mostly Ly6Cneg cells in week 3, followed by a mix of 

cells expressing no, intermediate or high levels of Ly6C. However, without fate-mapping tools 
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and the limited antibody panel, we were not able to differentiate between blood monocytes and 

tissue-infiltrating cells and therefore, this population was not further analyzed. 
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Figure 14  Analysis of CD11b and Ly6C expression in MHC IIneg ear tissue cells in naïve mice and after 
infection with L. major 

Ear tissue of C57BL/6 (▼) and BALB/c (▽) mice was harvested at different time points after infection with L. major, with n ≥ 4, (≥ 
8 ears) from three independent experiments per time point and strain. Single cell suspensions were generated from each ear by 
enzymatic and mechanical digestion. At weeks 0 (naïve mice) and 1.5, ear samples of two mice were pooled to enrich in cells in 
order to generate more valuable results. Cells were stained with surface staining and antigen expression of cells was assessed 
using flow cytometry. Myeloid cells were identified by expression of the surface marker CD45+ and absence of the lineage markers 
CD19, CD90.2, CD49b/DX-5, NK1.1 and Ly6G, (linneg). MHC IIneg cells were further subdivided into four different subsets (IX-XII) 
based on their expression of the markers CD11b and Ly6C. a) Representative FACS density plots for the gating strategy used to 
subdivide MHC IIneg cells into four cell subsets (IX-XII) in ear tissue of naïve mice (steady state) and 12 weeks after infection with 
L. major (w12) in C57BL/6 mice. b) Development of percentages and total cell numbers per ear of subsets IX-XII in C57BL/6 and 
BALB/c mice over time after infection with L. major. c) Mean percentages of subsets IX-XII of all CD45+ linneg, MHC IIneg cells per 
time point and strain. Significance of differences between values in C57BL/6 and BALB/c mice was determined using Mann-
Whitney test, with alpha = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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5. Discussion  
The aim of this thesis was to evaluate whether the different behavior of C57BL/6 and BALB/c 

mice in terms of disease control137, also reflects in the myeloid cell landscape over time after 

infection with L. major. To this end, the phenotypic appearance of lesional and paralesional 

skin cells and also their inflammatory profile in terms of iNOS and arginase-1 expression was 

of interest. 

In my study, I made an approach to characterize skin myeloid cell distribution and kinetics after 

low-dose L. major infection. By inoculation of highly infectious, metacyclic L. major parasites 

into the ear dermis of C57BL/6 and BALB/c mice, a cutaneous infection was achieved. Low-

dose infection with approximately 103 parasites was used, because this occurs to be more 

similar to the actual number of parasites inoculated during a sand fly bite and therefore 

resembles the natural inoculation towards a dermal site.36,137  

 

5.1 Evolution of ear lesion size of L. major infected mice differs between 
C57BL/6 and BALB/c mice  

As was shown in previous work, resistant C57BL/6 mice present self-resolving lesions, 

whereas susceptible BALB/c mice develop progressive and even necrotic lesions when 

suffering from cutaneous leishmaniasis.36,131,134,137 In order to demonstrate an ongoing infection 

in ear tissue, as well as differences in lesion evolution between the two genetic backgrounds 

of mice analyzed, ear lesion sizes of C57BL/6 and BALB/c mice were measured at different 

time points after inoculation of L. major parasites. In both mice, lesion size increased towards 

week 6, followed by shrinking lesions in C57BL/6 mice and progressing lesions in BALB/c 

mice. Around week 9, BALB/c mice also clinically began to suffer, which showed by reduced 

general condition. As a consequence, infected mice had to be killed at this time point to prevent 

them from suffering. Therefore, no comparison between C57BL/6 and BALB/c mice could be 

made at later time points, such as week 12 after infection with L. major. C57BL/6 mice only 

showed skin lesions, but no clinical signs of systemic inflammation at week 12 after infection 

with L. major.  

The differences in lesion size between both genotypes were statistically significant in weeks 6 

and 9 after infection. These differences in lesion size evolution found in C57BL/6 and BALB/c 

mice are in line with findings of previous investigators, such as Belkaid et al. (1998)137, Baldwin 

et al. (2004)131 or Cangussu et al. (2009)134 and therefore confirm the expected behavior of the 

two genotypes towards infection with leishmaniasis. Around 5 weeks after infection, growth of 

the lesion displays an inflammatory reaction with influx of immune cells, and in C57BL/6 was 
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shown to be coincident with parasite growth control.36,38 In BALB/c mice, however, the disease 

continuously progresses, with increasing lesion sizes eventually leading to necrosis.131,134,137  

Conclusively, here, lesion formation at the site of parasite inoculation proved successful 

infection as well as the resistant vs. susceptible behavior of C57BL/6 and BALB/c mice, 

respectively, which was the precondition for the following analyses.  

 

5.2 L. major parasites found in ear tissue indicate successful (intradermal) 
infection  

To monitor presence of parasites in intradermal cells, cytospin centrifugation was performed 

on isolated ear cell samples in weeks 3, 6, 9 and 12 after infection with L. major. The resulting 

cells layered on microscope slides were then stained and each slide was analyzed for 

intracellular or free parasites.  

In week 3, only the minority of slides obtained from C57BL/6 and BALB/c mice ear tissue 

contained L. major parasites. However, since at these early time points lower cell numbers 

were obtained from ear tissue, also less cells could be used for cytospin centrifugation. This 

resulted in much lower cell density found on microscope slides. Fitting to this, in earlier studies 

by Lira et al. (2000), performed with low-dose infection of C57BL/6 mice, tissue was found to 

be negative for parasites in week 3 after infection.212 Consequently, a low cell count, together 

with very low parasite presence or even absence of parasites would explain our findings at 

week 3 after infection with L. major. In week 6 after infection, all microscope slides contained 

L. major parasites. This also fits to the findings of Lira et al. (2000), which observed increased 

parasite counts in C57BL/6 mice tissue at week 7 after infection.212 Also, in weeks 9 and 12 

post-infection, in both mice, the majority of microscope slides contained L. major parasites, 

indicating successful infection. 

However, the method used has limitations in that individual parasites can be missed, as only 

a representative proportion of each sample was analyzed instead of the entire sample and 

also, by microscopic examination investigator-related errors may occur. For example, a higher 

sensitivity could have been achieved by PCR analysis of the parasites.213  

 

5.3 Comparison of IFNg release of LN cells after restimulation with SLA 
between C57BL/6 and BALB/c mice reflects their distinct immune 
reactions towards L. major infection  

The intradermal inoculation of parasites into the ear holds the advantage of harvesting the 

draining LN of the individuum, in order to analyze cytokine production.36,137 
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The restimulation of lymph node cells obtained from L. major infected mice with Leishmania-

specific antigens and subsequent measurement of cytokine release by ELISA was used to 

examine the capability of cytokine release by T cells in response to that specific antigen, and 

thereby served as an indicator for the ongoing immune response.36,136,145 IFNg release in 

supernatant of LN cells was measured after restimulation of these cells with SLA at three 

different time points after infection. Several analyses have confirmed the importance of IFN-

gamma for healing.36,120,140,214,215 

In line with these studies, our results showed significant higher IFNg release in resistant 

C57BL/6 mice than in susceptible BALB/c mice. Especially in week 6, there was a significant 

difference in release levels between the two genotypes. In addition, at this time point, levels of 

IFNg release inversely correlated with lesion size when compared between the mice: In 

C57BL/6 mice, where release of IFNg was significantly higher than in BALB/c mice, ear lesions 

were statistically significant smaller than lesions in BALB/c mice. Later, in week 9, where IFNg 

levels started to equalize at a higher level in both mice, the lesion volume had decreased in 

C57BL/6 mice, but further increased in BALB/c mice. These results represent the expected 

distinct reactions towards infection in C57BL/6 vs. BALB/c mice, as described in the literature, 

with higher Th1 cell responses in C57BL/6 than in BALB/c mice, reflecting in higher levels of 

IFNg expression.120,136,139,140,142,214  

 

5.4 Gating strategy 
Successful infection with L. major in both mice was proved and the anticipated and observed 

different immune responses in both genotypes of mice justified the interpretability of the 

following analyses.  

Next, we aimed to analyze potential cellular differences in these mice. To this end, first, 

different myeloid cell subsets were characterized based on their phenotypical appearance, 

identified by flow cytometry. Flow cytometry allows separation of cells by using fluorescence-

conjugated antibodies and here, was used to characterize cells phenotypically by surface as 

well as functionally by intracellular marker expression. Due to the limited availability of 

channels, one channel was used for the viability dye as well as CD45 and the lineage markers. 

Therefore, in order to determine total cell numbers, we had to combine our gating strategy with 

the numbers determined by manual cell counting, which might lead to different cell counts than 

those obtained when using only flow cytometry. Therefore, this could be optimized using a flow 

cytometer with a higher number of channels available. This also limited us in the number of 

markers that we were able to apply. Consequently, in order to characterize myeloid cells as 

well as different myeloid cell populations, we applied markers that are well established in the 

literature and combined them in an order that we assumed would provide the greatest 
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selectivity between potentially distinct cell subsets. After defining the myeloid cell types found 

in infected ear tissue, their time kinetic behavior was analyzed and a comparison of the myeloid 

cell composition found at different time points after infection was performed between the two 

differently behaving genotypes of mice in terms of disease control. Still, the identification of 

different subsets was challenging sometimes, since there is no general classification or 

strategy to characterize the different myeloid subsets phenotypically. In addition, many 

investigations and classifications were not made in the skin, but in other tissues. Moreover, 

due to the limited amount of markers we were able to use, some characterizations made by 

other authors could only be substantiated on the basis of a proportion of 

markers.72,74,98,196,197,204 Therefore, this analysis can provide an overview over the myeloid cell 

landscape, however, more informative data could probably be generated using lineage tracing 

tools. 

 

5.5 Myeloid cells in C57BL/6 and BALB/c mice differ in their expression levels 
of Ly6C and CD64 at critical time points in the infection with L. major 

Percentages and total cell numbers of viable, CD45+ and lineage negative cells, therefore 

considered myeloid cells, were constantly increasing over time after infection, although a slight 

decrease was observed in week 6 after infection. Myeloid cells were found in statistically 

significant higher percentages in BALB/c mice than in C57BL/6 mice in week 3 after infection, 

whereas in week 9 after infection, statistically significant higher percentages were found in 

C57BL/6 mice. No difference between mice was found in total cell numbers per ear, therefore 

questioning to which extent these differences have an impact on the immune response.  

 

5.5.1. MHC IIneg cells 
MHC IIneg cells were found in statistically significant higher percentages in BALB/c mice than 

in C57BL/6 mice in naïve mice as well as in weeks 3, 6 and 9 after infection with L. major. 

However, in total cell numbers per ear, a significant difference was only found in week 3 after 

infection with L. major. These cells are mainly considered to be monocytes and based on this 

hypothesis, we analyzed them for the expression of the markers Ly6C and 

CD11b.47,69,72,73,75,76,98,197,203 

In naïve mice, the majority of MHC IIneg cells did not express Ly6C or expressed low levels of 

Ly6C (Ly6Clo/neg, CD11b+ mo; subset XI and MHC IIneg, Ly6Clo/neg, CD11blo/+ mo; subset XII). 

This changed quickly, since at early time points, such as week 1.5 after infection, the majority 

of cells in the tissue presented high expression levels of Ly6C (Ly6Chi, CD11b+ mo; subset IX). 

Sunderkötter et al. (2004) already described blood monocytes as heterogenic in their 

expression levels of Ly6C and stated that in inflammation, such as infection of C57BL/6 mice 
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with L. major, only monocytes expressing intermediate to high levels of Ly6C are recruited to 

affected sites in order to become MF, thereby inducing a shift towards Ly6Chigh monocytes in 

the blood.69 In line with this, Geissmann et al. (2003) found Ly6C+ monocytes, in contrast to 

their Ly6Cneg counterparts, to be involved under inflammatory conditions.47 Olekhnovitch et al. 

(2014) also noticed recruitment of Ly6C+ MHC IIneg monocytes towards the infection site on 

day 1 to 2 after infection and consecutive differentiation of these cells into CD11c+ MHC II+ 

cells with downregulation of Ly6C at later time points.216 

Goncalves et al. (2011) found monocytes at the lesion site even earlier: Within 30 minutes of 

infection with L. major they detected the accumulation of these cells.133 In addition, they 

proposed that monocytes might be able to kill L. major parasites. This was based on 

observations which showed that early after high-dose L. major infection, monocytes contained 

parasites, which had been cleared a few hours later. This was also confirmed by in vitro 

experiments, where monocytes were shown to take up parasites as well as diminish parasite 

counts when incubated together.133 Whether this rapid parasite invasion and killing by 

monocytes takes place in vivo also in low-dose L. major infection remains unclear: Using low-

dose intradermal L. major infection in C57BL/6 and BALB/c mice, Cangussu et al. (2009) did 

not even detect any parasites at the lesion site until week 4-5.134 In contrast, Belkaid et al. 

(2000) found rapidly increasing parasite counts until week 5 after infection, at which time a 

sudden reduction of parasite counts was observed.36 However, our findings, together with what 

is known from the literature, reinforce the assumption that monocytes do infiltrate the tissue 

already at an early time point after infection with L. major in both, C57BL/6 and BALB/c mice. 

Most likely, Ly6Chi, CD11b+ mo (subset IX) constituted of freshly recruited blood monocytes 

towards the site of inflammation, possibly ready to differentiate into other cell types. Fitting to 

a possible differentiation process or migration in and out of the tissue of these cells, the 

percentages of these cells had already decreased in week 3 after infection, to increase again 

later in week 6. 

In week 3 after infection, expression levels had changed and the majority of cells were 

characterized by low to no expression of Ly6C (Ly6Clo/neg, CD11b+ monocytes; subset XI and 

MHC IIneg, Ly6Clo/neg, CD11blo/+ monocytes; subset XII). These dynamics found in the 

expression levels may indicate differentiation processes with downregulation of Ly6C in those 

cells found at earlier time points, which then expressed high levels of Ly6C. This process of 

marker downregulation has been described by Leon et al. (2004 and 2007) as well as 

Tamoutounour et al. (2013) to very likely take place, when monocytes differentiate into e.g. 

more mature DC.73,75,76 In contrast, possibly there could also be an exchange in cells with 

migration of Ly6Chi cells out of the tissue and immigration of Ly6Cneg cells into the tissue. 

Unfortunately, without lineage tracing, it cannot be said with certainty what exactly was the 

case in this analysis. However, as a consequence to what was described in the literature, it 
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seems more likely that downregulation of Ly6C was the case here. Later, in weeks 6, 9 and 12 

after infection with L. major, more similar, but still varying levels of Ly6C expression were found 

among MHC IIneg cells.  

Regarding differences between C57BL/6 and BALB/c mice, the results indicate a stronger 

influx of Ly6Chi monocytes in C57BL/6 mice at early time points, such as week 1.5 and 3 

(Ly6Chi, CD11b+ mo; subset IX). Differences between mice were statistically significant at 

these time points. However, in this subset, already statistically significant higher percentages 

were found in naïve C57BL/6 mice than in naïve BALB/c mice and therefore, it remains unclear, 

whether this difference between genotypes really was a consequence of the inflammatory 

process in the tissue. Importantly, though, when analyzing all myeloid MHC IIneg cells, 

statistically significant higher percentages were found in BALB/c mice than in C57BL/6 mice in 

week 3 after infection and therefore this might indicate that although overall MHC IIneg cells 

predominate in BALB/c mice at this time point, when breaking it down to specific marker 

expression, the subset of Ly6Chi, CD11b+ mo then predominates in C57BL/6 mice. Later on, 

in week 6 after infection, the downregulation of the marker Ly6C might be an explanation of 

the finding of statistically significant higher percentages of Ly6Clo/neg cells among MHC IIneg 

cells (Ly6Clo/neg, CD11blo/+ mo; subset XII) in C57BL/6 compared to BALB/c mice. However, in 

week 9, higher percentages of these cells were found in BALB/c mice than in C57BL/6 mice, 

although not statistically significant. Importantly, it also has to be taken into consideration, that 

upregulation of MHC II in these cells, which very likely takes place in parallel to downregulation 

of Ly6C75,76, would lead to changes in their percentages among the MHC IIneg population, a 

process that we were not able to track. The finding of statistically significant higher percentages 

of MHC IIneg cells in BALB/c mice, but statistically significant higher percentages in MHC II+ 

cells in C57BL/6 might either indicate a constantly stronger influx and supply of MHC IIneg cells 

in BALB/c mice or a constantly stronger upregulation of MHC II in C57BL/6 mice, indicative of 

a stronger differentiation process towards activated cell types due to the infection with L. 

major.47,72,76,109,217 However, this imbalance being present already in naïve mice might indicate 

a genotype-specific phenomenon.  

Regarding total cell numbers per ear, higher numbers were found in BALB/c mice than in 

C57BL/6 mice in Ly6Clo/neg, CD11b+ mo (subset XI) and Ly6Clo/neg, CD11blo/+ mo (subset XII) 

cells in week 3 after infection with L. major. These differences though, were not found in 

percentages and therefore might be a result of the overall higher cell counts in BALB/c ears.  

Also, in week 6 after infection, in Ly6Chi, CD11b+ cells (subset IX), significant higher cell 

numbers per ear were found in BALB/c mice than in C57BL/6 mice. Although here, regarding 

their distribution, no statistically significant difference was found. Therefore, these results could 

also be due to a technical error, e.g. a counting error.  
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Although monocytes can be classified into Ly6Chi (classical and inflammatory) and Ly6Clow 

(nonclassical and non-inflammatory) monocytes, Sunderkötter et al. (2004) also proposed that 

different expression levels of Ly6C in monocytes may represent different stages in their 

maturation process.69,47 Since we did not find a strict division into low vs. high expression of 

Ly6C, but also intermediate values, we therefore used these markers to view the dynamics in 

their expression levels at the different time points after infection with L. major and subdivide 

different subsets based on this observation, in order to use this subdivision as a comparative 

tool between genotypes of mice.  

Conclusively, our results show, that in infected tissue, CD45+, MHC IIneg monocytes show a 

dynamic process during ongoing infection regarding their phenotypic appearance and possibly 

also their functionality when correlating their marker expression, especially of Ly6C (hi/low), to 

what is known from the literature regarding pro- and anti-inflammatory functions.47,69 

Importantly, although statistically significant differences between strains were found at specific 

time points regarding their marker expression, the dynamics in marker expression during the 

ongoing inflammation after infection with L. major were very similar between C57BL/6 and 

BALB/c mice.  

Freshly recruited monocytes might infiltrate the tissue in order to serve as cell supply for 

increasing numbers of pro-inflammatory cells which are needed for ongoing immune 

responses. In addition, differentiation of MHC IIneg blood monocytes into MHC II+ cells might 

take place47,76, and therefore lineage-tracing might be useful in order to further investigate 

these processes.  

 

5.5.2. MHC II+ cells 
MHC II+ cells constantly increased after infection with L. major with a slight decrease in week 

6 after infection. This fits to what is known from the literature regarding myeloid cell immigration 

and upregulation of this marker during infectious or immunogenic processes.47,72,76,85,109,193,217 

We found statistically significant higher percentages of MHC II+ myeloid cells in naïve mice, as 

well as in weeks 3, 6 and 9 after infection in C57BL/6 than in BALB/c mice . 

When comparing the three myeloid cell groups among MHC II+ cells between C57BL/6 and 

BALB/c mice, percentages per group were very similar between the mice, as well as their time 

point of appearance after Leishmania-infection. In both mice, percentages of cDC1 (group 1) 

remained low throughout all time points after infection. Percentages of Mo/MF/DC (group 2) 

also were rather low, compared to those obtained in Mo/MF (group 3). Especially in naïve mice 

and mice in week 1.5 after infection, Mo/MF/DC (group 2) showed very low percentages. With 

time after infection though, percentages of these cells increased, indicating that expansion or 

immigration into the tissue took place in this group. Mo/MF (group 3) made up the highest 

percentages of the three groups throughout all weeks after infection. A steady increase in cell 
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numbers of Mo/MF (group 3) was seen in lesional ear tissue, indicating that the associated 

subsets were of great importance for lesion formation and ongoing disease process. Difference 

between C57BL/6 and BALB/c mice was only found in percentages in week 3 after infection. 

In total cell numbers, no statistically significant difference was found.  

To identify possible differences between these mice regarding the formation of a cellular 

landscape in response to the infection with L. major, we wanted to analyze these groups in 

more detail. In Mo/MF/DC (group 2) and Mo/MF (group 3) we were able to further differentiate 

these cells into eight different subsets, based on their phenotypic appearance. cDC1 (group 1) 

were not further differentiated, because their phenotypic appearance already allowed a more 

definitive interpretation and also, because their cell numbers were already quite low. In line 

with this, in a study by Henri et al. (2010), among DC found in the dermis, cells characterized 

by absence of CD11b made up lower frequencies as well.94  

The eight different subsets were compared between C57BL/6 and BALB/c mice. First, it was 

focused on their time point of appearance, their relative share of the total cell population of the 

respective group, as well as their total cell number per ear. Starting with naïve mice, here, TR-

MF (subset VI) were the dominant cell type found. Since at this time point, no infection was 

present, these cells might be interpreted as a non-inflammatory cell type. However, already 

between week 0 and week 1.5, the ratio between TR-MF (VI) vs. CD11cneg mo-MF (VII) or 

CD11cneg MF (VIII) shifted. At this early stage after infection, a short influx of CD11cneg mo-

MF (VII) was observed, although these cells quickly disappeared afterwards. Whether this 

disappearance resulted from migration away from the tissue, differentiation into other cells with 

downregulation of specific marker expression or a short life span of these cells remains 

unclear.  

However, as described in the previous chapter, a similar phenomenon with higher percentages 

of possibly monocytic cells with high expression of Ly6C at week 1.5 after infection was also 

found in MHC IIneg cells. Therefore, this observation in MHC II+ cells reinforces the assumption 

of an early response on the cellular level and these parallels might also indicate an interchange 

between MHC IIneg and MHC II+ cells. In a study by Glennie et al. (2017), for example, in mice 

with secondary Leishmania infection, which had resolved their primary lesion prior to the 

second infection and therefore were termed “Leishmania-immune mice”, the early recruitment 

of inflammatory Ly6Chi monocytes towards the site of infection was described.193 These cells 

expressed iNOS and were assumed to be important for the early protective immune 

response.193 Of course, in our study, next to a possible inflammatory reaction at this early time 

point, also a technical error should be taken into consideration as a cause of this observation. 

This would go along with the fact, that the cellular landscape found in week 3 resembled that 

one, which was already found in naïve mice: In week 3, TR-MF (VI) had expanded and almost 

completely replaced the two other subsets, and therefore again resembled the presumably 
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anti-inflammatory state which was found in naïve mice. Here, probably lineage tracing of the 

corresponding subsets would also be helpful, to determine whether an early pro-inflammatory 

response with monocyte influx in week 1.5 after infection with L. major really takes place at 

this time point or whether this rather made up a technical error.  

However, among Mo/MF/DC (group 2), we also found an expansion of mo-DC (II) in week 3 

after infection in both mice. This observation is in line with the results of a study by Heyde et 

al. (2018): Here, in C57BL/6 mice in week 3 after infection with L. major, CD11c+, Ly6C+ cells, 

suspected to be mo-DCs, were found to be the main cells infected by high proliferating L. 

major. However, this analysis was not performed using low-dose, but high-dose infection.132 

Additionally, an expansion of cDC2 (I) was obtained in week 3. Regarding the immunological 

role of these cells in other skin diseases, e.g. in a study by Kim et al., cDC2 were found to drive 

psoriasis-like inflammation by production of IL-23.218 The role of this cytokine in leishmaniasis 

was investigated by Dietze-Schwonberg et al. (2016), who found elevated levels of Th17 

inducing IL-23p19 in lymph node cells of Leishmania-infected BALB/c mice in comparison to 

those isolated from C57BL/6 mice. Here, CD4+ Th17 cells were found to promote parasite 

persistence and lesion growth in BALB/c mice.219 In our analysis, percentages of cDC2 were 

statistically significant higher in C57BL/6 than in BALB/c mice in week 3 after infection, 

whereas at later time points, higher percentages of cDC2 were found in BALB/c mice. Together 

with what was described by the previously named authors, this would fit to a disease promoting 

role of cDC2 in L. major infected BALB/C mice.218,219 

When comparing the timing of appearance or percentages of cDC1 (group 1) and cDC2 (I) 

between C57BL/6 and BALB/c mice, no huge differences were obtained. This is interesting, 

since in the literature it has been described, that CD11b+ (cDC2-like) DC direct Th2 pathways98-

100, in contrast to CD11bneg (CD103+ cDC1-like) DC, which rather direct Th1 pathways.96,97,101,102 

Since in resistant individuals, the Th1 answer has been described to be dominant, while the 

Th2 answer is dominant in susceptible ones,136,139,142 this could lead to the assumption of cDC1 

being higher in C57BL/6 and cDC2 being higher in BALB/c mice. However, this was not found 

here. Similarly, in a study by Szulc-Dabrowska et al. (2023), cDC1 and cDC2 were analyzed 

in C57BL/6 and BALB/c mice following infection with mousepox. Interestingly, in BALB/c mice, 

both cDC1 and cDC2 were found to be generally reduced after infection, whereas in C57BL/6 

mice, cDC2 rather increased. Also, the immune answer regarding Th1 vs. Th2 responses of 

specific cell subsets differed between C57BL/6 and BALB/c mice. Here, cDC1 and cDC2 in 

C57BL/6 mice produced higher levels of Th1 cytokines than they did in BALB/c mice. In 

contrast, IL-4 was produced at statistically significant higher levels in cDC1 from BALB/c mice 

than from C57BL/6 mice.220  

The expansion of cDC2 (I) and mo-DC (II) in week 3 after infection was followed by a decline 

in percentages obtained in week 6. Possibly, in week 6, DC had already migrated away from 
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the skin.73,75,109,221 Fitting to these observations in terms of cell kinetics, in a study by Leon et 

al. (2007), mo-DC made up the most numerous cells at week 3 post-infection, whereas a 

decrease was observed afterwards.75 Assumingly, DC repopulated the tissue from week 6 

onwards, as in week 9 cell numbers of cDC1 (group 1) and cDC2 (I) had increased again. This 

fits to observations made by Belkaid et al. (2000), who detected a huge increase of DCs at the 

lesion site around week 8 to week 10 after low-dose infection with L. major.36 Also, cell numbers 

of mo-DC (II) had increased again in both mice in week 9 after infection. Leon et al. (2007) 

already described the immigration of monocytes into L. major infected tissue and their 

differentiation into DC.75 In their studies, mo-DC were shown to migrate towards the draining 

LN and assumed to be of great importance for protective Th1-associated immune responses 

against L. major.75 Surprisingly though, in our analysis, the percentages obtained in this subset 

(mo-DC, II) were higher in BALB/c mice than in C57BL/6 mice in week 9. As already 

mentioned, monocytes downregulate Ly6C upon differentiation into DC75,76,98, which might be 

one explanation for their lower percentages in C57BL/6 mice. Moreover, it has been described 

that not only the phenotypic appearance of cells, but also their way of generation determines 

their functionality. For example, Santini et al. (2000) found that DC differentiation from 

monocytes, induced by IFN-α led to higher IFNg production of these cells in contrast to those 

induced by IL-4, indicating a stronger capability of these cells to generate a Th1 response.222 

In addition, since this analysis only represents a short period at each time point, without lineage 

tracing, it cannot be said with certainty what happened to these cells. 

Later, in week 12 after infection, an increase in mo-DC was also found in C57BL/6 mice. 

Interestingly, Woelbing et al. (2006) found FcγRI expression to be an important feature for the 

uptake of L. major parasites into DCs, a process needed for protective immunity with parasite 

killing and consecutive lesion resolution.223 Therefore, the presence of these CD64-expressing 

(assumingly dendritic) cells at this time point might indeed be critical for protective immunity. 

Importantly, high expression of CD64 may also identify cells involved in inflammatory 

processes, since it is upregulated under pro-inflammatory conditions and, in a study by Thepen 

et al. (2000), elimination of CD64 expressing MF lead to resolution of chronic cutaneous 

inflammation.224 In general, it has been described by several authors, that mo-DC, which differ 

from cDC by higher expression of CD64, are especially generated during inflammation.47,73-

75,98,204 For example, in studies by Serbina et al., mo-DC, which were termed “Tip-DCs” due to 

their expression of TNF and iNOS were found to be crucial for control of bacterial replication 

and prevention of host death.205,206 

Still, it remains unclear, whether cells characterized by low to no expression of Ly6C and CD64, 

which we defined as cDC2 (I), could rather be mo-DC that downregulated Ly6C.73,75,76,98 

Possibly though, mo-DCs, after their maturation process including Ly6C marker 

downregulation, would not be found in the tissue anymore, since this process has been 
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suspected to be completed in the LN.75 In addition, conventional DC are CD64neg, in contrast 

to mo-DC, which would at least express low levels of CD64.73,74,98,204 

Starting in week 6, a rise in percentages of mo-MF/MF (subset IV) and CD11c+ MF (V) became 

obvious. CD11c+ mo-MF (III) presented lower percentages in week 6, but had also increased 

in weeks 9 and 12, possibly due to monocyte recruitment from the circulation towards lesion 

site and differentiation into MF.69,72  

In Mo/MF (group 3), in week 6, after their short influx in week 1.5 and their disappearance 

afterwards, CD11cneg mo-MF (VII) made up the majority of cells in terms of percentages in 

C57BL/6 and BALB/c mice. These cells, and CD11c+ mo-MF (III), phenotypically resembled 

each other regarding their high expression of Ly6C and CD64. Their time point of expansion 

around 6 weeks after infection correlated with the time point that has been described by Belkaid 

et al. (2000) to mark the onset of lesion formation, the influx of myeloid cells as well as the time 

point where parasite depletion begins to take place in C57BL/6 mice.36 However, at least in 

CD11c+ mo-MF (III), no significant difference was found between C57BL/6 and BALB/c mice 

at any time point. In CD11cneg mo-MF (VII) though, in week 9 after infection, significant higher 

percentages were found in C57BL/6 than in BALB/c mice. This difference was also significant 

when analyzing total cell numbers of these cells, however, when analyzing whether they 

differed regarding their distribution, no significant difference was found, which might indicate a 

counting error.  

All in all, according to their time point of appearance, these CD11cneg, CD11b+, Ly6C+/hi and 

CD64+ cells could be relevant for the lesion resolution and associated processes, which is 

described to take place between week 6 and week 12 in C57BL/6 mice36 and which also in our 

investigation took place between week 9 and week 12 in these mice. As a consequence, when 

correlating their time kinetic appearance as well as their high expression of CD64 and Ly6C, 

these cells could be considered as a rather pro-inflammatory cell type: As described earlier, by 

targeting and eliminating MF expressing CD64, a marker which is enhanced during 

inflammation, Thepen et al. (2000) found an improvement of chronic cutaneous inflammation.224 

Also, in other analyses in dermis under inflammatory conditions, such as atopic dermatitis, 

increased expression levels of CD64 were found in dermal cells, which was assumed to be due 

to upregulation of this marker on local cells rather than due to influx of new cells.225 In addition, 

also their Ly6Chigh phenotype might indicate the pro-inflammatory nature of these cells, since 

1) in inflammation, Ly6Chigh monocytes are found to immigrate towards tissue69 and 2) in 

inflammation, Ly6C downregulation upon monocyte differentiation into MF was shown to be 

disrupted.197 In contrast, TR-MF (VI), phenotypically presented the opposite of mo-MF, with 

no/low Ly6C and no/low CD64 expression. Therefore, in contrast to Ly6C+/hi and CD64+/hi cells, 

these cells were considered a rather anti-inflammatory cell type, also due to their early presence 
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in naïve mice. Interestingly, similar to what was described by Santini et al. (2000) for DC222, 

Luque-Martin et al. (2021) found that exposure to IFNg during differentiation of human 

monocytes to MF led to a hyperinflammatory phenotype and also, these MF expressed more 

CD64 when compared to MF stimulated by e.g. M-CSF or GM-CSF.226 However, no specific 

surface marker indicative for this pro-inflammatory MF was identified in this study.226 Therefore, 

environmental cues can influence cell functions, although this might not be displayed by the 

surface markers used. 

In our investigation, TR-MF (VI) persisted at lower percentages during weeks 6-12 after 

infection in C57BL/6 mice but increased in BALB/c mice in week 9, where they, like in week 3, 

again made up the majority of cells in this group. Recently, Lee et al. (2020) described the 

interactions between eosinophils and dermal TR-MF in L. major infection. Here, eosinophil-

derived IL-4 was found to be the major source for local proliferation of TR-MF and thereby 

important for maintaining their functional properties. Most importantly, in mice lacking IL-4/IL-

13 from eosinophils, TR-MF shifted to a rather pro-inflammatory state, consequently improving 

disease outcome.227 Possibly, this could be an explanation for the higher numbers of TR-MF 

in BALB/c mice, as these mice fail to downregulate IL-4 during L. major infection.113,140 

Interestingly, in week 9, differences between C57BL/6 and BALB/c mice were observed 

regarding percentages of CD11cneg TR-MF (VI) and CD11cneg mo-MF (VII). BALB/c mice 

showed higher percentages of TR-MF (VI) in week 9 compared to C57BL/6 mice. In contrast, 

in C57BL/6 mice, percentages of CD11cneg mo-MF (VII) were higher than in BALB/c mice. The 

main phenotypically difference in these cells was their expression of Ly6C and CD64. Whereas 

CD11cneg mo-MF (VII) were defined by high expression of Ly6C and CD64, TR-MF (VI) were 

rather low in the expression of both. Although these differences only appeared in week 9, 

importantly, this is the time point where it has been described that lesions of C57BL/6 mice are 

already in the phase of healing36,134, whereas it is known that BALB/c mice do not resolve, but 

rather develop necrotic lesions134, which was also the case in our investigation.  

Therefore, we found Ly6C and CD64 to be markers, whose expression by myeloid cells 

constituted the main difference in the cell landscape when comparing between C57BL/6 and 

BALB/c mice over time after infection with L. major. Expression of these markers could 

represent a decisive difference between C57BL/6 and BALB/c mice for the tendency of the 

immune response and the inflammatory process. Their enhancement at later time points in 

C57BL/6 mice, in contrast to low expression in BALB/c mice might be indicative for their 

importance for protective immunity. In addition, the high expression of Ly6C underlines the 

possible involvement of inflammatory monocytic cells in these processes.69,72,197,207 Regarding 

the exact characterization of these cells, the Ly6Cint to high monocyte-derived cells, which Leon 
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et al. (2007) claimed to be important for the protective Th1 cell response75 were CD11c+ and 

assumed to be mo-DCs75 and not mo-MF, in contrast to our CD11cneg mo-MF (VII). Besides 

their difference in CD11c expression, however, the expression of MHC II, CD11b as well as 

Ly6C was similar and, importantly, they were as well assumed to be monocyte-derived cells,75 

thus supporting the assumption of monocyte-involvement.  

Therefore, our results are in line with what has been suspected in the literature before: The 

presence and assumable importance of monocytes and monocyte-derived cells in the infection 

with L. major.75,132,133 These cells were shown to be recruited rapidly towards lesion sites, 

harboring high numbers of parasite and most importantly, involved in the protective immune 

response against the parasite.75,132,133 It has to be mentioned though, that unfortunately not all 

results are equally comparable, since the studies described differed regarding low- or high-

dose L. major infection.36,75,132,133 

 

5.6 iNOS and Arginase-1 expression differs between C57BL/6 and BALB/c 
mice after infection with L. major, but is independent of cell type  

Previous studies indicated a disease-promoting role of arginase-1 in the infection with L. 

major.172,188,228 In contrast, iNOS-derived NO is important for parasite killing.229-231 Fitting to this, 

absence of iNOS in iNOS mutant mice was shown to lead to a diminished parasite controlling 

function and non-healing lesions36,232, while deletion of arginase-1 or inhibition of its activity led 

to improved control of disease in former susceptible mice.187,188  

Here, we analyzed iNOS and arginase-1 expression in myeloid cells and compared this 

expression between C57BL/6 and BALB/c mice. iNOS and arginase-1 expression was 

determined by intracellular staining. By analyzing the presence of these enzymes at different 

time points after infection with L. major in myeloid cell subsets, we aimed to learn more about 

the functionality of the different cell types. We found that mean percentages of iNOS 

expressing myeloid cells constantly increased with weeks after infection in C57BL/6 mice, 

whereas in BALB/c mice, an increase was obtained only in week 9 after infection. In line with 

previous investigators126,134,172, percentages of iNOS expressing myeloid cells were much 

higher in C57BL/6 than in BALB/c mice. For example, in a study by Stenger et al (1994), 

expression of iNOS at the lesion site was found to be higher in resistant mice than in 

susceptible mice and its upregulation correlated with lesion resolution.126 

The difference between percentages of myeloid cell iNOS expression in C57BL/6 vs. BALB/c 

mice in our study was especially prominent in weeks 6 and 9, where higher percentages of 

iNOS expressing myeloid cells were found in C57BL/6 mice than in BALB/c mice. Iniesta et al. 

(2005) also described iNOS expression to correlate with lesion resolution in resistant mice172, 

which is in line with our finding of a reduction of the lesion size taking place from week 6 
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onwards in C57BL/6 mice and therefore also correlated with the peak found in iNOS 

expression in week 9 after infection. 

Regarding percentages of arginase-1-expressing myeloid cells, although we already found 

significant differences between the strains in week 6, here, in both mice, arginase-1 levels had 

increased when compared to week 3 after infection. Importantly, in BALB/c mice, these 

percentages further increased towards week 9, whereas in C57BL/6 mice they remained stable 

and then rather decreased towards week 12. Especially in week 9, higher percentages of 

arginase-1 expressing myeloid cells were obtained in BALB/c mice in contrast to percentages 

obtained in C57BL/6 mice. These results are also very similar to observations made by Iniesta 

et al. (2005), who found that in both, C57BL/6 and BALB/c mice after high-dose infection (106) 

with L. major, the initial arginase-1 expression correlated with the onset of lesion formation and 

afterwards decreased in resistant C57BL/6 mice, but remained high in susceptible BALB/c 

mice.172 Also, Kropf et al. (2005) found a decrease in arginase activity at the lesion site 

correlating with healing and lesion resolution in high-dose (2x106) L. major-infected resistant 

mice, whereas arginase activity further increased in non-healing BALB/c mice.188  

Interestingly, in our investigation, week 6 marked a changing point in the expression of iNOS 

and arginase-1. From week 6 onwards, iNOS expression increased more strongly in C57BL/6 

mice than in BALB/c mice. In contrast, arginase-1 expressing myeloid cells increased in 

BALB/c mice, but decreased in C57BL/6 mice. Overall, the differences in iNOS and arginase-

1 expression in C57BL/6 vs. BALB/c mice seemed to evolve especially from week 6 onwards, 

to become most prominent in week 9. When correlating this development to ear lesion size 

development, the trends in arginase-1 expression, as well as lesion volume development 

resembled each other in each of the mice: The peak in percentages of arginase-1 expressing 

myeloid cells in C57BL/6 mice was obtained in week 6 and here, also highest mean lesion 

volume was measured in these mice. In contrast, in BALB/c mice, mean lesion volumes as 

well as percentages of arginase-1 expressing myeloid cells constantly increased towards week 

9 after infection with L. major. Since no additional time points were examined in these mice, 

this trend was not assessed further.  

Although regarding iNOS expression, highest percentages were reached in week 9 in both 

mice, in C57BL/6 mice this correlated with reduced lesion volume, whereas in BALB/c mice, 

increased lesion sizes were obtained. Interestingly, when analyzing whether cells expressed 

both iNOS and arginase-1 or only one of the enzymes, in C57BL/6 mice in week 9, percentages 

of iNOS SP cells were higher than percentages of iNOS and arginase-1 DP cells. In contrast, 

percentages of iNOS, arginase-1 DP cells in BALB/c mice exceeded those of iNOS-SP cells. 

In line with this, in a study by Schleicher et al. (2016), in C57BL/6 wild-type mice infected with 

L major, only half of cells that expressed iNOS additionally co-expressed arginase-1. In 

addition, in skin lesions of BALB/c mice, arginase-1 levels were found to be higher compared 
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to levels obtained in C57BL/6 mice.187 They also analyzed TNF-deficient mice (TNF-/- mice), 

where they found higher co-expression of iNOS and arginase-1, claiming this as a potential 

cause of susceptibility towards infection, which could also cause susceptibility in BALB/c mice. 

In situ, hyperexpression of arginase-1 was found to lead to impaired NO production and 

thereby, could possibly also lead to impaired Leishmania parasite control.187 Importantly, 

regarding NO generation by iNOS, Rutschmann et al. (2001) pointed out that even though high 

iNOS levels might be detected in tissues, this would not necessarily correlate with NO 

production, since simultaneously high arginase-1 levels and high activity of the enzyme could 

lead to substrate depletion and therefore impair iNOS activity.189 As a consequence of high 

arginase-1 activity, three different mechanisms were summarized by Schleicher et al. (2016), 

which include the impairment of NO generation by iNOS, as well as impairment of T cell 

functions, due to the lack of L-arginine.189,190,233-237 The third mechanism summarizes the 

positive correlation between arginase-1 activity and parasite numbers172 via the synthesis of 

polyamines from an product of arginase-1, which are an important source for parasite 

growth.238 However, as Schleicher et al. (2016) brought into context, this third mechanism 

might not be as relevant, because L. major parasites command their own arginase238,239 and 

therefore may not rely on exogenous sources.187 Whether in this study higher arginase-1 levels 

in BALB/c mice correlated with higher parasite burden in these mice was not determined, since 

we were not able to examine the number of parasites by cytocentrifugation. However, in other 

studies, a positive correlation between arginase-1 expression/activity and parasite burden has 

been described187 and therefore could likely be the case here as well. High expression of 

arginase-1 in BALB/c mice might have affected NO production by iNOS due to substrate 

depletion189,190 and thereby lead to less efficient parasite control.187 As stated above, our results 

confirm what other investigators have already described regarding iNOS and arginase-1 

expression in infection with L. major and its correlation with lesion development.  

To further investigate this, we analyzed iNOS and arginase-1 expression not only in the overall 

myeloid cell population, but also in our defined myeloid cell subsets in Mo/MF/DC (group 2) 

and Mo/MF (group 3) at the time points week 6 and 9 after infection, where the greatest 

differences in iNOS and arginase-1 expression among the myeloid cell population were found 

between mice. Unsurprisingly, again, in all subsets, percentages of iNOS-SP cells were higher 

in C57BL/6 than in BALB/c mice and in week 9, in the majority of subsets, this difference was 

statistically significant. In contrast, also statistically significant higher percentages of arginase-

1-SP cells were found in all subsets in BALB/c mice compared to C57BL/6 mice in week 9. 

Some cell subsets were rather exclusively expressing iNOS, others expressed both, iNOS and 

arginase-1, but the expression of iNOS or Arginase-1 also differed per cell and mouse strain. 

Interestingly, the frequency of iNOS- or arginase-1-expressing cells did not show the same 

trends regarding subtype of cells, but seemed to depend on the mouse genotype.  
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For example, CD11cneg mo-MF (VII) showed statistically significant higher percentages of 

iNOS-SP cells in C57BL/6 than in BALB/c mice in week 9 after infection, whereas in this 

subset, percentages of arginase-1-SP cells were statistically significant higher in BALB/c mice 

than in C57BL/6 mice at this time point. The same trend was observed in cDC2 (II), mo-MF 

(III), MF (V), TR-Mac (VI) and CD11cneg MF (VIII) in week 9, although not as strong as in 

CD11cneg mo-MF (VII). 

These findings are in contrast to the assumption made by Schleicher et al. (2016) that one 

major cell population would be responsible for arginase-1 expression, which in their analysis 

was claimed to be comprised of monocyte-derived DC or MF.187 Also, in a study by Wilmes et 

al. (2023), tissue-resident MF were found to be the main iNOS expressing cells in infarcted 

myocardial tissue.240 De Trez et al. (2009) claimed that inflammatory DC in the LN and in tissue 

sections are the main iNOS-producing cells.241 However, in the tissue analyzed, this was only 

based on the expression of the markers MHC II, CD11c, CD11b and absence of Ly6G.241 As 

already described earlier, on the basis of only these markers, characterization of DCs is not 

necessarily sufficient and therefore, it remains unclear, whether these cells were in fact 

constituted only of DC. Interestingly, in a study by Oleknovitch et al. (2014), iNOS expression 

was described to provide pathogen control at the tissue level, rather than having cell intrinsic 

effects, therefore allowing parasite killing even in phagocytes where intrinsic iNOS expression 

was absent.216 In line with this, rather than identifying one specific subset responsible for NO 

production, we found a general tendency towards iNOS or arginase-1 expression, dependent 

on the genotype of mice. Therefore, our observations lead to the assumption, that the 

functionality of cells is determined by the genotype of the corresponding mice and the 

immunological imprinting in their cellular (micro-)environment by e.g. proinflammatory 

cytokines rather than linked to specific phenotypic attributes.  

 

5.7 Conclusion/Outlook 

In conclusion, this approach permitted us to generate a comprehensive skin myeloid cell 

landscape following L. major infection. It could be demonstrated that selected myeloid cell 

subsets may contribute to different disease stages, especially with regard to the influx of 

monocytes and the development of monocyte-derived myeloid cells in lesional ear tissue. 

Surprisingly, C57BL/6 and BALB/c mice did not show major differences in terms of the timing 

of overall myeloid cell landscape appearance and cellular distribution following L. major 

infection. However, when restricting the analysis to specific subsets at specific time points, 

especially at later time points, differences between the two genetic backgrounds were obtained. 

These differences particularly related to the surface expression of Ly6C and CD64 on cells, 

which according to the literature might indicate a monocytic origin. Cells with expression of 
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these markers were found in significantly higher percentages in resistant C57BL/6 than in 

BALB/c mice. The time point of appearance during the healing phase of C57BL/6 mice might 

indicate an important role for Ly6C and CD64 expressing myeloid cells in L. major infection. In 

addition, dynamic changes were found among the MHC IIneg cell population, indicating cell 

supply by monocytes and differentiation processes during inflammation. Further, we confirmed 

that in C57BL/6 mice rather pro-inflammatory responses take place, with regard to higher levels 

of IFNg in weeks 3 and 6 and higher expression of iNOS in week 9, whereas in BALB/c mice, 

levels of IFNg- or iNOS-expression were much lower in favor of arginase-expression. The main 

differences between the mouse strains also coincided with the time points when lesion 

resolution appears in C57B/6 mice. Interestingly, the proinflammatory profile in C57BL/6 mice 

was not restricted to specific cell subsets but represented a general tendency in these mice. 

Conclusively, this data might be helpful for future experiments, to further analyze origin and 

development of myeloid cells, to better understand the link between phenotypic appearance 

and functionality of cells. However, this method also beared weaknesses, e.g. in terms of non-

exclusive marker expression for MF or DC. Therefore, to definitively study the complexity and 

heterogeneity of cell subsets, especially in inflammation, lineage-tracing experiments are 

required.73,242 Specifical tracing of subsets, to screen their developmental pathways and 

changes of marker expression, as well as functional distinct features in progressing disease 

might help to gain further information about manipulative effects of the parasite towards the 

immune system and the involvement of different myeloid cells in this process. Altogether, 

knowledge about the behavior of parasites and correlation to immune responses like cell 

development or cytokine expression might help to develop new approaches for future 

medication or even vaccines. 
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