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Abstract

Abstract

Leishmania major (L. major) survives within a variety of host phagocytes and undergoes cycles
of replication, release from, and uptake into new cells. It is unclear whether distinct phases and
host cell types within these cycles are permissive or inhibitory for pathogen proliferation.
Therefore, a novel photoconversion-based proliferation reporter (mKikumeGR) was used in
the presented thesis to determine L. major proliferation in relation to distinct phagocyte

subpopulations in the ongoing infection. The thesis is divided into three main parts:

8} In the first part, the mKikumeGR reporter system, constitutively expressed in L. major
(LmSWITCH) " was improved for more efficient application of the system. Photoconversion of
LmSWITCH with a LED diode array in vitro and in vivo as well as compatibility with flow cytometry

analysis and immunohistochemical methods was successfully established.

(2) In the second part of the thesis, the tissue niche of high and low proliferating L. major
was defined, and a cell-intrinsic control mechanism for Leishmania proliferation was
determined. Cells positive for the markers CD11c* and Ly6C* were defined as main cell type
harboring rapidly proliferating L. major in the ongoing infection, irrespective of the activation
state of the cells. Furthermore, high proliferating parasites were defined to represent the main
L. major subpopulation capable of successful transfer to new host cells. Newly recruited host
cells were infected irrespectively of their cell type, however among these newly infected cells,

only cells positive for CD11c and Ly6C were permissive for efficient proliferation.

3) The third part provides perspectives for future analysis, like the analysis of antigen
presenting cell (APC) —T cell interactions in the context of the proliferative state of the
parasites. To this end, an approach including a specific transgenic T cell receptor and
ovalbumin expressing LmSWTCH was successfully established for intravital 2-photon
microscopy. Therefore, the interactions between APCs containing L. major of different
proliferation states with specific Thl CD4* cells in the living host organism can be analyzed

reliably and quantitatively.

Taken together, this work provides for the first time a quantification of L. major proliferation
rates with respect to different host cell types, and to different phases in the cell-to-cell transfer
cycle, in an unperturbed infection setting. It is established that, besides their well-described
function for priming and activating T cell effector functions against L. major, CD11c"* cells

provide a reservoir for rapidly proliferating parasites that disseminate at the site of infection.
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Zusammenfassung

Leishmanien sind eukaryotische, einzellige Parasiten, die im Darm von Sandmucken
persistieren und ihren Lebenszyklus im S&ugetier vollenden. Dort leben und proliferieren die
Parasiten in einer Vielzahl von professionellen Phagozyten. Sie durchlaufen Zyklen von
Replikation, Freisetzung und erneuter Aufnahme in andere Phagozyten des Wirtsorganismus.
Bis jetzt war es weitgehend unklar, ob die verschiedenen Phasen und Wirtszellen innerhalb
dieser Zyklen die Pathogenproliferation begiinstigen oder inhibieren. Dieses Thema hat eine
hohe Relevanz, um einerseits das Uberleben der Parasiten im Wirtsorganismus, und
andererseits die erfolgreiche Induktion einer Immunantwort bei einer Infektion zu verstehen.
Um diese Fragestellung auf Zellebene zu adressieren, wurde in der vorliegenden Arbeit ein
neuartiger Fluoreszenzprotein-basierter Proliferationsreporter (mKikumeGR) angewendet.
Leishmania major (L. major), die diesen photokonvertierbaren Reporter Kkonstitutiv
exprimieren, zeigen eine griine Fluoreszenz, die durch Bestrahlung mit UV — Licht irreversibel
zu roter Fluoreszenz konvertiert werden kann. Es wurde gezeigt, dass die Neuexpression von
nicht konvertiertem, griin fluoreszierendem Protein, nach der Photokonversion, sowie die
Verdinnung des rot fluoreszierenden Proteins, an die Zellteilung gekoppelt ist. Somit kann
dieses System als Reporter fir die Parasitenproliferation genutzt werden. Mit Hilfe dieses
Reporters wurde in der vorliegenden Arbeit die L. major Proliferation wahrend der aktiven
Infektion in verschiedenen infizierten Zellpopulationen und deren Transmission in neue

Wirtszellen gemessen.
Die Ergebnisse der vorliegenden Arbeit lassen sich in drei Hauptteile untergliedern:

D) Im ersten Teil der Arbeit wurde das mKikumeGR Proliferationsreportersystem in
L. major (LmSWITCH) detaillierter charakterisiert, um ein breiteres Anwendungsspektrum zu
erreichen und somit eine effektivere Analyse zu ermdglichen. Die erfolgreiche Anwendung
eines LED Dioden Arrays zur Photokonversion konnte sowohl in vitro als auch in vivo etabliert
werden, wodurch es moglich wurde, gréRere Flachen, zum Beispiel eine komplette Infektion
im Mausohr, zu photokonvertieren. Des Weiteren konnte die Kompatibilitat von LmSWTCH mit
der Analyse von Proben im Durchflusszytometer und immunhistochemischen Methoden

gezeigt werden.

(2) Im zweiten Teil der Arbeit wurde die Nische von stark und gering proliferierenden
Leishmanien im infizierten Gewebe, mittels Durchflusszytometrie, Multi-epitope ligand
cartography (MELC) und intravitaler 2-Photonenmikroskpie, definiert. Dabei wurden Hinweise
auf einen zell-intrinsischen Kontrollmechanismus ftir die Proliferation von L. major beobachtet,

da die Mehrheit der Wirtszellen entweder stark proliferierende oder gering proliferierende

v



Zusammenfassung

Leishmanien beinhalteten, jedoch nur sehr selten verschiedene Subpopulationen
unterschiedlich proliferierender Parasiten. Weiterhin konnten Zellen, die positiv fur die
Oberflachenmarker CD11c und Ly6C sind, als Hauptzelltyp fur stark proliferierende
Leishmanien definiert werden, unabhéngig vom Aktivierungsgrad der Zellen.
Dementsprechend sind gering proliferierende Leishmanien vorrangig in CD11c Zellen
lokalisiert, ebenfalls unabhangig von der Expression von Aktivierungsmarkern wie CD86 und
MHC-Klasse-ll. Des Weiteren wurden strak proliferierende Leishmanien als wichtigste
Subpopulation fir einen erfolgreichen Transfer von einer Wirtszelle in eine neue Wirtszelle
definiert, wobei ein direkter Transfer von einer Zelle in die nachste Zelle sowohl in vitro als
auch in vivo gezeigt werden konnte. Neu rekrutierte Wirtszellen werden dabei unabhéngig von
ihrem Zelltyp infiziert, wobei jedoch nur Zellen, die positiv fir CD11c und Ly6C sind, eine

effiziente Parasitenproliferation zulassen.

3 Im dritten Teil der Arbeit wurden Ansatze fir zuklnftige Analysen etabliert. Um
mdogliche molekulare Mechanismen hinter den im zweiten Teil gewonnenen Erkenntnissen zu
identifizieren, wurden Experimente zu eventuellen zell-intrinsischen Effekten von iNOS
beziehungsweise der NADPH Oxidase etabliert. In ersten Experimenten konnte gezeigt
werden, dass die Leishmanienproliferation in iINOS™-Zellen signifikant erhoht ist im Vergleich
zu benachbarten Wildtyp-Zellen. Das deutet auf einen zell-intrinsischen Kontrollmechanismus
von iNOS hin. Fir die NADPH Oxidase hingegen, konnten solche Unterschiede nicht detektiert

werden.

Des Weiteren wurden Methoden etabliert, die die Analyse von Interaktionen zwischen L. major
infizierten Antigen-prasentierenden Zellen (APCs) und T-Helferzellen in Abhangigkeit vom
Proliferationsstatus der Parasiten ermdglichen. Dazu wurde im Rahmen dieser Arbeit ein OT
II-Ovalbumin basiertes System flr die Analyse mittels intravitaler 2-Photonenmikroskopie
aufgesetzt. Hierfir wurde ein Ovalbumin exprimierender LmSWTCH Stamm (LmSWITCHOVA)
generiert. Mit diesem experimentellen Ansatz koénnen Interaktionen zwischen APCs, die
LmSWITCH OVA mit unterschiedlichen Proliferationsstadien enthalten, mit antigenspezifischen

CD4* Zellen im lebenden Organismus quantitativ analysiert werden.

Zusammengefasst liefert die hier prasentierte Arbeit zum ersten Mal eine Quantifizierung der
Leishmanienproliferation innerhalb verschiedener Wirtszelltypen mit Betrachtung der
unterschiedlichen Phasen des Zell-zu-Zell Transfers in einer Infektion. Demzufolge haben
CD11c" Zellen in der Haut, neben ihrer gut charakterisierten Rolle zur Aktivierung von Effektor-
T-Zellen, eine Funktion als Reservoir fir stark proliferierende Parasiten, die sich an der
Infektionsseite ausbreiten. Diese Erkenntnisse sind von grof3er Relevanz fur das Verstandnis
daruber, wie der Aufenthalt in einer spezifischen zellularen Nische Leishmanien dazu befahigt,

sich effizient zu multiplizieren und an der Infektionsseite langfristig zu persistieren. Dieses

\%
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Wissen kdnnte dabei helfen die Entwicklung von verlasslichen Impfstoffen voranzutreiben und

effiziente Therapien zu entwickeln.
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Introduction

1.1 How to deal with intracellular pathogens

The main task of the immune system is to protect the body from pathogens, toxins, and
malignant cells, which must be recognized and eliminated. To prevent the invasion of
pathogens into the host, first lines of defence are mechanical barriers like the skin, sudor, and
mucous membranes. In case this first barrier is overcome by pathogens, the humoral and
cellular defences of the immune system come into play. These are grouped into two main

parts: the innate and the adaptive immune system.

The evolutionary older innate immune system is not specifically distinguishing self from foreign,
but is able to recognize conserved molecular structures of pathogens and toxins via so called
pathogen-associated molecular patterns (PAMPS), which are often integral components of the
pathogen’s physiology and lifestyle. Receptors interacting with these molecular structures are
called pattern recognition receptors (PRRs) and recognize structures like oligosaccharides,
proteoglycans and lipopolysaccharides as well as CpG-DNA. Recognition of PAMPSs results in
the recruitment of a variety of cells of the immune system. Among them are different
phagocytes, cells specialized in ingesting and degrading the infectious organisms. Being part
of the innate immune system, phagocytes have the same myeloid precursor cells which can
differentiate into monocytes, mast cells, granulocytes (neutrophils, basophils, eosinophils) and
dendritic cells (DCs). To successfully fight diseases, the recruitment and proper function of
these cells is orchestrated by soluble factors like cytokines, chemokines and the complement

system.

In contrast, the adaptive immune response can recognize the differences between self and
foreign. One mechanism by which this is achieved is also the main link between the innate and
the adaptive immune system, the presentation of antigen: Peptide fragments of proteins,
presented on the surface of macrophages and DCs, enable T lymphocytes to recognize these
antigens originating from other sources than the host via highly specific cell surface receptors.
Besides the main cellular constituents of the adaptive immune system, i.e. T cells and
antibody-producing B cells, cytokines and chemokines represent the main soluble factors
responsible for proper function of the adaptive immune system. Furthermore, the adaptive
immune system develops an immunological memory, therefore, once T and B cells have fought
an infection, some of these cells differentiate into memory cells, which can be activated
immediately upon recognition of antigen in a secondary infection, leading to a very fastimmune

response.

Many mechanisms of both the innate and the adaptive immune response cooperate for an
efficient recruitment of phagocytes, activation of these phagocytes by T cell-derived cytokines,

and ingestion and intracellular degradation of incoming microbes. However, many pathogens

2



Introduction

are able to evade these defence mechanisms, to survive within their host cells and even
undergo replication within phagocytes. This can result in prolonged infection with such
intracellular pathogens, proliferating within and breaking out of infected phagocytes and
invading newly recruited phagocytes in the course of a chronic infection. Parasites of the
Leishmania genus represent an example for such pathogens which can survive and replicate
within the endocytic compartment of phagocytes [1].
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1.2 Leishmania

1.2.1 Leishmaniasis: Different immune response-different disease?

Leishmania spp. are eukaryotic protozoan parasites which reside within the gut of
phlebotomine sandflies and accomplish their life cycle in a mammalian host. Leishmaniasis is
a serious disease widespread in tropical and subtropical regions of the world like Central and
South America, Northern Africa, South Europe, parts of Asia and the Middle East. Over 150
million people are infected worldwide, leading to about 70.000 deaths per year. Different
species of Leishmania are causing a variety of different diseases (reviewed in [2]): Species
like Leishmania donovani and Leishmania infantum cause visceral leishmaniasis, in which the
inner organs like the spleen, the liver or the bone marrow are invaded. This invasion can
ultimately lead to the death of the host. Other species like Leishmania brasiliensis and
Leishmania panamensis trigger mucocutaneous leishmaniasis by severely affecting the mouth
and the throat. The third, widely distributed form of the disease, is the cutaneous leishmaniasis
initiated by species such as Leishmania mexicana, Leishmania tropica, Leishmania
amazonensis or L. major (Table 1). In contrast to visceral leishmaniasis, cutaneous forms of
leishmaniasis are often self-limiting, but very slow-healing or even chronic, and represent by

far the largest proportion of leishmaniasis.

Table 1. Main species of Leishmania that affect humans (modified from [2]).

visceral leishmaniasis Leishmania donovani, Leishmania infantum

Leishmania major, Leishmania tropica, Leishmania
cutaneous leishmaniasis mexicana, Leishmania aethiopica, Leishmania pifanol,

Leishmania amazonensis

diffuse cutaneous Leishmania mexicana, Leishmania amazonensis,
leishmaniasis Leishmania aethiopica
mucocutaneous

, o Leishmania panamensis, Leishmania braziliensis
leishmaniasis

Mouse infection models are an important tool to understand the immune mechanisms that help
controlling infection with Leishmania spp. For example, the use of defined inbred mouse strains
which are either resistant to Leishmania (e.g. C57BL/6) or susceptible (e.g. BALB/C) have

been very instructive to understand differences between self-controlled versus exacerbating
4
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immunopathological courses of the infection [3]. In particular, the mouse model showed that,
depending on the host, Leishmania infection can induce two fundamentally different types of
immune responses mediated by CD4* T helper cells: While T helper 1 (Thl) responses
mediated mainly by the cytokine interferon gamma (IFNy) are protective, T helper 2 (Th2)
responses, marked mainly by Interleukin-4 (IL4), result in non-control of the parasite and
severe immunopathologies [4,5]. Different Leishmania species and inbred mouse strains
function as distinct model systems for Thl or Th2 responses, at least partially covering the

variety of disease outcomes observed in patients (Table 2).

In conclusion, the outcome of the disease is strongly dependent on the immune response of
the host and the Leishmania species [2]. Therefore, in humans the course of disease can vary
from a mild progression of infection to life-threatening disease, with immunocompromised
individuals being especially at risk. As for now there is no vaccination available against

leishmaniasis and drug therapy is often ineffective [2,4,6,5].

Table 2: Different Leishmania species and disease outcome in mouse models (modified

from [6]).
Leishmania major self-healing; Thl chronic; Th2 [3]
Leishmania mexicana chronic, Thl and Th2 [7] chronic; Th2 [7]
Leishmania braziliensis self-healing; Thl self-healing; Thl [8]
Leishmania amazonensis chronic, Thl and Th2 chronic; Th2 [9,10]

1.2.2 The life cycle of Leishmania spp.

Through the bite by the sandfly vector from the genera Phlebotomus and Lutzomyia, the
flagellated parasite is transmitted into the dermis of the host vertebrate. Therein, the
Leishmania are phagocytosed (see chapter 1.2.5) and develop from their infectious flagellated
metacyclic promastigote state into a non-flagellated amastigote state [2]. These amastigotes
are able to replicate within their host cells. The number of parasites increases by several orders
of magnitude, thus, a successful infection also requires the parasite to be released from
infected host cells and to reinvade new phagocytes [6]. Closing the life cycle between insect

vector and mammalian host, amastigote Leishmania are transmitted again when macrophages
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are ingested by a female sandfly during its blood meal and transported to its midgut wherein
the parasites differentiate again into procyclic promastigotes and furthermore into infectious
metacyclic promastigotes [2,4,6,5,11] (Figure 1). Within the midgut of the vector, parasites
secrete the promastigote secretory gel (PSG) which can obstruct the gut and therefore promote
regurgitation of infectious Leishmania. Within the mammalian host, PSG promotes wound
healing, cell proliferation, fibrosis, and inflammation. Advanced wound healing is mainly
triggered by insulin growth factor-1 (IGF1), activated by PSG, leading to the alternative
activation of macrophages [12]. This induces the upregulation of the macrophage arginine
levels and therefore promotes intracellular survival and growth of Leishmania [13]. Thus, it was
concluded, that alternatively activated macrophages can reduce the proinflammatory immune

response in wounds [12].

| Proliferation in the midgut |

\Q\%

Procycllc
promast |gotes

Amastigotes

Metacyclic
promastigotes

\ Reinvasion

\ / Phagolysosome
Q

Intracellular amastigote

Figure 1: Life cycle of Leishmania[2].
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1.2.3 Leishmania spp. virulence factors and mechanisms

The major niches of Leishmania within the mammalian host are professional phagocytes like
neutrophils, macrophages and dendritic cells (DCs) (see chapter 1.2.5). Within these cells,
Leishmania have to evade respectively, inhibit degradation mechanisms of the host, which is
reflected by profound morphological and physiological changes of the parasite after inoculation
of the mammalian host: Upon injection as promastigotes, they begin to differentiate into non-
flagellated amastigotes, which are able to replicate inside acidified parasitophorus vacuoles or
lysosome-like compartments and to withstand reactive oxygen and nitrogen species better
than the promastigotes [14,15]. Important virulence factors of promastigotes are
lipophosphoglycan (LPG) and proteophosphoglycans (PPG), leading for example to delayed
maturation of the parasite-containing phagosome by inhibiting the lysosomal fusion [16,17].
Besides this, it was shown that the assembly of the NADPH oxidase complex is inhibited by
LPG [18]. Other studies show that although peptide/MHC complexes are expressed at the
phagosome membrane of monocytes and macrophages, they are not displayed at the plasma
membrane of these cells. This indicates that the parasite inhibits translocation of the
peptide/MHC complex to the plasma membrane [19]. This enables amastigotes to evade the
immune response for long periods of time, which results in parasite numbers increasing
dramatically within the first weeks after the infection [16]. Amastigotes are unable to produce
LPG but maintain the ability to synthesize PPG which can be transported to the lumen of
lysosomes and furthermore to the cytoplasm of the host cell [14,20-22]. Pharmacological
disruption of the Golgi apparatus, which leads to the loss of phosphoglycans, decreases the
virulence of parasites severely [20]. Furthermore, glycosylation reactions taking place in the
Golgi apparatus seem to be important for the virulence of amastigotes [20]. As an additional
virulence factor, Leishmania amastigotes produce glycosylphosphatidylinositol (GPI) protein
gp63 and the cysteine protease CBP which can trigger tyrosine-specific phosphatases within
the host cell leading therefore to the degradation of transcription factors that are responsible
for IFNy responsiveness and production of IL-12 [23,24]. Leishmania also reduce the secretion

of IL-12 via decreasing the cholesterol level in the membrane of macrophages [25].
1.2.4 The course of the immune response against Leishmania spp.

Neutrophil recruitment

Among the most rapid constituents of the innate immune response against Leishmania are
neutrophils, which is the first cell type that is recruited to the site of infection upon Leishmania
inoculation. Thus, neutrophils also act as the major infected host cell type in the early phase

of the infection. Their role is controversially discussed and differs between different Leishmania
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species. Within the infection with some species e.g. L. amazonensis, neutrophils can Kkill
parasites via neutrophil extracellular trap (NET) formation [26,27] or via the interaction with
infected macrophages, which can lead to increased TNF secretion and therefore triggering a
respiratory burst, inhibiting the parasite via superoxide [28]. On the other hand, the activation
of DCs and macrophages can be reduced after the uptake of apoptotic neutrophils, e.g. in
L. major infection [29]. Furthermore, neutrophil uptake during early post infection response,
prevents efficient priming of a protective T cell response in infections with Leishmania
mexicana [30]. Therefore, in conclusion, the function of neutrophils seems to rely at least in

part on the Leishmania species and the genetical background of the host organism [6,2].

Antigen-presenting cells

Within the established infection, relative neutrophil numbers decrease while other phagocytic
cell types such as monocytes and macrophages, as well as immature and mature DCs become
the main habitat for Leishmania parasites, wherein they reside and replicate. While pathogen
entry and intracellular survival has been intensely studied, the fact that the intracellularly
proliferating pathogens also need a strategy to exit infected cells in order to be transmitted into
a new cellular niche has been neglected for a long time [31]. However, this process might have
profound implications for the cell tropism of the pathogens and the immune activation. Real et
al. published that in macrophage cell culture infections with L. amazonensis, amastigotes are
transmitted within extrusions from apoptotic macrophages to other macrophages which are in
the close proximity. Thus Leishmania might avoid full contact with the extracellular milieu and
therefore show another strategy to escape the host’s immune response [32]. However, little
more is known about how Leishmania transmission from one host cell to the next is taking

place.

An important function of Leishmania infected antigen-presenting cells (APCs) (such as
macrophages and DCs) is the activation of the adaptive immune response by antigen
presentation. Specifically, monocyte-derived DCs which are activated by the inflammatory
signals at the site of infection, are mainly responsible to transport the parasite material to the
draining lymph nodes [33]. There, naive T cells, carrying a clonotypic T cell receptor specific
for Leishmania-derived antigen peptides, which are presented on MHC molecules on the
surface of the DCs, are activated. The naive T cells differentiate into effector T cells upon
recognition of their cognate antigens and can be activated at the site of infection to deliver their

effector functions also by antigen presenting cells different from DCs [34,6,33].

Mast cells can also be activated directly after infection with Leishmania parasites, leading to
the release of mast cell derived TNF [35], hence promoting the recruitment of neutrophils to

the infection site and furthermore promoting proper DC activation [36—39]. In some cases mast
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cells can function themselves as antigen presenting cells and therefore they also have a

possible role in the induction of antigen-dependent T cell effector functions [40].

Lymphocyte activation

Depending on the genetic background of the host, either a Thl or a Th2 response is
established, leading to a self-healing or chronic infection. In a Thl response, IL-12 produced
upon activation of DCs and macrophages after uptake of the parasite, leads to the
differentiation of CD4* T cells into Th1 cells, which are marked by the production of IFNy and
TNF [4,41,42]. While IFNy, in combination with PAMPs, can induce iNOS efficiently in vitro,
TNF is additionally necessary to resolve the infection in vivo. Particularly, it was shown that
upon L. major infection within C57BL/6 mice lacking TNF signalling, IFNy production was
increased systemically, but the animals were unable to control the infection [43]. At the site of
infection, both IFNy and TNF trigger production of iINOS within the APCs [2,6]. INOS mediates
the production of nitric oxide which is necessary to control the Leishmania parasites [2,6,44].
It was shown that nitric oxide can diffuse across cell membranes, thus providing an
antimicrobial environment produced by a large number of phagocytes. Cells that produce nitric
oxide were shown to have the same effectivity to control Leishmania as non-nitric oxide
producing bystander cells. Therefore, control of Leishmania via nitric oxide is a cell-extrinsic
mechanism [44]. Another important mechanism to fight the infection is the production of
reactive oxygen species (ROS) via activation of the NADPH complex (Figure 2) [6,45]. The
particular importance of these two defence mechanisms depends on the organ. It was shown,
for example, that ROS is relevant but not completely essential to control the infection in the
skin and the draining lymph nodes, but is indispensable for the infection control in the spleen
[45]. Furthermore, the production of IL-12 by DCs activates cytotoxicity, as well as the
production and release of IFNy by natural killer (NK) cells [46,47]. This leads therefore to an
additional triggering of the Th1l response [46].

While Th1 T cells and NK cells drive the IFNy dominated, protective immune response,
establishment of the IL-4 and IL-10 mediated CD4* Th2 response leads to susceptibility in mice
[48,49]. Leishmania homologue of receptors for activated C kinase (LACK) antigen is
recognized by CD4" T cells that express the specific T cell receptor VB4Va8, driving IL-4
production and therefore promoting a Th2 response which leads to IL-4, IL-10, IL-13 as well
as transforming growth factor-B (TGF-B) production and susceptibility to L. major [50,51].
T cells expressing the VB4Va8 receptor expand in the lymph nodes of infected mice.
Interestingly, it was shown that an early Th2 response is also activated in L. major resistant
mouse strains such as C57BL/6 [52,53]. In these mice the early Th2 response is redirected

into a Thl response by IL-12 [51,54]. It was shown that the production of IL-12 is delayed upon
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L. major infection, thus explaining the early Th2 response. The inability of some susceptible
mouse strains to redirect the early Th2 response, is based on a few genetic differences
between susceptible and resistant mouse strains. One of the most important ones is the
inability of a stable IL-12 signalling in susceptible strains which might be due to downregulation
of the IL-12 receptor B2-chain [55]. Furthermore, the inability of sufficiently downregulating the
cytokines IL-4, IL-10, IL-13 and TGF-B has been proposed to be an important factor for
susceptibility, since these cytokines are known to prevent the production of nitric oxide species
via the inhibition of IFNy-activated macrophages [56,57]. Finally, also non-T cell related factors
have been shown to contribute to susceptibility against Leishmania, such as the differential

expression of costimulatory molecules on APCs of different mouse strains [4,58].

The role of cytotoxic CD8* T cells during Leishmania infection was discussed controversially
during the last years. It was observed that the activation of CD8" T cells in the skin led to
increased disease severity in some models, on the other hand, a protective role by CD8*
T cells in other organs has been shown. This difference in anti-Leishmania activity of CD8*
T cells might be due to the properties of the T cells, depending whether they are cytolytic or if
they produce IFNy [2,36,59-61].

Effector function delivery

After expansion and differentiation in the lymph node, Thl cells enter the site of infection as
effector cells and release their cytokines after the recognition of their cognate antigen. Intravital
2-photon microscopy experiments can be used to directly observe the physical interaction of
the Thl cells with infected APCs [62]. Such experiments showed that both, during priming in
the lymph node, as well as for delivery of cytokines, antigen recognition results in the arrest of
the T cells at the interaction site, which is dependent on antigen specificity, and can be used
as a reliable readout for T cell activation [63,64]. Strikingly, not all infected APCs display
interactions with Thl cells at the site of infection. Instead, stable T cell-APC interactions are
limited to distinct hot spots in the infected tissue [63]. Moreover, Miiller et al. could show that
IFNy is produced by CD4* T cells only at such hotspots but can induce the production of nitric
oxide in bystander APCs within a range of 80 um. Therefore, next to T cell-APC interactions,
it is not mandatory that every APC forms stable contacts with T cells to produce IFNy and
hence control L. major infection [65]. The reasons for the heterogenic distribution of T cells and
the formation of clusters at the site of infection are not known so far and have to be investigated

to better understand T cell immunity during infections with protozoan intracellular parasites.
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Concomitant immunity and chronic infection

Cure of primary Leishmania infection leads to life-long immunity to reinfection, caused mainly
by CD4* T cells. However, even in the setting of resistant mouse strains which are controlling
Leishmania infection, there is always a small number of parasites which reside inside the host,
even after the pathology is resolved. This persistence has been shown to be necessary to
retain resistance upon reinfection, referred to as concomitant immunity [66,67]. Consequently,
mice which achieved sterile control of L. major, lose immunity against reinfection. For
persistence of the parasite, IL-10 seems to play an important role [68,66,67], as it was shown
that infection was cleared completely in the skin, as well as in the draining lymph nodes, in IL-
10 knock out mice, leading to sterile control. This might be due to the development of a stronger
Thl response. In contrast, parasite numbers did not decrease after 9.5 weeks of infection
(when chronic infections have been shown to be established in wt mice) in IL-4 deficient mice,
indicating that IL-4 does not exhibit any influence for the parasite persistence in resistant mice
[66]. DCs and macrophages have shown to be responsive to IFNy as well as to IL-10 [66]. IL-
10 has an important function in the regulation of the immune response and is mainly produced
by CD4"CD25" regulatory T cells (Tregs). Tregs €nrich in the skin where they are responsible for
suppression of the CD4* effector cells, that are competent to clear the infection [67]. In
susceptible mouse strains CD4*CD25Foxp3- IFNy producing Thl cells also display an
important source of IL-10, thus mediating immune suppression [69]. More recently, the
constant presence of short-lived CD4*Ly6C*Thet"d" effector T cells has been shown to be
crucial for an effective memory response. These cells circulate in the blood and migrate
immediately to the infection site after re-challenge to drive parasite killing [70]. Additionally,
tissue resident memory T cells were identified, mediating protection during the first days of re-

infection via the activation and recruitment of monocytes to the site of infection [71,6].

The mode of action by which the cellular defences impact on the pathogen’s physiology in
order to contain the pathogen at low numbers, without completely eradicating the infection,
and thus permitting concomitant immunity, is unclear. Interestingly, it has been shown that
there are high and low proliferating pathogens among the persister populations residing in
different cell types, mainly DCs and macrophages [72], which suggests that not only pathogen
killing, but also adaptations of pathogen proliferation contribute to the low numbers of parasites
during the chronic infection [73]. Besides professional phagocytes which are downregulated in
their antimicrobial activity, fibroblasts, which also are expected to have lower competence in
controlling parasites, have been shown to harbor Leishmania during chronic infection [74] (see

also chapter 1.2.5).
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Figure 2: Schematic immune response upon Leishmania infection [6].

1.2.5 The spectrum of different cellular niches for Leishmania spp.

Macrophages and DCs are the two major host cell types harboring parasites during the
established L. major infection. But other cells have been shown to play an important role as
cellular niches, as well. As the ability of Leishmania to invade host cells is relatively weak,
compared to other pathogens like Plasmodium [75], they mainly depend on the uptake by
phagocytic cells. This explains, that with few exceptions, the habitat observed for Leishmania

within the mammalian host mainly consists of cells with phagocytic activity.

Neutrophils

Neutrophils are one of the first cell types that are infected upon Leishmania inoculation of the
skin. Their function is controversially discussed since they can play a role in promoting the
infection, as well as killing the parasites (see also chapter 1.2.4). Upon the sandfly bite,
neutrophils are immediately recruited to the site of infection and phagocytose Leishmania [76].
For example, neutrophils have been proposed to control the parasite via the formation of NETs.
NETs are DNA structures that are covered by antimicrobial molecules, therefore they bind
microorganisms to immobilize and, in some cases, kill them. Depending on the Leishmania
species, NETs can lead to the killing of the parasite [26,27] whereas in chronic lesions, like

infection of C57BL/6 mice with L. mexicana, parasites are able to survive within NETS,
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indicating that the escape of NET killing by promastigotes is an essential survival strategy [30].
Phagocytosis of infected neutrophils by macrophages can lead to increased TNF secretion;
therefore triggering a respiratory burst causing superoxide production [28]. Contrary to the
above, activation of DCs and macrophages can be reduced after uptake of apoptotic
neutrophils, which has been shown to occur in L. major infections [29]. Although
CD11b*Ly6C*CD24Ly6G" neutrophils play a major role during the beginning of the infection
[77,33] and the uptake of promastigotes, Leon et al. could prove that CD11b*Ly6C* neutrophils
are also present at the peak of infection at week 3 and 4, where the majority of them is infected
by Leishmania [33]. According to this, it was recently demonstrated that during the chronic
phase of L. mexicana infection, acidified vesicles of neutrophils can serve as niche for parasite

replication [78].

B cells

B cells represent another cell type that can phagocytose Leishmania parasites, and different
roles for B cells are described within the infection: On the one hand, B cells were shown to be
a niche for L. major amastigote proliferation. This furthermore triggers the release of IL-10.
Thus, B cells represent an additional cell type responsible for the production of IL-10 [79]. The
contribution of B cells to susceptibility of Leishmania infection was moreover shown by
Gonzaga et al. in L. chagasi infection [80]. On the other hand, B cells also have been shown
to contribute to successful control of L. major infections [2][81]. For example, the uptake of
parasites by DCs at the site of infection is linked to the opsonization of Leishmania by parasite-
reactive 1gG and therefore turned out to play a crucial role for T cell priming and IFNy
production [36,82].

Fibroblasts

Fibroblasts are believed to play a role within the early phase of Leishmania infection since
different subtypes of fibroblasts were found in the early phase upon human cutaneous
leishmaniasis infection [83]. It has been demonstrated in vitro that Leishmania can reside within
a parasitophorus vacuole of fibroblasts [84,85]. Bogdan et al. could prove in vivo that many
parasites reside within fibroblasts during the latent phase of the infection, which might be due

to the lower ability of fibroblasts to control the parasites via the activation of INOS [74].

Macrophages

Leishmania promastigotes can be taken up by macrophages in a receptor-mediated way, for
example via complement receptors 1 and 3 (C1 and C3), mannose-fucose receptors and

fibronectin receptor. LPG and PPG on the surface of L.major promastigotes (see
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chapter 1.2.3) are important factors to trigger a successful phagocytosis. The uptake of
amastigote L. major is facilitated by parasites coated with host IgG which is able to interact
with Fc receptors on macrophages. The opsonisation of parasites is also relevant for the
efficient uptake via C1 and C3 [86,17]. On the one hand, this induces downstream signalling
pathways that support pathogen growth and further inhibit parasite killing [17,87]. Furthermore,
phagocytosis together with inflammatory cytokines like TNF [28], IL-1, IFNy and IFNa/p lead
to the activation of INOS and thus the production of nitric oxide via the oxidation of L-arginine.
On the other hand, hydrolysis of L-arginine via host arginase leads to the supply of polyamines
and inhibits the production of nitric oxide, therefore driving pathogen proliferation [14,88].
Leishmania arginase leads to augmentation of the arginase function of the host and therefore
to enhanced parasite survival, particularly via alternative macrophage activation (see chapter
1.2.2) [17,14,88]. In contrast, an additional defence mechanism is displayed by phagocyte
NADPH oxidase which induces the production of reactive oxygen species, representing
together with iNOS the two main mechanisms in Leishmania control. Nevertheless, it was
shown that ROS production is important, but not completely indispensable, to control infection

in the ear and the draining lymph nodes, in contrast to nitric oxide [89,6,45].

Macrophage subtypes and immune activation at the site of infection

Different subtypes of macrophages are involved as host niche in Leishmania infection. One of
the first infected macrophage subtypes, within the first hours of infection, are resident dermal
macrophages. In mice, these macrophages are F4/80* but show a low expression for GP (also
known as CD29) [76], which is important for differentiation of monocytes to macrophages [90].
Furthermore, dermal macrophages are characterized as Ly6C'CCR2 CX3CR1 [77]. In the
ongoing infection, monocyte-derived macrophages are recruited to the infection site, where
they can be infected by the parasites and represent the main macrophage population in the
ongoing infection. These macrophages are, among other markers, characterized by the
expression of CD11b and F4/80 [76,33,91,92]. Monaocytes are recruited from the blood stream
and can differentiate into monocyte-derived macrophages and monocyte-derived DCs.
Goncalves et al. show that monocytes can be divided into two main subpopulations which are
equally distributed in the blood but differ in the expression of surface proteins and morphology.
In particular, the two subpopulations vary in the expression of the surface proteins Ly6C and
the CC-chemokine receptor 2 (CCR2) in one population and high expression of fractalkine
receptor (CXsCR1) in the other population, which exhibits lower expression of Ly6C and CCR2.
It was proven that a monocyte subpopulation which is rapidly recruited to the site of primary
infection within the first hours is able to control the parasites. This subpopulation is
characterized by high expression of Ly6C and CCR2 [92]. The monocytes at the site of
infection were further analyzed by Romano et al. They defined rapidly recruited inflammatory
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monocytes as CD11b'Ly6C*CCR2*CD24<class Il MHCCD11lc. The number of these
monocytes (which are efficiently infected) raises fast within the first hours of infection.
Additionally, two other cell populations, defined as putative inflammatory monocyte derived
cells, were described to play a role in the first days of infection. They were defined as
Ly6C*CCR2"°“"CX3CR1*, respectively Ly6C CCR2*CX3CR1* [77].

Leon et al. could show that in C57BL/6 mice the number of monocyte derived macrophages
increases dramatically by week 3, at which timepoint the largest proportion of infected cells is
observed, before it decreases again. These phagocytes are defined by expression of the
surface markers CD11b"9"class 1| MHC"9"CD86'°YCD205"°"Ly6CMI"F4/80"9", Macrophages as
well as infected macrophages can also be found in the draining lymph nodes where they might
be able to present antigen and therefore take part in the activation of the adaptive immune
response [33]. Nevertheless, the number of macrophages recruited to the lymph nodes
appears to be distinctly less than the number of DCs [33], which are described to be the major
cell type being responsible for activation of an efficient T cell response upon Leishmania

infection.
Dendritic cells

As in macrophages, there are also several different subtypes of DCs differing between the
distinct organs and even within one organ. In the uninfected skin the following main APC
subpopulations are located: dermal DCs (dDCs) (mainly characterized by CD11c, CD11b,
class Il MHC, DEC-205a and CD103), Langerhans cells (mainly characterized by the
expression of langerin, CD11b, dectin-1Memediate  and class I MHC nermedae)  gnd
Langerin® dermal DCs (mainly characterized by the expression of langerin, CDllc,
CD8gginermedaite dactjn-1intermediate  cH103, and class Il MHCM9") [93,94].

Upon infection these pre-existing cells are rapidly recruited to the lymph nodes [95-97,94],
whereby priming of CD4* T cells is induced by Langerin- dDCs and early priming of CD8*
T cells is mediated by Langerin® dermal DCs [94]. Subsequently, CD11b*Ly6C*CCR2*
inflammatory monocytes start to enter the dermis and some of them develop into monocyte-
derived skin DCs [77]. Therefore, the DC populations of the steady state become outnumbered
by newly recruited inflammatory monocytes and monocyte-derived DCs, respectively [77]. The
phenotype of the recruited monocyte-derived dermal DCs is similar to that of dDCs thus, it is
likely that some important functions of dDCs are taken over during infection by monocyte-
derived dDCs, like antigen capturing and transport into the lymph nodes [33]. Within the lymph
nodes, other subtypes of DCs, originating from precursor cells that are recruited directly to the
lymph node from the blood stream, are located. Among these cells are resident CD8" and CD8"

DCs which can activate CD8* T cells via cross-presentation, but also initiate CD4* T cell
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responses. These DCs mature upon the presence of DC-activating cues like e.g. inflammatory
cytokines and Toll-like receptor ligands (Figure 3) [95]. It was shown that TLR9 and its
signalling via the adapter molecule MyD88 plays a crucial role for the induction of L. major
mediated IL-12 production [47]. Upon skin infection dDCs are recruited into the lymph nodes
where they can present antigen, transfer it to CD8" DCs and activate CD4* T cells [95].
Therefore, several C-type lectin receptors for efficient antigen internalization are expressed on
the surface of dDCs [95,98]. Since monocyte-derived dDCs show a very similar phenotype to
dDCs it is very likely that after migration to the draining lymph node they also transfer antigens
to CD8"DCs [95] or achieve the direct activation of a CD4" T cell response via direct priming.
This phenomenon has been shown by Leon et al. during L. major infection where monocyte-
derived dermal DCs migrated from the skin’s infection site to the draining lymph node and
subsequently became fully maturated, leading therefore to the induction of a CD4* Thl
response [33]. The occurrence of monocyte-derived DCs being mainly responsible for CD4*
T cell responses is not limited to Leishmania infection: For example, also in Salmonella

infection, it was observed that monocyte-derived DCs activated CD4* T cells [99].
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Figure 3: DC subsets in steady state and during inflammation (modified from [95]).

Plasmacytoid DCs (pDCs) constitute another type of DCs, which is characterized by the
production of type | interferons like IFNa and B. They are known to respond mainly to bacterial
and viral DNA and RNA via TLR 9 and 7 [100-102,103]. pDCs seem to play a role for
controlling the Leishmania infection although they are not efficiently invaded by the parasite
[33,47,96]. They can be activated by leishmanial DNA and are characterized by the expression
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of CD40, CD80, CD86, CD11c, CD62L and CD123 [47,103]. Their activation leads to the
production of IL-12 and IFNa/f via MyD88 dependent TLR9 signalling, which makes them the
main producer of IFNa/f during Leishmania infection [47].

Role of dendritic cells as a niche at the infection site

In C57BL/6 mice, from week 2 to week 3 the amount of monocytes, DCs, macrophages and
neutrophils is dramatically increased whereby monocyte derived DCs represent the major
fraction, both in absolute numbers as well as among infected cells. [6,98,77,104]. Among the
monocyte-derived DCs are different subpopulations, representing differentially maturated and
activated states of DCs. Within the skin, recruited monocytes can differentiate into immature
DCs which are Ly-6CM""CCR2*CD11cM"CD11b"9" class Il MHCMemediaeCRg8eElowE4/80/ow,
These DCs can mature partially at the site of infection, being then defined via the expression
of Ly6Clowinermediate  Cpj1chish CD11b"" CCR2' class Il MHCM" CDggMntermediatehigh
F4/gQnermediatelioh 177 331 These partially matured DCs migrate to the draining lymph nodes
where they fully mature. Within the lymph nodes they represent the major cell type responsible
for activating IFNy production by CD4*and CD8" T cells and therefore inducing a defensive
Th1 response [33]. CD11b*CD11c*Ly6C*class Il MHC*CD86* cells were furthermore shown
to be the major INOS-producing cell type as well as at the site of infection and in the draining
lymph nodes [104,77]. While in macrophages, either the production of nitric oxide via INOS
and the ROS production by NADPH oxidase, are well-described as mechanisms for controlling

Leishmania intracellularly [45,89], ROS production by DCs has hardly been reported.
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1.3 Pathogen physiology

1.3.1 Therole of pathogen physiology for the infectious agent

The physiology of pathogens invading the host plays a crucial role for the outcome of the
immune response. For example, for a variety of bacterial infections, it was shown that the
immune system can fight proliferating bacteria but is less able to kill non-replicating bacteria,
leading to persister populations [105,106]. Furthermore, these non-replicating subpopulations
are often resistant to antibiotics. The dormant microbes often have a reduced cell-wall
synthesis as well as a downregulation of genes that are involved in energy production
[105,106]. Another example for such phenotypic (as opposed to genetic) resistance during
infections, is the formation of small colony variants by S. aureus which are believed to enable

the pathogen to escape the immune response and endure antibiotic treatment [107].

Also for parasites, there is evidence that the physiology of the pathogen is important to induce
persistence. For example, it was demonstrated for L. mexicana infections in BALB/c mice that
a slow proliferation rate of the parasite leads to successful establishment of the infection,
indicating that this is a successful method to reduce phagocyte activation [108]. It was
described that the tissue environment of pathogens has a great influence on parasite
proliferation [108]. In line with these findings, it was shown that different pools of high and low
proliferating L. major are coexisting at the site of infection [72,73]. Specifically, Mandell et al.
could show that within the persistent L. major there are two populations: One showing high
proliferation rates and the other one containing parasites of rather low proliferation, indicating

that heterogenic parasite proliferation might be important for persistence.

1.3.2 The role of pathogen physiology for the host

Pathogen physiology is not only important for phenotypic resistance against antimicrobial
defence mechanisms and treatment but does also have an impact on the induction of immune
responses. This is of great interest with regard to the fact that application of live vaccines often
shows a better immune induction than killed vaccines [109,110]. Furthermore, it was shown by
Cheers et al. in 1996 that only living intracellular bacteria like Mycobacteria, Salmonella or
Listeria induce waves of IL-12 production, further leading to the release of IFNy, indicating an
ability of macrophages to distinguish between dead and alive bacteria [109]. In consequence,
a class of vaccines has been developed, that has properties of live pathogens such as
metabolic turnover and protein production, but are unable to divide, providing this way a safe
vaccine. Such preparations are called killed but metabolic active (KBMA) microbes [111]. It
was proven that the innate immune system is involved in detecting live pathogens: For

example, prokaryotic mMRNA can be detected in a signaling pathway which involves the innate
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adaptor molecule TRIF, and has thus been defined as so-called vita-PAMP [112]. Also, viable
pathogenic as well as non-pathogenic bacteria can induce inflammasome activation via pro-
caspase-1 cleavage, a process known as pyroptosis [113]. DNA:RNA hybrid molecules,
besides being an important PAMP of virus replication, could also represent a signature of
bacterial and parasite replication: Detected in a MyD88-dependent fashion [114], these
molecules also occur in the course of DNA replication, transcription and bacterial DNA
demethylation [115]. However, whether the immune system is able to quantitatively detect
pathogen proliferation, and by which mechanism this might occur, are mainly unstudied

subjects.
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1.4 The mKikumeGR proliferation reporter system

With regard to the very important role for parasite survival and at the same time for the
induction of a successful immune response, it is essential to understand the relationship
between parasite proliferation and the immune system. This is of highest interest for the
efficient treatment of infectious diseases and development of vaccination strategies.
Nevertheless, it remained challenging to measure Leishmania proliferation under physiological
conditions in vivo. In the last years, techniques like heavy water labelling of Leishmania [108]
or incorporation of BrdU (5-Bromo-2'-deoxyuridine) into parasite DNA [72] have been
developed to investigate parasite proliferation. Using these techniques, parasite replication
was calculated from the DNA, RNA and protein turnover rates indicated from the dilution of
2H,0, or via the incorporation of BrdU into newly produced DNA in replicating Leishmania.
However these approaches have not allowed for a cell-resolved analysis of pathogen
proliferation, or the application of immunofluorescence microscopy or cytometry in order to
analyze the cellular niches of efficient pathogen proliferation. To overcome this limitation, a
system was set out to characterize L. major proliferation on a single cell level by using a novel

fluorescence protein-based in vivo proliferation reporter system [78,73].

In 2008 Habuchi et al. published the construction of the photoconvertible monomeric KikGR
protein [116]. The green fluorescent protein KikG was originally isolated in its homotetrameric
state from the coral Favia favus which bears the Japanese name “Kikume-ishi”. It was
furthermore genetically engineered to the photoconvertible protein KikGR [117]. The
successful expression, bright fluorescence and photoconvertibility in mammalian cells was
proven, as well as the ability to partially photoconvert the protein via 2-photon microscopy at
760 nm. Thus, KikGR was established as a reporter protein being adapted for optical cell
labelling, also in thick tissues [117]. This protein was modified to its monomeric form by
Habuchi et al. to mKikGR, further termed mKikumeGR, which is very important to enable the
uncomplicated construction of fluorescence fusion proteins [116]. The photoswitch from green
to red fluorescence is caused by irreversible light induced B-elimination within the mKikumeGR
protein (Figure 4 A) [116]. It changes its green fluorescence, showing a fluorescence spectrum
with a peak at 515 nm, to red, with a peak of the fluorescence spectrum at 591 nm, upon
illumination of the protein with light of 405 nm (Figure 4 A-B) [116]. Furthermore, the
monomeric state of mKikumeGR makes it possible to use this protein for super resolution
imaging. mKikumeGR exhibits stability, a bright fluorescence, constantly high switching rates,
and high photostability [116].
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Figure 4: Photoconversion of mKikumeGR (modified from [116]). (A) Molecular mechanism of the
photoconversion from green to the red state of mKIkGR (mKikumeGR). (B) Spectroscopic

characteristics of the green and red state of mKikGR (mKikumeGR).

To measure parasite proliferation at the site of infection in vivo, Leishmania constitutively
expressing the mKikumeGR protein were generated [73,78] L. major parasites expressing the
photoconvertible protein show green fluorescence with 520 nm emission that can be switched
to red fluorescence (580 nm emission) after illumination with a 405 nm light pulse, therefore

SWITCH

termed as Lm3"'™°" [73]. Miiller et al. could show the photoconvertibility of Lm in the

infected dermis (Figure 5). Furthermore, it was demonstrated that the de novo expression of
non-converted green mKikumeGR protein after photoconversion, as well as dilution of the
photoconverted red fluorescent protein, are tightly correlated with cell division (Figure 6,

SWITCH

unpublished data from Andreas Miiller). Thus, photoconversion of Lm and subsequent

measurement of the recovery rate from photoconversion can be used as a reporter for parasite

SWITCH

proliferation [73,78]. In the presented work, Lm were used as a reliable reporter system

to measure parasite proliferation in vivo.
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Figure 5: Photoconvertibility of LmSWIT® in the ear dermis of mice with enhancing violet light
doses (Muller et al. 2013).
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Figure 6: Recovery of the green fluorescence of LmSW'TC after photoconversion is coupled to
cell division (unpublished data). (A) Peritoneal macrophages infected with LmSWITCH in vitro,
photoconverted and imaged over time. i, ii, parasites undergoing cell division in the course of the movie,
iii, iv, v, non-dividing parasites. Scale bar, 5 um. (B) Quantification of relative changes of mKikumeGR
red and green fluorescence, and red/green ratios from parasites i through v from (A). Each line
represents one parasite; solid lines, parasites which undergo division in the course of the movie; dashed

line, non-dividing parasites.
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1.5 Aims of the study

The pathogen property of being alive and proliferating has a great impact on the course of an

infection and the induction of an efficient immune response. Nevertheless, the mechanisms,

by which the immune system might distinguish different proliferative states of pathogens are

not well understood.

In my study, | analyzed the behavior of immune cells depending on the proliferative state of

the intracellular parasite Leishmania major (L. major) during the infection.

To investigate this, Lm3V'™" (expressing the mKikumeGR proliferation reporter) (see chapter

1.4) were applied. The thesis is subdivided into three main parts:

1)

2)

3)

Characterization of LmSW'™ for efficient in vivo analysis

To improve the readout and the capabilities of the mKikumeGR proliferation reporter in
L. major, the system was further characterized in the first part of this thesis. Therefore,
photoconversion of the mKikumeGR protein by the use of LED diodes was established,

SWITCH were set up and efficient analysis of LmS"'™" infected

fixation conditions of Lm
tissues by flow cytometry was constituted.

L. major proliferation in context of the tissue environment

The virulence of L. major relies largely on their ability to undergo cycles of replication
within phagocytes, release, and uptake into new host cells. While all these steps are
critical for successful establishment of infection, neither the cellular niche of efficient
proliferation, nor the spread to new host cells have been characterized in vivo. Here, |

used the LmSW'TeH

proliferation reporter to investigate pathogen proliferation in this
context by flow cytometry, intravital 2-photon microscopy and immunohistochemical
methods in the ongoing infection.

Analyzing the dynamics of effector T cells in the context of pathogen proliferation

L. major triggers a robust protective immune response mediated by T helper cells in
immunocompetent individuals. In a series of pilot experiments in the last part of my
study, this well-established infection model was used to analyze the dynamics of

T helper cells in the context of pathogen proliferation via intravital 2-photon microscopy.
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2.1 Characterization of the mKikumeGR reporter system

To measure the L. major proliferation under physiological conditions in vivo, the mKikumeGR
fluorescence reporter system was used within this project (see chapter 1.4; [116,78,73]). To
improve the readout and the capabilities of the mKikumeGR reporter, the system was further

characterized in the first part of the thesis.

2.1.1 Photoconversion of the mKikumeGR protein by the use of LED diodes

So far, the implementation of the photoconversion of the mKikumeGR protein from green to
red was performed during microscopy by a laser pulse or epifluorescence illumination under a
microscope [73,117]. For facilitating the application of the photoconversion (i.e. to
photoconvert larger areas like whole infected ears or cell cultures) a diode array was
constructed (Figure 8 A, see chapter 4.1.4). The photoconverted parasites were analyzed after
48 h by flow cytometry, multi-epitope ligand cartography, confocal microscopy or intravital

microscopy.

Photoconversion of LmSW'TH (mKikumeGR expressing L. major), via the constructed LED
diode array was confirmed in vitro by flow cytometry and in vivo by 2-photon microscopy. To
prove photoconversion in vitro, Leishmania suspension was transferred into 96-well plates and
irradiated by a 2x2 LED diode array for 1 min as described in detail in chapter 4.1.4. Leishmania
suspension was subsequently analyzed via flow cytometry (Figure 7). It could be shown that
there is a complete shift from green to red fluorescence by comparing the non-photoconverted
parasites with Leishmania that were irradiated and subsequently analyzed (Figure 7, left
panel). To quantify efficiency and level of photoconversion the red-to-green ratio is calculated

from the mKikumeGR fluorescence (Figure 7, right panel).

PE-Texas Red red-to-green ratio

Figure 7: Analysis of photoconversion of LmSWTCH in vitro by flow cytometry. An axenic
Leishmania suspension was irradiated by a 2x2 LED diode array for 1 min. Left: Leishmania
fluorescence before (green population) and directly after (red population) photoconversion. Green

mKikumeGR fluorescence is plotted on the y-axis (FITC channel) and red mKikumeGR fluorescence is
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plotted on the x-axis (PE-Texas Red channel). Right: Red mKikumeGR fluorescence divided by green

mKikumeGR fluorescence (red-to-green ratio) before (green) and directly after (red) photoconversion.

Successful photoconversion via a diode array and recovery from photoconversion in vivo was
demonstrated by imaging infected ears of anesthetized mice via 2-photon microscopy (Figure
8 B). To this end, C57BL/6 mice were infected with 200.000 LmSW'™®H parasites for 10 days,
then anesthetized and analyzed non-invasively using 2-photon microscopy before, 0 h, and
24 h after photoconversion. Following, green and red mKikumeGR fluorescence data were
transferred into a FlowJo.fcs format using the DisclT software [118] and analyzed by plotting
the green mKikumeGR fluorescence against the red mKikumeGR fluorescence. As expected,
LmSWITCH showed a green fluorescence before photoconversion, which was completely
converted to red, when imaged directly after illumination. Recovery from photoconversion was
observed by imaging the infection site 24 h after photoconversion. Of note, some parasites
displayed complete recovery from photoconversion, while some parasites exhibited an
intermediate state, displaying as well fluorescence of newly expressed green mKikumeGR
protein as photoconverted red protein. Furthermore, a large population of parasites still

exhibited exclusively red fluorescence. Thus, in vivo, L. major proliferates at heterogenic rates.
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Figure 8: lllumination of LmSWTCH infected mice with a diode array and analysis of

photoconversion via intravital 2-photon microscopy. (A) Mice were anesthetized and infected ears
were fixed in a defined distance to the diode array, consisting of 2x2 LED diodes. lllumination was
implemented for 1 min on each site of the mouse ear with a wavelength of 405 nm to photoconvert green
fluorescent LmSWITCH into red. (B) (Upper panel) Imaging of non-photoconverted LmSWITCH showed a
green fluorescence (left) which was completely photoconverted into red fluorescence (middle),
demonstrated by imaging directly after photoconversion. (lower panel) Values of green and red
Leishmania fluorescence were transferred into flow cytometry data sets. Subsequently mKikumeGR
green fluorescence was plotted against mKikumeGR red fluorescence. Flow cytometry plots related to
non-photoconverted (before) and just photoconverted (0 h) were compared with the red and green
fluorescence of parasites that have been photoconverted for 24 h. Partial rediscovery of green

fluorescence was observed 24 h after photoconversion (right).

2.1.2 Establishing fixation conditions for LmSWITCH

For a broader application of the mKikumeGR reporter system, it was tested if mKikumeGR
protein expressed by L. major (LmSW'TCH) is fixable. Therefore, it was tested if the mKikumeGR
protein is chemically fixable at conditions that are compatible with immunofluorescence

staining. To this end, LmSW'TH infected mouse ears were photoconverted, harvested 48 h later
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and incubated in 4% paraformaldehyde (PFA) at 4°C for 2 h. Afterwards, the tissues were
transferred into 20% sucrose and incubated over night at 4°C before they were shock-frozen
by liquid nitrogen in Tissue-Tek® O.C.T.™ Compound. Histological ear slices were prepared,
cells were stained anti-CD54 and successful fixation of the green fluorescence (which was
expected to recover 48 h after photoconversion in some parasites) and the red fluorescence
of the mKikumeGR protein, within Leishmania infected cells, was tested using confocal
microscopy (Figure 9 A). Strikingly, as with intravital 2-photon microscopy, both green and red
parasites were observed, indicating that the mKikumeGR proliferation reporter system is

compatible with PFA fixation and immunofluorescence staining.

2.1.3 L. major proliferation is heterogenic on atissue level but cell-intrinsically

homogenous

The mKikumeGR reporter system was employed to determine L. major proliferation rates in
vivo three weeks post infection of the ear dermis. Using anti-CD54 staining to mark cell outlines
for confocal immunofluorescence microscopy, it was observed that 48 h after photoconversion
L. major proliferation rates were very similar among the parasites within individual infected
cells (Figure 9 A). However, the pathogen proliferation rates between different host cells varied
dramatically (Figure 9). This was quantified by investigating the red and green fluorescence of
single parasites infecting individual cells in Figure 9 B (one cell represented in each column
and ordered according to the mean red-to-green fluorescence ratio of parasites in the
respective column). The distribution of mKikumeGR red and green fluorescence among
individual cells suggested that the majority of the cells harbors either red, low proliferating,
parasites or green, high proliferating, parasites. As a control, individual parasites were
assigned randomly to the same number of cells. By plotting the number of LmSW'T®H which are
mainly red within a single cell against the number of mainly green LmSW'™H within the same
cell, this finding can be validated (Figure 9 C). Intravital 2-photon microscopy of mouse ear
tissue, which was infected and photoconverted using the already mentioned conditions, also
clearly revealed clusters of high proliferating parasites separated from clusters of low
proliferating parasites (Figure 9 D-F). Thus, it could be concluded that distinct pathogen

proliferation rates are linked to specific cellular niches.
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Figure 9: Photoconversion-based proliferation measurements show cell-intrinsic impact on
L. major proliferation rates in vivo. (A) Immunofluorescence analysis of LmSW!TCH jnfected C57BL/6
mouse ears after 48 h of photoconversion. Tissues were stained anti-CD54 to mark cell outlines, and
red/green ratios of the individual parasites within the cells (i-v) were determined (graphs, each symbol
represents one parasite segmented manually from at least 3 different Z slices of the stack shown on the
left). Scale bar, 5 um. Values represented as 1 — red/green fluorescence ratio. (B) Quantification of
single parasite red/green ratios (one symbol per parasite) infecting individual cells (one cell is
represented in each column), ordered according to the mean red/green fluorescence ratio of parasites
in the respective column. (Upper panel) Parasites grouped according to their actual localization in cells.
(Lower panel) Scrambled control, individual parasites assigned randomly to the same number of cells.
Red symbols, 80% of the parasite within the cell exhibit a red/green ratio above the overall mean (weakly
proliferating), green symbols, 80% of the parasite within the cell exhibit a red/green ratio below the
overall mean (strongly proliferating). The overall mean is represented by a dotted line. Values

represented as 1 — red/green fluorescence ratio. (C) (Left panel) Number of LmSWTCH which are mainly
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red within a single cell plotted against the number of mainly green LmSWITCH within the same cell. (Right
panel) Scrambled control as described in (C). Each symbol represents one infected cell analyzed. (D)
Intravital 2-photon microscopy analysis of LmSWITCH infected C57BL/6 mouse ears 48 h after
photoconversion. Solid boxes, groups of more than 5 parasite-sized signals localized closely enough to
be in the same host cell, dotted boxes, individual (less than 3) parasites. Scale bars, 50 um (large
image), 3 um (insets). (E-F) Analysis of mKikumeGR red/green ratio of LmSWITCH within individual

parasite clusters as described in (B-C). Examples representative of >5 animals imaged.
2.1.4 Establishing analysis of LmSWITCH infected tissues by flow cytometry

For an efficient and comprehensive analysis of parasite proliferation in vivo with the
mKikumeGR reporter system the usage of flow cytometry would be of great advantage.
Therewith, different surface molecules and intracellular molecules of cells, which are important
during L. major infection, should be stained via fluorescence labelled antibodies. Thereby their
role in relation to high or low Leishmania proliferation should be investigated. The application
of flow cytometry and the following analysis of collected data was established with LmSW'TcH
infected ear tissues within this project. One of the greatest obstacles to overcome by flow
cytometric analysis of ear tissues is the huge autofluorescence of ear tissue coming up in the
red fluorescence channels, thus partially overlapping with red fluorescence of mKikumeGR.
Therefore, a strategy to distinguish between tissue autofluorescence and red mKikumeGR
fluorescence was developed. As a result, red mKikumeGR fluorescence was read out with
561 nm excitation and 610/20 nm emission; green mKikumeGR fluorescence was read out
with 488 nm excitation and 530/30 nm emission. To gate on LmSW'CH infected cells, an
autofluorescence channel with 488 excitation and 695/40 nm emission was plotted against a
combined channel of red and green mKikumeGR fluorescence (Figure 10 A). Prior to this,
infected ears were harvested, enzymatically digested, and stained with fluorescence labelled
antibodies against the surface marker CD45 for the identification of leukocytes. In Figure 10
results of a flow cytometry analysis are displayed. After gating for CD45* cells, LmSWTcH-
infected cells were gated out by comparing them with a sample infected with a non-fluorescent
wt L. major strain (L.m. wt) (Figure 10 A, lower row, left). Figure 10 B shows that
photoconversion as well as recovery from photoconversion within the infected ear is clearly
detectable by flow cytometry. After calculating the red-to-green ratios of the parasites, non-
photoconverted populations (green population) are apparently distinguishable from completely
photoconverted populations (red population) 0 h after photoconversion. The red-to-green ratio
of Leishmania populations 48 h after photoconversion show an intermediate population
displaying some cells which are containing parasites that have already completely recovered

their green fluorescence, whereas other cells harbor parasites that still fully show red
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fluorescence, while some leukocytes are infected by parasites that have partially recovered

their green fluorescence showing an intermediate state (yellow population).
2.2 Defining the niche of high and low proliferating L. major

2.2.1 CD11cdefines a phagocyte subset harboring highly proliferative L. major

Monocyte-derived macrophages and DCs as well as neutrophils constitute the main infected
cell types in an ongoing L. major infection [104,33,44]. However, it is not known whether any
of these cell types preferentially harbors parasites of a distinct proliferation rate [72]. The fact
that the mKikumeGR-based proliferation reporter is compatible with immunofluorescence
staining allowed the characterization of the cellular niche of proliferating L. major via flow
cytometry. For this, C57BL/6 mice were infected intradermally in the ear with LmSWITCH_ After
three weeks, the sites of infection were photoconverted, and ears were harvested 48 h after
photoconversion for tissue homogenization and flow cytometry analysis of LmSWTCH
proliferation in infected cells. The isolated cells were stained anti-CD45 to identify leukocytes,
as well as CD11c and F4/80 to characterize the infected cell subsets (Figure 10). In order to
represent proliferation as a normalized value, a proliferation index, which includes a negative
term of the mKikumeGR red-to-green ratio, was calculated. Strikingly, L. major proliferation
was significantly higher in CD11c*F4/80" and CD11c*F4/80 cells than in all CD11c-negative
cell populations (Figure 10 C-D). To exclude a possible spectral overlap of the antibody
staining as an explanation for the different proliferation rates observed in the distinct cell
populations, a scrambled control with arbitrary photoconversion right before proliferation
measurement was analyzed. To this end, LmSW'T® in the ear were photoconverted at random
by using a grid (Figure 11). In these controls, host cell CD11c expression and pathogen
proliferation index were no longer correlated (Figure 11 B). Thus, a possible spectral overlap
between marker staining and mKikumeGR red and green fluorescence readout was not
responsible for the enrichment in parasites exhibiting a high proliferation signal observed in
CD11c" cells (Figure 10 C-D). Taken together, these experiments suggest that CD11c* cells

represent a cellular niche for rapidly proliferating L. major at the site of infection.
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Figure 10: CD11c defines a phagocyte subset harboring highly proliferative L. major. (A) C57BL/6
mice ears were infected intradermally with LmSW!TCH_ 3 weeks post infection, parasites in the mouse ear
were photoconverted and 48 h later ears were harvested for flow cytometry analysis of intracellular
L. major proliferation (upper row). Controls infected with non-fluorescent L. major wt parasites were used
to define the infected cells by gating on a combined mKikumeGR red and green signal (total
mKikumeGR). Isotype controls (iso) were used to define the gating strategy for F4/80 versus CD11c
(lower row, small plots). (B) Verification of efficiency of flow cytometry analysis for LmSWITCH infected
mouse ears. Therein red-to-green ratio of non-photoconverted (green) parasites is compared to 0 h
photoconverted parasites (red) and 48 h photoconverted parasites (yellow). (C) Relative proliferation
rates of LmSWITCH |ocated in the different cell compartments defined by F4/80 and CD11c staining. Data
shown are from one sample each, normalized to the overall mean proliferation index within the sample.
Vertical bars denote the mean and shaded red boxes the standard deviation. (D) Quantitative analysis
of the proliferative states of LmSWITCH within the different cell populations. Each dot represents one
mouse ear. Relative proliferation indices were obtained by normalization of the subpopulation’s
proliferation index to the overall mean proliferation index within each sample. Vertical bars represent the

mean. *p < 0.05; ns, not significant. Data pooled from three independent experiments.
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Figure 11: Random photoconversion of LmSWTH ysing an illumination grid. (A) C57BL/6 mice
ears were infected intradermally with LmSWITCH_ 3 weeks post infection, parasites in the mouse ear were
photoconverted and 48 h later ears were harvested for flow cytometry analysis of intracellular L. major
proliferation. To exclude spectral overlap of the antibody staining with the observed results, experiments
were performed in which parasites were photoconverted randomly immediately before analysis, thus
the red or green fluorescence was independent of the proliferative state. (B) (Left panel) Relative
proliferation rates of LmSWITCH |ocated in the different cell compartments defined by F4/80 and CD11
staining. Data shown are from one sample each, normalized to the overall mean proliferation index
within the sample. Vertical bars denote the mean and shaded red boxes the standard deviation. (Right
panel) Quantitative analysis of the proliferative states of LmSW!TCH within the different cell populations.
Each dot represents one mouse ear. Relative proliferation indices were obtained by normalization of the
subpopulation’s proliferation index to the overall mean proliferation index within each sample. Vertical
bars represent the mean. *p < 0.05; ns, not significant. (C) (Left panel) lllumination grid (transmitted light
image). (Middle panel) Intravital 2-photon microscopy of a scramble-photoconverted LmSWITCH-infected
site in the ear, an image aligned to the grid showing photoconverted 80 um spanning (dotted lines),
parasite regions are shown. (Right image) mKikumeGR red channel only. A Z-projection of a 40 um
stack is shown in the middle and lower panel. Scale bars, 200 um. Data pooled from three independent

experiments.

Based on these results, the effect of a temporary lack of CD11c cells, using a DTR-depletion
model [119], was investigated. To this end, CD11c-DTR-GFP mice were infected with L. major
for 21 days. 48 h prior to analysis CD11c" cells were depleted via the injection of diphtheria
toxin (DTX) and parasite burden was analyzed by preparation of limiting dilutions (Figure 12 A).
In DTX injected mice, most of the CD11c-GFP cells were successfully depleted (Figure 12 B),
which was shown by comparing non-DTX treated CD11c-DTR-GFP with depleted mice.
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Limiting dilution analysis of pathogen burden indicated that parasite numbers are significantly
reduced in CD11c depleted mice (Figure 12 C). These results confirm the previous findings of

CD11c" cells representing the main niche for parasite proliferation.
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Figure 12: Parasite burden is decreased in CD11c depleted CD11c-DTR-GFP mice. (A) CD11c-
DTR-GFP mice were infected with L. major for 21 days. 2 days prior to analysis CD11c* cells were
depleted via the injection of diphtheria toxin (DTX). (B) Successful depletion of the majority of CD11c-
GFP cells in mice which were treated with DTX. (C) Result of analysis of pathogen burden by limiting
dilution. Non-DTX treated CD11c-DTR-GFP mice and DTX treated wt mice were compared with

depleted mice. Horizontal bars represent the mean. **p < 0.01; *p < 0.05.

2.2.2 CD11c*cells are a main cellular niche of high L. major proliferation,

irrespective of the expression of activation markers

Monocytes, monocyte derived DCs and macrophages have been described to represent
important cell types to be recruited to and residing at the site of the established Leishmania
infection [33,77,104]. Therefore, monocyte activation markers CD86 and class Il MHC were
included in addition to CD11c and F4/80 in the analysis in order to characterize the cellular
niche of high L. major proliferation in more detail. However, for ratiometric analysis of
mKikumeGR recovery after photoconversion by flow cytometry, only a limited set of additional
fluorophores with both excitation (ex) and emission (em) spectra different from the two forms
of mKikumeGR (green, ex/em 488 nm/515 nm and red, ex/em 561 nm/590 nm) can be used
in flow cytometry. Therefore, Multi-Epitope Ligand Cartography (MELC), a multiparameter
microscopy approach based on consecutive immunofluorescence staining/bleaching cycles,
was employed [120]. In brief, fixed cryosections of infected ear tissue were imaged to detect
both red and green mKikumeGR in L. major, photobleached, and in subsequent individual
automated immunofluorescence staining/bleaching cycles, probed for expression of CD45,

CD54, CD11b, CD11c, F4/80, CD86, class Il MHC, CD45R, and finally stained with propidium
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iodide at the same site. With each cycle, a transmitted light image was recorded to which the
fluorescence images were aligned. Cell outlines were automatically defined from the CD45,
CD11b, and CD54 images, and mean cell body and outline fluorescence values were
normalized and converted into cytometry data [118] (Figure 13 A+B, Figure 14 A). For this,
image stacks of CD11b, CD45 and CD54 stainings were deconvolved and aligned before they
were used separately as membrane input. The corresponding propidium iodide staining served
as seed input for the Real-time Accurate Cell-shape Extractor (RACE) program developed by
Stegmaier et al. [121] (Figure 13A). Optimization of RACE conditions was performed to detect
the largest number of cells and highest percentage of infected cells (see chapter 4.1.3).
Regions of interest (ROIs) were generated from the resulting image stacks. To measure the
mKikumeGR fluorescence the cellular ROIs were used (Figure 13 B, upper image). Rim masks
generated from the ROIs were used for surface marker measurements (Figure 13 B, middle).
The mean fluorescence of the cellular and rim ROIs was extracted for each cell and
fluorescence channel. To define fluorescence thresholds for gating within the FlowJo software,
30 marker-positive and 30 marker-negative cells were selected from images of three different
sites of infection and a cutoff was defined (i.e. no marker-negative cells in the positive gate).
Manually selected cells from three different experiments served to define a threshold for
CD11c, F4/80, CD86, class Il MHC as markers for in-depth characterization of infected
phagocytes [33], and CD45R as a marker unrelated to the different monocyte subsets (Figure
13 C).

To detect cells which contained L. major, combined red and green mKikumeGR fluorescence
(total mKikumeGR) in infected and non-infected cells, manually selected from the propidium
iodide DNA staining, were analyzed. This allowed for determination of a total mKikumeGR
threshold applicable to images acquired in different experiments and different tissue depths
(Figure 14 B-E). Thus, the localization of LmSW'T" in the infected tissue could be reliably and

automatically determined in conjunction with multiplex analysis of the parasite’s host cell.
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Figure 13: Establishing Multi-Epitope Ligand Cartography (MELC) to analyze the tissue niche of
L. major referred to the proliferative state of the parasites. (A) Deconvolved and aligned image
stacks of CD11b, CD45 and CD54 stainings were used separately as membrane input, the
corresponding propidium iodide staining served as seed input for the Real-time Accurate Cell-shape
Extractor (RACE) program. (B) From the resulting image stacks, regions of interest (ROIs) were
generated. The cellular ROIs were used for mKikumeGR fluorescence measurement. Rim masks
generated from the ROIs were used for surface marker measurements. The mean fluorescence of the
cellular and rim ROIs were extracted for each cell and fluorescence channel. (C) (Upper panels) For
defining fluorescence thresholds for gating within FlowJo, 30 marker-positive and 30 marker-negative
cells were selected from images of three different sites of infection and a cutoff was defined (i.e. no
marker-negative cells in the positive gate). (Lower panels) Examples of MELC datasets gated for

marker-positive (green) and marker-negative (blue) infected cells.
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Figure 14: Detecting L. major containing cells during application of MELC. LmSWITCH-infected ears
were photoconverted 3 weeks post infection and analyzed 48 h later via MELC. (A) Automated cell
segmentation using the RACE software [121] based on CD45, CD54 and CD11b signals. Scale bar,
20 um. (B-C) Examples (B) and quantification (C) of infected cells (red outlines and symbols) and non-
infected cells (blue outlines and symbols) identified manually by propidium iodide staining of the small
parasite nuclei. (D) Definition of a threshold based on the total mKikumeGR signal from infected and
non-infected cells manually identified from three Z-planes in three independent experiments (each
symbol represents one cell). (E) Conversion to FlowJo.fcs format allowed for gating on infected cells
according to the threshold defined in (D).

Subsequently, a positive and a negative population of infected cells was defined for each
marker (Figure 15 A, top row), and L. major proliferation rates were compared between the
respective marker-positive and -negative populations (Figure 15 A, bottom row). Confirming
the flow cytometry data, it was observed that infected cells that were positive for the DC marker
CD11c" were enriched in high proliferating pathogens, whereas all other markers tested were
not per se specific for a distinct pathogen proliferation rate (Figure 15 B). In order to find
differences in pathogen proliferation within subsets of CD11c-positive and negative phagocyte
subsets, combined marker analysis was performed, in which L. major proliferation was
assessed in subpopulations of cells differentially expressing CD11c or F4/80 in combination
with class Il MHC or CD86 (Figure 15 C). Importantly, also when analyzed in combination with
CD11c expression, F4/80, class Il MHC and CD86 expression were not characteristic of a
distinct pathogen proliferation rate (Figure 15 C-D, i-iii). Likewise, analysis of F4/80-positive
and negative subpopulations regarding class I MHC and CD86 expression revealed no
significant change of pathogen proliferation in any subset analyzed (Figure 15 C-D, iv, v). Thus,
among the infected cells in the skin, CD11c" cells, irrespective of their activation state,

preferentially harbored high proliferating L. major. In contrast, CD11lc cells possibly
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representing non-differentiated monocytes, macrophages and neutrophils were less

permissive for efficient L. major proliferation.
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Figure 15: Multiparameter microscopy identifies CD11c" cells as the main pool for high L. major
proliferation irrespective of CD86, F4/80 and class Il MHC expression. (A) (Top row) Marker positive
(green gate) and marker negative (blue gate) cells were defined for each surface marker. (Bottom row)
Proliferation rates of LmSWITCH in cell populations positive for CD45R, CD11c, F4/80, CD86 or class Il
MHC (green histograms) were compared with the corresponding marker-negative cell populations (blue
histograms). Each plot is a representative example of 7 individual MELC experiments performed. (B)
Quantification of 7 individual MELC experiments performed in 4 different infected mice. Each symbol
represents one infection site, *p < 0.05. (C) (Top row) Infected cells subdivided according to CD11c
versus F4/80, MHC Il or CD86 expression (i, ii, i) and F4/80 versus MHC Il and CD86 (iv, v). (Bottom
row) Relative proliferation rates of LmSWITCH jn the respective subpopulations. Vertical bars denote the
mean; shaded red boxes, standard deviation. (D) Quantification of MELC experiments according to the
populations defined in (H), i though v. Each dot represents one individual MELC experiment. Relative

proliferation rates were obtained by normalization of the subpopulation’s proliferation indices to the
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overall mean proliferation index within each sample. Horizontal bars represent the mean. ***p < 0.001;
**p < 0.01; *p < 0.05.

2.2.3 Characterization of monocyte niches for high and low proliferating

L. major

To further characterize the previously described populations of cells harboring high or low
proliferating Leishmania, cells were analyzed again by flow cytometry using antibodies that are
so far not compatible with MELC. According to the cell characterizations by Leon et al. [33]
and Romano et al. [77] antibody staining against the monocyte markers CD11b, Ly6C, CCR2,
as well as class Il MHC was included in the analysis in order to better define the activation and
maturation state of recruited monocyte-derived cells by flow cytometry. Due the limited set of
fluorophores that can be used additionally to the mKikumeGR proliferation reporter, these
experiments were performed with the red fluorescent Leishmania strain L.m. dsRed. When
gating on CD45" cells showing high or low expression of CD11b, it became obvious that the
majority of infected host cells is CD11b* (Figure 16 A). Infected CD11b* cells were further
divided in the previously defined populations CD11c*F4/80" and CD11c*F4/80° (which have
been defined as cells harboring high proliferating parasites within this study) and CD11c¢ F4/80*
and CD11cF4/80 (representing the niche for low proliferating L. major). These four
subpopulations were further analyzed for the expression of CCR2, Ly6C and class Il MHC. It
was observed that Ly6C and class Il MHC expression was highest in CD11c*F4/80*
populations, whereas CCR2 expression was high in both the CD11c*F4/80* and the CD11c
F4/80* population, but significantly lower in the CD11c*F4/80 and CD11c'F4/80" populations,
indicating that the CD11c*F4/80* double positive population contains the highest proportion of

activated inflammatory monocytes [77].
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Figure 16: Characterization of cellular niches for high and low proliferating L. major concerning
the expression of CCR2, Ly6C and class Il MHC by flow cytometry. (A) C57BL/6 mice ears were
infected intradermally with L.m. dsRed. 3 weeks post infection, ears were harvested for flow cytometry
analysis. It was gated on CD45* and CD11b* (upper panel). Afterwards the four subpopulations
CD11c*F4/80*, CD11c*F4/80, CD11cF4/80* and CD11cF4/80- upon non-infected and infected cells
were defined (lower panel). (B-C) These four subpopulations were further analyzed for the expression
of CCR2, Ly6C and class Il MHC. Mean fluorescence intensities are plotted. ***p < 0.001; **p < 0.01; *p
< 0.05. Vertical bars denote the mean.

Since Ly6C is a very important marker for monocytes and monocyte derived cells, L. major
proliferation related to the expression of Ly6C and CD11c was additionally analyzed by flow
cytometry. To this end, the isolated cells from infected mouse ears were stained anti-CD45 to
identify leukocytes, as well as CDl1llc and Ly6C to subdivide the infected cells into
CD11c*Ly6C", CD11c*Ly6C, CD11cLy6C*, and CD11c’Ly6C subpopulations (Figure 17). It
was observed that L. major proliferation was significantly higher in CD11c*Ly6C"* cells than in
CD11c*Ly6C, CD11cLy6C populations (Figure 17 B and C). Surprisingly, a high proliferation
rate for L. major was detected in the CD11c’Ly6C* subpopulation as well. When investigating
the percentages of infected cells among the different subpopulations it became obvious that
CD11c*Ly6C" cells are strongly overrepresented among infected cells, and only a minority of
infected cells was CD11cLy6C" as compared to the total fraction of these cells at the site of
infection (Figure 17 D). Therefore, itis comprehensive why this subpopulation was not detected
in prior analysis described above (Figure 10 and Figure 15). Thus, it is conceivable that

CD11c*Ly6C" cells represent the main cellular niche for L. major proliferation.
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Figure 17: L. major proliferation in relation to the expression of Ly6C and CD11c of the host cells.
(A) C57BL/6 mice ears were infected intradermally with LmSW!TCH 3 weeks post infection, parasites in
the mouse ear were photoconverted and 48 h later ears were harvested for flow cytometry analysis of
intracellular L. major proliferation (upper row). Controls infected with non-fluorescent L. major wt
parasites were used to define the infected cells by gating on a combined mKikumeGR red and green
signal (total mKikumeGR), isotype controls (iso) were used to define the gating strategy for Ly6C versus
CD11c (lower row, small plots). (B) Relative proliferation rates of LmSWITCH |ocated in the different cell
compartments defined by Ly6C and CD11c staining. The shown data are each from one sample,
normalized to the overall mean proliferation index within the sample. Vertical bars denote the mean and
shaded red boxes the standard deviation. (C) Quantitative analysis of the proliferative states of LmSW/TCH
within the different cell populations. Each dot represents one mouse ear. Relative proliferation indices
were obtained by normalization of the subpopulation’s proliferation index to the overall mean
proliferation index within each sample. Vertical bars represent the mean. (D) Comparison of CD11c and
Ly6C expression in total and infected CD11b populations at the site of infection. Each dot represents a
mouse ear. Horizontal bars represent the mean. ***p < 0.001; *p < 0.05. Data pooled from three

independent experiments.

2.2.4 Newly infected host cells predominantly harbor high proliferating

L. major

Using confocal microscopy, a slight but significantly negative correlation between L. major
proliferation rates within individual cells and the respective cellular parasite burden was
observed. This suggested that high proliferating parasites were present at lower numbers per
infected cell than low proliferating parasites (Figure 18 A and B). One explanation for this could
be that high proliferating L. major are more efficiently released from infected cells, and thus
might represent the main parasite population infecting new host cells. In order to test whether

newly infected cells preferentially harbor high proliferating pathogens, the arrival of newly
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recruited cells was synchronized by adoptive bone marrow transfer [33,44]. For this, C57BL/6
mice (CD45.2") infected for 16 days with LmS"W'T were injected with 108 CD45.1* bone marrow
cells. LmSWITH infected ears were photoconverted in order to analyze pathogen proliferation
five days after transfer. Thus, pathogen proliferation in infected newly recruited cells (CD45.1%)
could be compared to pathogen proliferation in CD45.2* cells, which are expected to be
present in a steady state within the time frame observed (Figure 18 C). Of note, a shorter time
frame for cell recruitment did not yield enough infected cells for proliferation analysis (Figure
19). Switched color experiments were performed to exclude an influence of the antibody
staining on proliferation measurements (Figure 18 F-G). Strikingly, it was observed that
pathogen proliferation in newly recruited CD45.1* cells was significantly higher than in CD45.2*
cells present at the site of infection in the steady state. This suggests that high pathogen

proliferation occurs in the context of the infection of new host cells (Figure 18 D-G).

42



Results

A B
mKik. red Spearman
mKik.green
- p=0.0237
mKikumeGR 25
red =<4 o
s= , B
E 2 & %O
mKikumeGR L8 3o
green EEEl o o
- @
mKikumeGR 30 40 60 B0
total area
mKikumeGR total area/cell (pmg)
C Infecllon with @
LmSMIH EWS CD451" CD452" Proliferation
%, o measurementin
=, 18days %, _3days (& —»@-\ 2 days @@ newly recruited
/_\/ \/ PR (transferred)
@ vs. steady statecells
@’Tnjectlon of CD45.1 Photoconversion ~
bone marrow cells of Lm>WITCH
D E
% Infected cells o
3
= Newly O 5
O 541280 . . I Newly . OO$
e 5 PR - recruited o o
5 g .- 1 recruited oo >
21 g ; = ] 5 *
5 Steady
é ] g ’ | Steady state O%
g 4 T00 - | state |
) [Te) T T 1
<} 2 -10% 0% +10% +20%
Leishmania © CD45.2 (Steady state) Proliferation index Proliferation
(total mKikumeGR) (increase relative fo
all infected cells)
F = G
fi Infected cells
o 1 S 1041 1 Newly Newly
2 | = il 1 recruited recruited
8 <5 i
£ 1 g
5 | e 1 Steady Steady
= & { state state
2 | % 1sta
< = o -5% 0% +5%+10%
T < Proliferation index ) .
Leishmania 8 CD45.2 APC Cy? ~ Proliferation
(total mKikumeGR) (Steady state) (increase relative to

all infected cells)

Figure 18: High L. major proliferation is correlated with the infection of new host cells. (A-B)
LmSWITCH infected C57BL/6 mouse ears were photoconverted 3 weeks post infection and analyzed 48 h
later by confocal immunofluorescence microscopy. Mean pathogen proliferation within individual cells
was plotted against the total mKikumeGR-positive area per confocal section through the cells. Raw data
reanalyzed from figure 9 A-C. Scale bar, 5 um. (C) Experimental strategy to determine L. major
proliferation in phagocytes newly recruited to the site of infection: C57BL/6 (CD45.2) mice infected with
LmSWITCH were adoptively transferred with CD45.1 bone marrow cells 5 days prior to analysis.
Photoconversion was performed 48 h prior to analysis and the relative proliferation rates of parasites in
steady state (CD45.2* cells) and newly recruited (CD45.1* cells) cells were compared. (D) Gating
strategy for detection of infected CD45.1* newly recruited and CD45.2* steady state infected cells

isolated from the site of infection (left and middle panel). Proliferation rates of the infected newly recruited
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and steady state population of one example site of infection are shown as histograms (right panel).
Vertical bars denote the mean and shaded red boxes the standard deviation. (E) Quantitative analysis
of LmSWITCH proliferation rates. Relative proliferation rates in newly recruited or steady state cells were
obtained by normalization of the subpopulation’s proliferation indices to the overall mean proliferation
index within each sample. Each dot represents one mouse ear. Vertical bars denote the mean.
***n < 0.001. Data pooled from three independent experiments. (F-G) Antibody labels were switched for
the anti-CD45.1 and anti-CD45.2 staining as compared to (D-E). (F) Gating strategy for detection of
infected CD45.1* newly recruited and CD45.2* steady state infected cells isolated from the site of
infection (left and middle panel). Proliferation rates of the infected newly recruited and steady state
population of one example site of infection are shown as histogram (right panel). Vertical bars denote
the mean and shaded red boxes the standard deviation. (G) Quantitative analysis of the proliferative
state of LmSWITCH within the different cell types. Relative proliferation rates in newly recruited or steady
state cells were obtained by normalization of the subpopulation’s proliferation indices to the overall mean
proliferation index within each sample. Each dot represents one mouse ear. Vertical bars denote the
mean. *p < 0.05.
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Figure 19: Comparison of infected cell numbers in newly recruited cells at day 2 and day 5 after
adoptive transfer. Flow cytometry analysis of CD45.1 mice infected with LmSWITCH —adoptively
transferred 2 or 5 days before analysis with C57BL/6 (CD45.2) bone marrow cells. (A) Gating strategy
on CD45.2* (newly recruited) and CD45.1* (steady state) cells, infected and non-infected. (B)
Quantification of newly recruited infected and non-infected cells at day 2 and day 5 post adoptive
transfer. Each dot represents one mouse ear. Relative proliferation indices were obtained by
normalization of the subpopulation’s proliferation index to the overall mean proliferation index within

each sample. Vertical bars represent the mean.

2.2.5 High proliferating L. major preferentially undergo cell-to-cell

transmission

L. major has been shown to replicate once every 15 to 60 hours within host cells [72,73,108].
Thus, the high parasite proliferation observed in newly recruited host cells could be either due

to the transmission of already rapidly proliferating parasites, or due to an increase of
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proliferation upon infection of a new host cell. In order to determine L. major proliferation shortly
after transmission to new host cells, in vitro phagocyte infections were employed. First, to
visualize the spread of L. major to new host cells, time-lapse microscopy of infected
macrophage cell cultures was performed. Strikingly, in all de novo infection events observed,
fluorescent parasites were taken up directly from infected host cells (Figure 20 A). Specifically,
in most cases, the original host cells exhibited signs of cell death (membrane blebbing) shortly
before the parasites associated with them were taken up by a new phagocyte (Figure 20 B).
Very often, the original host cell was eventually phagocytosed as well by the new host cell,
however, transfer of the parasite preceded phagocytosis of the whole original host cell by
several hours (Figure 20 C). Direct cell-to-cell transfer was also demonstrated in vivo via 2-
photon microscopy. To this end, CD1lc-YFP mice were infected with red fluorescent
L.m. dsRed. 5 days prior to analysis, isolated bone marrow from constitutively CFP expressing
mice was injected into the infected mice. Direct cell-to-cell transfer of parasites from yellow
fluorescent CD11c" host cells to newly recruited CFP expressing phagocytes could be shown
by intravital imaging (Figure 20 D). It was therefore concluded that the infection of new host
cells mainly occurs via cell-to-cell transmission with no prolonged extracellular state of the
released parasite. In order to quantitatively analyze pathogen proliferation shortly after
infection of cells, the system was adapted for analyzing de novo infection for in vitro cell culture
infections (see Figure 21). For this, in vitro differentiated CD45.2" bone marrow-derived
macrophages and DC mixtures (BMMDC) were infected with serum-opsonized LmSW'TCH, 24 h
after infection, the parasites were photoconverted and 24 h later, CD45.1* BMMDC were
added. Parasite proliferation rates were determined after 5 h of coculture by flow cytometry
(Figure 21 A). Confocal microscopy of FACS-sorted newly infected CD45.1* cells revealed that
the parasites were intracellular and not extracellularly adhering to the cells (Figure 21 B).
Importantly, even at this very early time point after uptake into a new host cell, high proliferating
parasites were significantly overrepresented in the newly infected CD45.1* phagocytes as
compared to the initially infected CD45.2* cells (Figure 21 C and D, Figure 22 A-B). Control
measurements, with photoconversion applied just before coculture, ensured that the recovery
from photoconversion during the 5 h coculture phase was negligible (Figure 21 D, right).
Furthermore, both F4/80", macrophage-like and CD11c*, DC-like BM-derived cells were
infected equally by high proliferating parasites, irrespective of iINOS production in the culture,
probably due to the short infection times. Thus, the differences in L. major proliferation
observed in the in vitro system are not attributable to the host cell type, but rather to the
dissemination among phagocytes (Figure 22 C-E). In conclusion, these data suggest that high

proliferating L. major preferentially undergo cell-to-cell transmission.
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Figure 20: Cell-to-cell transfer of L. major among phagocytes in vitro and in vivo. Time lapse
videomicroscopy of intraperitoneal macrophages infected for 24 h with fluorescently labelled L. major.
(A) Three examples of cell-to-cell transfer between two phagocytes. Selected frames of the time series
spaced 10 min are shown. Frames in which the originally infected cell is still alive and motile are marked
blue, frames showing the original phagocyte with signs of cell death before transfer of the parasite are

marked in yellow, after transfer in red. Complete phagocytosis of the original host cell is marked black.
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Scale bar, 10 pm. (B) Analysis of the sequence of host cell death, parasite transfer and phagocytosis of
the original host cell from 13 cell-to-cell transfer events analyzed, using the color code indicated in (A).
(C) Quantification of the time between the first blebbing as a sign of cell death and cell to cell transfer
(left) and the time between cell-to-cell transfer and complete phagocytosis of the original host cell.
Horizontal bars denote the median. (D) Ears of CD11c-YFP mice were infected for 21 days with
L.m. dsRed. 5 days prior to analysis isolated bone marrow cells from ubiquitous CFP mice were injected
into the infected mice. Cell-to-cell transfer of Leishmania (red) from infected CD11c-YFP cells (green)

to newly recruited CFP* cells (blue) was analyzed by intravital 2-photon microscopy in 3-dimensional

time series.
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Figure 21: De novo infection of bone marrow macrophage and DC (BMMDC) mixtures by high-
proliferating L. major. (A) Experimental setup for in vitro parasite dissemination analysis. (B) Confocal
microscopy of sorted CD45.1* infected cells (newly infected) showing intracellular localization of
fluorescent L. major. Images are representative of > 20 cells inspected microscopically. Scale bar,
10 um. (C) Gating strategy to identify newly infected (CD45.1*) and steady state (CD45.1) BMMDCs.
(D) Quantification of proliferation rates in newly infected (CD45.1*) and steady state (CD45.1°) cells
analyzed as shown in (A) (left), and controls photoconverted 0 h and 5 h before analysis to assess the
recovery from photoconversion occurring in the 5 h of coculture (right) in newly infected (black symbols)
and steady state (grey symbols) cells. Each symbol shows one individual experimental replicate. Data
were pooled from three independent experiments. Horizontal bars denote the mean. ***p < 0.001; ns,

not significant.
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Figure 22: Color-switch control for L. major proliferation analysis in newly infected cells and
characterization of BMMDCs in vitro. (A) Identification of newly infected (CD45.2") and initially
infected (CD45.2*) BMMDCs by flow cytometry. (B) Quantification of proliferation rates in newly infected
and initially infected cells. *p < 0.05. (C) Characterization of CD11c and F4/80 expression in the total
BMMDC coculture (upper panel), and DC (middle panel) and macrophage (M®, lower panel) single
culture. (D) Analysis of parasite proliferation in newly infected and initially infected cells under inhibition
of the nitric oxide synthase iINOS by L-NIL. (E) Analysis of parasite proliferation in initially infected cells
without inhibition of INOS. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant.

2.2.6 L. major infects newly recruited monocytes at various differentiation

stages

In order to investigate whether distinct subpopulations of newly recruited host phagocytes were
preferentially infected upon arrival at the site of infection, CD11c and F4/80 expression on
infected and non-infected newly recruited cells (CD45.1%) and cells present at the infection site
in a steady state (CD45.2*) was compared (Figure 23 A-C). As expected from published work
[44], the composition of the newly recruited phagocyte subsets changed substantially between
day 2 and 5 after adoptive transfer. Specifically, population numbers of CD11c*F4/80* double
positive as well as CD11c*F4/80 cells were increased significantly by day 5 as compared to
day 2. Strikingly, among newly recruited cells, no differences in the composition of infected
versus non-infected cells were observed (Figure 23 B). This suggests that the parasite has no
preference for a specific cell type when infecting new host cells. In contrast, in the steady state
cell population, more CD11c*F4/80* double positive and less CD11c'F4/80" single positive

phagocytes were present in the infected cell population as compared to the non-infected cells
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(Figure 23 C). Thus, in line with the proliferation reporter data (see Figure 10 and Figure 15),
CD11c*F4/80* phagocytes seem to represent a more suitable niche for L. major than CD11c

F4/80" cells in the long-term perspective.

It has been shown that monocytes mature at the site of infection after recruitment from the
bloodstream [77][33]. The late occurrence of CD11c*F4/80* double positive cells (Figure 23 B)
prompted the analysis of how long a recruited monocyte-derived cell would need to mature at
the site of infection. In order to address this question, C57BL/6 mice were infected with non-
fluorescent L.m. wt for 3 weeks and mKikumeGR-expressing bone marrow cells were
adoptively transferred. 3 days after transfer, all mKikumeGR-expressing transferred cells, that
had already been recruited to the ear, were marked by photoconversion. Analysis of infected
tissue at 5 days after transfer would also yield non-photoconverted mKikumeGR-expressing
cells, which consequently must have been recruited between day 3 and 5 (Figure 23 D and E).
Therefore, it was possible to compare the surface marker expression of cells present at the
site of infection for longer (photoconverted), or shorter (not photoconverted) than two days.
Control experiments showed that cell metabolism-related recovery from photoconversion in
leukocytes is slow enough to use mKikumeGR to mark cells over several days (Figure 23 E,
lower panel). Importantly, it could be observed that the large majority of cells expressing CD11c
and F4/80 were photoconverted, thus had been present in the lesion at least for 2 days. As
conclusion, these cells had matured at the site of infection from cells recruited between day 1
and 3 after transfer (Figure 23 E and F). Taken together, these data underline that newly
recruited monocyte-derived cells are infected by L. major irrespective of their differentiation

state.
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Figure 23: L. major infects newly recruited monocyte-derived cells independently of their
differentiation stage. (A) Flow cytometry analysis of C57BL/6 (CD45.2) mice infected with LmSW/TCH

adoptively transferred 2 or 5 days before analysis with CD45.1 bone marrow cells. Gating strategy on

CD45.1* (newly recruited) and CD45.2* (steady state) infected and non-infected cells. (B) Quantification
of infected (red) and non-infected (blue) CD11c* F4/80* double positive (upper panel) and CD11c*

F4/80- single positive (lower panel) among newly recruited cells at day 2 and day 5 post adoptive

transfer. (C) Analysis as in (B) for steady state cells. Data in A-C are reanalyzed from figure 19.

(D) Experimental strategy to identify newly recruited cells present for 0-2 versus 3-5 days post adoptive

transfer. Mice infected with non-fluorescent L. major wt received mKikumeGR-expressing bone marrow
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cells 5 days prior to analysis. Photoconversion at 3 days post transfer identifies cells recruited to the
site of infection until day 3 in mKikumeGR red fluorescence, while cells recruited after photoconversion
(0-2 days prior to analysis) exhibit green mKikumeGR fluorescence. (E) After gating on CD45* cells, all
adoptively transferred cells are identified by total mKikumeGR fluorescence. Transferred cells which
were at the infection site for 0-2 days (showing no red fluorescence) can be clearly distinguished from
cells that were recruited to the site of infection 3-5 days before analysis (and thus photoconverted,
showing a high red fluorescence). The two populations were analyzed for CD11c and F4/80 expression.
(Lower panel) Control samples were photoconverted 0 h prior to analysis or not photoconverted at all
and fluorescence was compared with cells being photoconverted for 48 h. (F) Quantitative analysis of
CD11c*F4/80* double positive (upper panel) and CD11c*F4/80- single positive (lower panel) present at
the site of infection for 0-2 days (green) and 3-5 days (red), respectively. Each dot represents one mouse

ear. Horizontal bars denote the mean. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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2.3 Perspectives for future analysis

2.3.1 iNOS, but not NADPH oxidase, impacts on L. major proliferation cell-

intrinsically

To examine possible mechanisms behind the observation of different pathogen proliferation
rates within distinct cell types, cell-intrinsic effects of INOS and NADPH oxidase were
examined. So far, it had been shown that INOS can work cell-extrinsically via the diffusion of
nitric oxide across cell membranes [44] (see chapter 1.2.4). Since the results described above
indicate that a cellular niche-specific mode of action within different cell types might contribute
to the control of pathogen proliferation, a potential cell-intrinsic role was to be considered. A
second important mechanism that might control Leishmania infection in macrophages cell-
intrinsically is the production of ROS by NADPH oxidase [45] (see chapter 1.2.4). In order to
test these possibilities, mixed bone marrow chimera of 50% C57BL/6 wt cells (expressing the
surface marker CD45.1) and 50% iNOS knock out cells (iNOS™), or 50% NADPH oxidase k.o.
cells, respectively (NADPH™) (expressing the surface marker CD45.2), were injected into
irradiated CD45.1 mice. Such reconstituted mice were infected with LmSW'T™" and proliferation
rates of parasites were evaluated in k.o. compared to wt cells. Infected mouse ears were
analyzed by flow cytometry (Figure 24). To this end, wt and k.o. cells were identified by
antibody staining for CD45 and CD45.1. As a control, mixed bone marrow chimera of CD45.1
and CD45.2 wt cells were generated and assessed the same way. When investigating overall
Leishmania proliferation, proliferation rates in iINOS” cells were increased in comparison to
Leishmania proliferation in wt cells (Figure 24), suggesting that a cell-intrinsic control
mechanism of INOS is operative in addition to the described cell-extrinsic mode of action [44].
In contrast, when analyzing parasite proliferation of LmS"W™H in NADPH" versus wt cells, no
significant differences were observable in Leishmania proliferation between parasite
containing wt and NADPH" cells.
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Figure 24: iNOS seems to control L. major proliferation cell-intrinsically. (A) Mixed bone marrow
chimera of 50% C57BL/6 wt cells (expressing the surface marker CD45.1) and 50% iNOS k.o. cells
(iNOS*) or 50% NADPH oxidase k.o. cells (NADPH*) (expressing the surface marker CD45.2) were
injected into irradiated CD45.1 mice and analyzed by flow cytometry. As a control, mixed bone marrow
chimera of CD45.1 and CD45.2 wt cells were generated. LmSW!TCH-infected cells were analyzed for
L. major proliferation. (B) Examples for relative proliferation rates of LmSW!TCH [ocated in wt and k.o. cells
defined by CD45.1 and CD45.2 staining. Left panels show the control with CD45.1 and CD45.2 wt cells.
Vertical bars denote the mean and shaded red boxes the standard deviation. (C) Quantitative analysis
of the proliferative states of LmSWITCH within the different cell populations. Each dot represents one
mouse ear. Relative proliferation indices were obtained by normalization of the subpopulation’s
proliferation index to the overall mean proliferation index within each sample. Horizontal bars represent

the mean. **p < 0.01; ns, not significant.

2.3.2 Impact of L. major proliferation on interactions between APCs and T

helper cells

Initiation of an effective T cell response plays an important role for the efficient control of
Leishmania infection [3] (see chapter 1.2.4). Interactions between infected antigen presenting
cells with CD4* T helper 1 cells induce the release of IFNy by T cells and therefore lead to the
activation of INOS. Consequently, this process leads to the production of nitric oxide within the
host cells, which is essential to cure L. major infection. Since a heterogenic distribution of APC-
T cell interactions within the Leishmania infection has already been demonstrated [63] (see
chapter 1.2.4), this raised the question if there is a correlation between the T cell behavior and
pathogen proliferation. Thus, a system to study the influence of the proliferative state of

parasites on APC-T cell interactions in the ongoing infection was set up.
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Generation of an ovalbumin expressing LmSW'T" strain to provide a system to investigate

antigen-specific APC-T cell interactions

To examine antigen-specific interactions between infected host cells and CD4* T cells, the
well-established ovalbumin system was used [122]. Therefore, a new Leishmania strain was
constructed expressing ovalbumin (OVA) on its surface. To obtain this, the Leishmania
hydrophilic acylated surface protein B (HASPB) export sequence was fused to the OVA
sequence to generate an HASPB fusion protein. It has been shown that the expression of this
fusion protein by Leishmania leads to OVA expression on the parasitic plasma membrane
[123], and is subsequently presented on the surface of infected antigen presenting cells via
class Il MHC molecules. Therefore, a new LmSW!TH strain, expressing additionally an HASPB-
OVA fusion protein, was generated. In brief, an OVA-HASPB encoding DNA sequence was
cloned into a pLEXSY_hyg2 vector (Jena Bioscience) wherein the hygromycin resistance
cassette was exchanged with a neomycin resistance cassette. This enabled stable insertion
of the OVA-HASPB sequence into the Lm3¥'™" genome via homologous recombination into
rDNA loci. Transfection was done by electroporation. The selection of successfully transfected
Leishmania was performed via the neomycin and hygromycin resistance cassettes. The
successful generation of a photoconvertible Leishmania strain that expresses additionally the
OVA protein on a HASPB sequence, hereafter termed LmSW'TCH.OVA '\was proved on the basis
of fluorescence and protein production (Figure 25). Photoconversion in the newly generated
LmSWITCH OVA | eishmania strain (Figure 25 A, right) was as efficient as in the original strain
(Figure 25 A, left) (Figure 25 B). The effective expression of the OVA protein could be
demonstrated by western blot analysis (Figure 25 C).
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Figure 25: Successful generation of an OVA-expressing LmSWTCH proliferation reporter strain. A
HASPB-OVA sequence was stably transfected into LmSWITCH (A) To verify photoconvertibility of the

newly generated L. major strain, LmSWITCH (left) and LmSWITCH_OVA (right) cultures were photoconverted
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by a 2x2 diode array for 1 min. Efficiency of photoconversion was subsequently analyzed via flow
cytometry by comparing non-photoconverted (green population) with photoconverted (red population)
Leishmania cultures. (B) Overlay and comparison of red-to-green ratios before and after
photoconversion of LmSWITCH_OVA gnd LmSWITCH (light green population: non-photoconverted LmSWITCH.
red population: photoconverted LmSW'TCH dark green population: non-photoconverted LmSWITCH_OVA
orange population: LmSWITCH_OVA) " (C) Verification of OVA expression by LmSWITCH_OVA by western blot

analysis. Expected protein size: 43 kDa.

Measurement of parasite proliferation in LmSW/TCH.OVA infected APCs interacting with CD4*

T cells via intravital 2-photon microscopy

To measure Leishmania proliferation in antigen presenting cells interacting with CD4* T cells,
B6 albino wt mice were infected in a pilot experiment in the ear dermis with the newly generated
LmSWITCH_OVA strain. 2 days prior to analysis, Magnetic Activated Cell Sorting (MACS)-isolated
OT-Il CD4* T cells, that had been in vitro differentiated into Thl cells, were labelled with the
far-red dye SNARF and injected intravenously into the infected mice. Therefore, APC-T cell
interactions could be investigated via intravital 2-photon microscopy (Figure 26). 3-dimensional
time series were recorded to analyze stable interactions (Figure 26 A). Contacts of more than
30 min between OT-1l CD4* T cells (shown in purple) and high or low proliferating Leishmania
(shown in green and red) were defined as stable interactions. The arrested T cells participating
in these interactions were identified via a self-developed heat-map generator that presents
long T cell dwell time as hotspots (Figure 26 B) (see appendix supplementary macro 3 for
details). Subsequently, the proliferation index of Leishmania overlapping with these resting
T cells was calculated via the Imaris software. Proliferation indices of Leishmania that are in
contact with OT-Il CD4* T cells were normalized to the average proliferation index of all imaged
parasites at the site of infection (Figure 26 C). One important result concerning the in vivo
analysis is the fact that stable interactions were observed, indicating the successful
presentation of OVA at the surface of infected APCs. In this pilot experiments, the red-to-green
ratio of parasites that are in contact with arrested T cells did not show a different proliferation
index than the average population of all parasites in the imaged area, indicating there might
be no strong preference of T cells to interact with APCs containing high proliferating
Leishmania. As control, a scrambled control with arbitrary photoconversion right before
proliferation measurement was analyzed. For this purpose, LmSWITCH.OVA in the ear were
photoconverted at random by using a grid as explained and demonstrated in chapter 2.2.1
(Figure 11 and Figure 26 D). Because of a naturally high signal-to-noise ratio within this
experimental set-up, further experiments will have to be done to confirm the results of this pilot
study. Nevertheless, the data suggest that the system for analyzing stable T cell-APC

interactions in the context of L. major proliferation is working as intended.
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Figure 26: Measurement of parasite proliferation in LmSWTCH.OVA infected APCs interacting with
CD4* Th1 cells via intravital 2-photon microscopy. LmSWITCH_OVA infected B6 albino wt mouse ears
were photoconverted 8 days post infection and OT-Il CD4* T cells that had been in vitro differentiated
into Thl cells, were labelled with the far-red dye SNARF and injected intravenously into the infected
mice. T cell interactions related to L. major proliferation were analyzed 48 h later via intravital 2-photon
microscopy. (A) Stable interactions between OVA specific injected OT Il cells and Leishmania were
analyzed by 3-dimensional time series. Contacts of more than 30 min were defined as stable
interactions. (B) Resting T cells were identified via a self-developed heat-map generator that presents
long T cell dwell time as hotspots. White box in the left panel marks the region that is shown magnified
in (A). (C) Proliferation indices of Leishmania that are in contact with OT-11 CD4* T cells were normalized
to the average proliferation indices of all imaged parasites at the site of infection. Each dot represents a

single parasite. (D) As a control LmSWITCH_OVA in the ear were randomly photoconverted straight before
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analysis and proliferation indices of Leishmania, that show contacts with SNARF labelled T cells, were
normalized to the average proliferation indices of all imaged parasites at the site of infection. Each dot

represents a single parasite.
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Discussion

To understand the interaction between the immune system and a pathogen, it is indispensable
to extract data on the proliferation states of infectious microorganisms, and to define the niches
in which differentially proliferating pathogen populations are located. For bacteria, e.g.
M. tuberculosis, non-replicating forms have been defined despite the high proliferating
states at the infection site. In those infections, antibiotic treatment often leads to a biphasic
“hockey-stick” like killing curve, since a non-replicating subpopulation shows antibiotic
resistance. These populations have been defined as “phenotypically tolerant”, since they were
shown to retain the possibility to entry cycles of replication again and therefore cause disease
[124,125]. The mechanisms behind this are not completely understood and are believed to be
the result of a complex of different molecular mechanisms that have been proposed so far to
be involved in the formation of persistent populations [126,125]. However, it is indispensable
to further investigate these mechanisms in order to dissect the development of antibiotic

resistance and thereby to understand how to effectively treat a pathogen.

3.1 Characterization of the mKikumeGR reporter system

Measuring proliferation of pathogens in vivo is still a big challenge in biomedical research.
There are different methods that have been established to investigate this difficult but important

task of the influence of pathogen proliferation within the infection.

One possibility is the incorporation of BrdU (5-Bromo-2'-deoxyuridine) into the mitochondrial
DNA and the nucleus of a pathogen, which has been used for determining L. major proliferation
[72]. Parasite replication is therefore indicated upon the increase in Leishmania positive for
BrdU. By using this application, subpopulations of high and low proliferating parasites among
the persistent populations were identified. Nevertheless, this system is limited by the fact that
samples need to be chemically fixed for monitoring BrdU incorporation. The rather harsh
fixation conditions required, restrict this method in that a concomitant analysis of the cellular
niche of the pathogens is difficult. In particular, it is incompatible with most antibody staining

procedures.

Another approach to measure the physiological state and proliferation of Leishmania was
developed by Kloehn et al. [108] using heavy water labelling. Thereby infected mice are treated
with 2H,O for a defined period of time and the turnover rate of proteins and DNA from parasites
is calculated from the amount of deuterium within the parasites. However, analysis of parasite
replication on a cellular level is hard to implement by this approach, making it incompatible
with intravital or multiparameter host cell analysis, which is indispensable for investigating a

link between the impact of L. major proliferation and host cell tropism.
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An alternative method to measure protein turnover is the application of so called fluorescent
timer proteins [127,128]. Thereby, the fluorescence color of proteins is dependent on the
protein age and changes by time. A problem of using fluorescent timers is e.g. that the kinetics
of maturation are highly dependent on the oxygenation of the tissue. Further limitations are the
time the proteins need to mature that might not be well-adapted to the observed proliferation
rate of the pathogen, as well as photoinstability [128]. Another problem might be the exact
definition of a starting point for the measurement of protein turnover, which therefore

constitutes a problem to accurately compare different experimental conditions in parallel.

Photoconvertible proteins can overcome many of these problems. By the use of this approach,
the starting point in the change of the fluorescence color can be tightly controlled by the
activation of a light pulse anytime during an infection. Several photoconvertible proteins have
been described [129] [130,116,131]. Since the heterologous expression of multimeric forms of
proteins, e.g. in bacteria, often turns out to be difficult, one obstacle for the efficient use of
photoconvertible proteins for analysis is that the protein should be present in its monomeric
form. This is challenging since most fluorescent proteins exist naturally as tetramers or dimers
[129]. mKikumeGR is a photoconvertible protein that could be stably synthesized in its
monomeric form [116]. Furthermore, it was shown to be successfully expressed in L. major,
while expression of new protein is coupled to cell division [73]. Thus, mKikumeGR exhibits
perfect conditions to act as an indicator for microbial proliferation. Specifically, the green
fluorescence of mKikumeGR can be converted irreversibly into red after illumination with violet
light. Production of non-photoconverted green fluorescent protein upon cell division leads to a
dilution of the red fluorescence and therefore to recovery from photoconversion. Additionally,
it was proven that parasite proliferation via the mKikumeGR reporter can be investigated

directly in vivo by intravital 2-photon microscopy [73].

One aim of this thesis was to further characterize the mKikumeGR reporter to enable the
analysis of Leishmania proliferation via various applications and methods like flow cytometry
and histological analysis e.g. Multi-Epitope Ligand Cartography. To this end, the
photoconversion approach was extended first to large areas, such as the whole infected ear
skin. So far, photoconversion had only been performed by epifluorescence illumination during
intravital microscopy, or by confocal laser scanning [73,116,132]. In the presented thesis, a
diode array was established to photoconvert LmSWITCH in the ear tissue as well as in vitro. The
efficient photoconversion of LmSW'T as well as the successful recovery from photoconversion
via the diode array was proven (see chapter 2.1.1). Thus, the application spectrum of LmSW!TcH
as well as the area that can be photoconverted is substantially enhanced by the use of a diode
array. Hence, more flexibility in the usage of the mKikumeGR reporter for the analysis of

L. major proliferation was obtained. Furthermore, preservation of fluorescence after chemical
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fixation of photoconverted ear samples could be demonstrated, verifying the stability of the
mKikumeGR protein within fixation protocols for example for confocal microscopy analysis or
Multi-Epitope Ligand Cartography. Since the mKikumeGR reporter is compatible with
immunofluorescence, conditions to efficiently analyze LmSW'™H infected mouse ears by flow
cytometry were also defined successfully within this thesis (see chapter 2.1.4). In conclusion,
mKikumeGR was demonstrated to be a highly reliable reporter protein to measure Leishmania

proliferation in vivo and in vitro e.g. via intravital microscopy, MELC and flow cytometry.
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3.2 Defining the niche of high and low proliferating L. major

In line with previous BrdU-based proliferation measurements [72], it was shown that L. major
parasites grow at a broad spectrum of different proliferation rates in an established infection.
While the harsh fixation conditions in bioorthogonal labelling experiments preclude a
concomitant analysis of the cellular niche of the pathogens, it could be shown, using the
photoconversion-based biosensor, that individual host cells contain parasites with a
proliferation rate which is similar among all L. major within the same cell (Figure 9). Thus, it
can be concluded that L. major proliferation rate is linked to the cellular niche in which the
parasite resides. Within in the established infection, this niche is constituted mainly of
macrophage- and DC like monocyte-derived phagocytes, which have been shown to mature
at the site of infection [104,33]. Whether one of these cell types would be particularly
permissive for higher pathogen proliferation had been unclear. By using cell type-specific gene
ablation, it was shown recently that Interleukin-10 receptor signaling in DCs, respectively
CD11c" cells, is involved in regulating L. major burden at the site of infection, since the parasite
burden in the infected ear was reduced significantly upon knock out of the IL-10 receptor on
CD11c" cells [133]. IL-10 plays an important role during immune regulation and is thus crucial
for persistence in the host organism [68,66,67]. In contrast, it was proven that infection was
cleared completely in IL-10 knock out mice in the skin and the draining lymph nodes, leading
to sterile immunity. However, the impact on pathogen proliferation on a cellular level had
remained uncharacterized. Using flow cytometry, CD11c* cells were defined in the presented
thesis as the major niche for L. major proliferation (Figure 10). These results were confirmed
by transient depletion of CD11c* cells in L. major infected mice which subsequently show a
significantly lower overall pathogen burden compared to L. major infected control mice (Figure
12). Thus, these data suggest that a major niche for parasite proliferation is lost upon depletion
of CD11c* cells. The cell populations containing high or low proliferating parasites were further
investigated by a multiparameter analysis approach that suggests that CD11c* phagocytes
which are recruited to the site of infection represent a niche of increased L. major proliferation,
irrespective of their expression level of F4/80, class Il MHC and CD86, with class II| MHC and
CD86 serving as markers for defining the activation state of the different subpopulations.
However, when investigating pathogen proliferation in cells which were CD11c negative but
positive for F4/80, CD86 or class Il MHC, respectively, no differences were observed between
the several subpopulations regarding the proliferation state of the parasites. Hence, F4/80* but
CD11c cells, irrespective of their activation state, do not provide a reservoir for high
Leishmania proliferation (Figure 15). These data fit with the publication of Girard-Madoux et al.
which showed that upon on the knock down of the important immune regulator IL-10 in CD11c*

DCs, the pathogen burden in the whole infection is decreased. This already indicated that
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Leishmania proliferation in CD11c* cells might play an important role regarding the total
Leishmania proliferation in the overall infection. By investigating Leishmania proliferation in
relation to the surface markers CD11c combined with the important monocyte marker Ly6C it
was observed that L. major proliferation is high in CD11lc*Ly6C* double positive cells.
Interestingly, the CD11c’Ly6C* subpopulation was found to also harbor high proliferating
parasites. By investigating the percentage of infected cells within this subpopulation, it became
however clear that this subpopulation represents only a very small part of the infected cells in
the entire infection, thus explaining why it was not identifiable in analysis performed with CD11c
and F4/80. Instead, these cells might be recently recruited immature monocytes, in which it
would be expectable to mainly detect parasites that have recently undergone cell-to-cell
transfer and therefore are rapidly proliferating (see below). Overall, these results confirm the

majority of CD11c* monocyte-derived cells as main niche for L. major proliferation.

In-depth characterization of L. major infected cells via flow cytometry combining the surface
markers CD11c, F4/80, Ly6C, class Il MHC, CCR2 and CD11b showed that Ly6C and class Il
MHC expression is highest in CD11c*F4/80* cells compared to CD11c*F4/80" or CD11c
negative populations. CCR2 expression was high in CD11c*F4/80* and CD11cF4/80* but
significantly lower in CD11c*F4/80" and CD11cF4/80 populations (Figure 16). Monocytes
infiltrating Leishmania infections were characterized in referred publications as
CD11b*Ly6C*CCR2*class Il MHC-'CD11cF4/80 [92,77,33] which than mature and become
activated upon arrival at the infection site. The results obtained within this study indicate that
the main population of parasite containing cells within the skin after 3 weeks of infection are
monocyte-derived. Furthermore, mainly according to the data from Leon et al. and Romano et
al. CD11c* F4/80" cells which are additionally CD11b*, CCR2"9" and class Il MHC"9" seem to
be matured and highly activated monocytes. Moreover, the observed intermediate to high
expression level of Ly6C for this subpopulation seems to fit to the mentioned publications.
CD11c*F4/80 cells also express Ly6C but not significantly more than CD11c¢*F4/80" which is
not in complete agreement with the findings of Leon et al. 2007. Those slight differences in the
characterized cell types at the infection site might be due to the fact that there are differences
in the experimental settings between the current study and the studies of Leon et al. and
Romano et al. The studies for example differ in the amount of L. major that were injected into
the skin. Additionally, Leon et al. and Romano et al. worked with footpad infections whereas,
within this study, the ear dermis was infected. Furthermore, Romano et al. characterized
monocytes during primary and secondary L. major infection and defined different roles for
monocytes in these different settings. Nevertheless, they did not describe monocyte
characterization after 3 weeks of primary infection as it was performed in the presented study.
Indeed, the 3 weeks time point might represent an intermediate state between early primary
infection and secondary infection, investigated by Romano et al., referred to as concomitant
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immunity. Along this line, while CD11c* monocyte-derived cells seem to constitute a niche for
high pathogen proliferation, there might be other functions of these cells at the infection site
which promote immunity to reinfection: Collins et al. have shown recently that the CCR2-
dependent sustained accumulation of CD11c*class Il MHC* antigen presenting cells to the site
of herpes simplex virus infection is responsible for efficiently promoting local T-cell mediated
immunity [134]. Thus, it might be possible that these cells, in L. major infection, have an
ambivalent role in harboring high proliferating pathogens and promoting effector T cell

responses.

Moreover, based on the surface marker expression of infected cells discussed above, it can
be assumed that the major cell type, containing high proliferating parasites, might be
monocyte-derived DCs, irrespective of their activation state. These data are in line with
previous findings defining monocyte derived dermal DCs as the most important DC type in the
ongoing L. major infection [6,98,98,77,104]. Strikingly, De Trez et al. defined inflammatory DCs
in the lymph node, positive for CD11b, CD11c, F4/80, Ly6C and class || MHC, as major iNOS
producing cell types that show the same phenotype as TNF/INOS producing DCs, so called
TipDCs [104]. The seemingly paradox situation in which exactly the cell type, in which
pathogen proliferation is highest, might also be a main producer of iINOS underlines the
guestion to what extent cell-intrinsic control mechanisms control Leishmania during infection.
Previous work had shown that several layers of cell-extrinsic L. major containment are in place.
First, a gradient of IFNy mediates induction of iINOS, the main cellular defense mechanism
against the parasite, also in cells that are not directly engaged by effector T cells [65]. Second,
diffusible nitric oxide produced by iINOS seems to provide another layer of cooperative control
of the pathogen on the tissue level [44]. In contrast to these findings, the data ascertained
within the current study show proliferation rates linked with a specific cell type suggesting that

additional cell-intrinsic control mechanisms against L. major proliferation exist.

To further analyze the potential cell-intrinsic control mechanisms of L. major proliferation, a
cell-intrinsic effect of INOS beyond its cell-extrinsic function was considered. When
comparing Leishmania proliferation within all infected wt cells with Leishmania proliferation in
INOS™ cells at the same infection site, preliminary data show that the L. major proliferation rate
within the wt situation was significantly reduced compared to cells which are not able to
produce iNOS (Figure 24). Since wt and iNOS™ cells were located at the same infection site

this indicates a possible cell-intrinsic control mechanism of iNOS.

An additional reason for cell type specific proliferation rates might be the differential production
of ROS within different cell types. ROS is generated through the induction of the NADPH
oxidase machinery at the phagosomal membrane in macrophages [45,89] (see chapter 1.2.4).
Nitric oxide, together with reactive oxygen, can form highly toxic peroxynitrite, which has a
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diffusion range of less than 5 um from its site of production [135,136]. Thus, while nitric oxide
seems to diffuse to neighboring cells, peroxynitrite formation at sites of high NADPH oxidase
activity might represent a cell-intrinsic component of L. major containment. Another possible
explanation for distinct proliferation rates within different cells might be the capacity of the
parasites to counteract cellular defense mechanisms by deactivating NADPH oxidase
assembly, by producing detoxifying enzymes or interfering with host phagocyte signaling
pathways linked to antimicrobial activity, which might not be equally efficient in all cell types
[137,15]. Therefore, Leishmania proliferation within infected wt cells was compared with
Leishmania proliferation in NADPH" cells at the same site of infection. However, no significant
differences were seen concerning parasite proliferation between wt and NADPH™ cells.
Nevertheless, since these are preliminary data a cell-intrinsic/specific effect of NADPH oxidase
cannot be completely excluded and will be an interesting subject to follow up further.
Furthermore, parasite proliferation within the different CD11c* and CD11c" subpopulations in
iINOS™ respectively NADPH™ cells should be studied since effects within these subpopulations

might not be observed by analyzing the total amount of infected cells at once.

Finally, while a tissue-wide mode of L. major control could be mainly shown for CD4* T cell-
dependent effector functions, CD8" cytotoxic T cells and NK cells might mediate target cell-
intrinsic containment mechanisms [138,59,46]. IFNy production by CD8* T cells or NK cells,
which is dependent on IL-12 signaling via Tyk2 in these cell types [138], plays an additional
important role in the further induction of an efficient Thl response. Alternatively cytotoxicity
can also be activated within these cell types leading to the release of granulysin, perforin and
granzymes into an infected cell [59]. Therefore, influence of NK cells and CD8* T cells on
intracellular pathogen proliferation within the different cell types should be investigated in the

future.
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3.3 Exit strategies of L. major

Strategies of intracellularly proliferating pathogens to exit infected cells in order to be
transmitted into a new cellular niche are critical for survival of pathogens especially in long-
lasting infections [31]. This process has profound implications for the cell tropism of the
pathogens, as well as immune activation, and has been extensively characterized for example
for Plasmodium. The life cycle of these parasites, which are transmitted by mosquitos into the
mammalian host, consists of four stages. Via lysis of the parasitophorus vacuolar membrane
so called merozoites are released from hepatocytes into the bloodstream [139] where they are
taken up by red blood cells. Therein they proliferate in a lytic cycle. By destabilization of the
cytoskeleton of the red blood cells, Plasmodium parasites can escape from their host cells
[140]. In a next step, gametocytes are taken up by a mosquito and are released in its midgut
for fertilization [141]. In the fourth stage sporozoites are released from the oocyst and are ready
to migrate into the salivary glands of the mosquito [31]. Another example for well-defined exit
strategies is the bacterium Salmonella, which can induce apoptosis in infected macrophages.
Nevertheless, in systemic infections necrosis and pyroptosis represent the main mechanisms
of Salmonella exit from host cells [142]. Thereby, caspase-1 activation, as well as releasing

inflammatory cytokines, leads to phagolysosome exocytosis [143].

In contrast to these pathogens, the mechanism of egress of L. major from infected host cells
and infection of new host cells has not been extensively studied so far and has been completely
unknown in the established infection. In vitro evidence from L. amazonensis suggests direct
cell-to-cell transfer via LAMP1-rich extrusions [32]. Furthermore, intravital 2-photon
microscopy of very early events after infection had shown that L. major is taken up by
neutrophils immediately after inoculation of the skin, and is then phagocytosed by both
macrophage and DC-like phagocytes, a process that might involve the apoptosis of the
neutrophils [76,144]. While in the established infection later on, macrophages and DCs
represent the main infected cell type, nothing is known about how L. major disseminates to
new host cells during this phase of the disease [104,33]. In the presented thesis,
synchronization of the arrival of newly recruited phagocytes revealed that high proliferating
parasites are more efficiently transmitted to newly recruited host cells (Figure 18). It is
conceivable that eventually, a subpopulation of newly infected cells is able to dampen
pathogen proliferation, resulting in the observed overall distribution of high proliferating
parasites in CD11c" and low proliferating parasites in CD11c negative host cells. In vitro data
suggest that the high pathogen proliferation detected in newly recruited cells is due to the
successful transmission of L. major which were already exhibiting a higher proliferation rate,
and not due to an increase in proliferation upon infection of a new host cell (Figure 21). This

conclusion is based on the fact that during in vitro analysis newly infected cells are analyzed
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5 h after they were added to the cell culture, which is a timespan that is too short for efficient
L. major proliferation (Figure 21). It can therefore be proposed that the CD11c* monocyte-
derived phagocytes not only represent a cellular niche of high L. major proliferation, but also
represent the main source of parasites disseminating to new cells. In contrast, it is likely that
CD11c-negative phagocytes, e.g. monocyte-derived macrophages or neutrophils, although
infected as efficiently as the CD11c" cells, might represent a dead end in the cycle of parasite
release, reinfection and intracellular replication. Also, a possible extracellular proliferation
before entering new host cells can be excluded by the presented data, as direct cell-to-cell
transmission from resident host cells to newly added cells could be observed by time-lapse
microscopy in vitro. Furthermore, direct cell-to-cell transfer of Leishmania from CD11c* cells
to cells newly recruited to the infection site could be demonstrated within this study in vivo via

intravital 2-photon microscopy (Figure 20).

67



Discussion

3.4 Differentiation of cells recruited to the infection site

It has been described that monocytes infiltrating the site of infection may be found in a variety
of maturation states [33,77]. Strikingly, it was observed within this project that CD11c*
monocytes harbor high proliferating Leishmania irrespective of the different expression of
activation markers like CD86, class Il MHC, and F4/80. When investigating the development
of monocytes newly arrived at the infection site to more mature forms, it was observed that the
number of differentiated cells is significantly increased between day 2 and day 5 after
recruitment. This indicates that mainly immature monocytes are recruited to the infection site
which than mature to CD11c*F4/80*, CD11c¢*F4/80" and CD11c'F4/80" cells. This was proven
by the use of mKikumeGR expressing cells, which were injected into L.m. wt infected C57BL/6
mice. By using these cells, the time of residency for cells which infiltrated the infection site can
be determined (Figure 23). Thus, it could be concluded that the majority of recruited monocytes
mature at the site of the established L. major infection. Interestingly, it was proven that L. major
uptake can dampen the maturation of infected host cells [77], thus, photoconvertible
approaches for comparing the time of residency at the site of infection with maturation could
constitute an important tool to characterize the impact of L. major infection on monocyte

differentiation at the site of infection.

Comparison of infected and total cell populations was performed to determine if newly recruited
phagocytes are infected by L. major dependent on their differentiation state. Strikingly, newly
arriving cells turned out to be infected rather randomly and equally distributed irrespective of
the cell type (Figure 23), whereas in non-transferred and thus previously present cells of the
host, CD11c*F4/80" as well as CD11c*Ly6C" cells turned out to be the most frequently infected
cell type (compared to the infection of CD11c*F4/80°, CD11c'F4/80*, or CD11c*Ly6C" cells).
Therefore, these data confirm that when infecting new host cells Leishmania do not
differentiate which cell type they infect but later on during the steady state CD11c* cells

constitute the most convenient niche for L. major.

Taken together, while monocyte-derived DCs have been mainly studied in the context of
inducing adaptive immune responses against L. major [33,36,98], these findings now elucidate
a role for monocyte-derived CD11c* cells as a reservoir for rapidly proliferating parasites that

disseminate at the site of infection.
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3.5 Impact of L. major proliferation on interactions between APCs

and T helper cells

L. major infection represents an efficient and well-established system to study Th1 or Th2 T cell
responses, respectively. The Th2 response is studied in susceptible BALB/c mice whereas a
protective Thl response is induced in C57BL/6 mice [3]. By analyzing interactions between
APCs infected with L. major and Thl cells via intravital 2-photon microscopy in the skin, Filipe-
Santos et al. could show that T cells exhibiting stable, long-lasting interactions with APCs are
not distributed equally at the site of infection, but instead form so-called antigen-recognition
clusters [63]. Thus, there are some infected APCs that do not form stable interactions with
CD4" helper T cells within the ongoing L. major infection. Muller et al. have shown that
differential class Il MHC expression is an unlikely explanation for such heterogenic behaviors
[65]. To better understand T cell immunity upon infections with intracellular parasites the
influence of L. major proliferation on the heterogenic distribution of T helper cell contacts

should be investigated within this study.

For the analysis of interactions between Thl cells and antigen presenting cells harboring
Leishmania of different proliferative states, the chicken ovalbumin (OVA)- OT-Il system was
employed, since OVA is one of the best characterized model antigens, and OVA specific TCR
transgenic OT-Il mice are available [122]. These transgenic TCRs recognize specifically the
OVA presented on the class || MHC complexes on APCs. Successful expression of ovalbumin
at the plasma membrane of Leishmania and subsequent presentation of the peptide via the
class Il MHC molecules of the infected antigen presenting cell has been established [123].
Prickett et al. demonstrated that the location of ovalbumin expression plays an important role
for the induction of an efficient T cell response. Thus, a new L. major strain was generated
expressing the mKikumeGR proliferation reporter and additionally the full-length ovalbumin at
the plasma membrane. Efficient photoconversion in the new LmSW!TCH-OVA strain was verified
to be as effective as in LmSW'TH Furthermore, efficient recruitment of OVA specific OT-II
T cells to the site of infection as well as stable interactions were demonstrated, indicating the
successful presentation of processed ovalbumin by class Il MHC molecules of antigen
presenting cells (Figure 26). Thus, a system to reliably analyze interactions between APCs,
containing L. major of different proliferation states, with specific Thl CD4" cells in the living
host organism via 2-photon microscopy could be established within this thesis. Since, the full-
length ovalbumin is expressed by LmSWITCHOVA this system represents also a very elegant tool

to study class | MHC-mediated APC interactions with CD8" T cells in further studies.

When investigating stable interactions related to the proliferation state of the parasites, there

was no obvious tendency observable in that T cells would interact preferentially with green,
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high proliferating, parasites (i.e. APCs containing high proliferating parasites) (Figure 26). This
implication can be made by normalizing the proliferation index of interacting parasites to the
average proliferation index of all imaged parasites at the site of infection. As a control to
exclude artefacts due to spectral overlap between the labelled T cells with mKikumeGR
fluorescence, a scrambled photoconversion was performed right before the analysis and
controls were analyzed the same way as the specimen. Nevertheless, the results obtained so
far can only give a hint towards the behavior of Th1 CD4" cells in the ongoing L. major infection
in terms of parasite proliferation, since the data are not significant and totally conclusive, yet.
One reason for this might be the high signal-to-noise ratio within these experiments. This is
caused for example by the fact that antigen presenting cells which are harboring Leishmania
are not visible by fluorescence microscopy and thus all Leishmania overlapping with resting
T cells must first be assumed to be interacting APCs. Therefore, it is possible that Leishmania
which are considered to be interacting are located in a different host cell than the neighboring
parasites and thus might reside in an APC that does not interact with a T cell. This scenario is
not detectable within the established system. Nevertheless, since the system is very well
controlled by constant application of the scrambled control with arbitrary photoconversion, it
represents a promising method to investigate the correlation of L. major proliferation and
Th1l CD4* cell interaction in vivo. Thus, it would be highly promising to optimize the analysis of
T cell-APC contacts by enhanced resolution, or improved image analysis approaches, and to
clarify the question of the impact of pathogen proliferation on these interactions, since there
might be several important implications for proliferation specific APC — T cell interactions. For
example, it is known that innate immune cells are often able to differ between dead and alive
pathogens, via the recognition of viability, so called vita-PAMPs [112] [114] (see chapter 1.3.2).
Thus, although no dramatic differences in the activation markers tested on cells infected with
high versus low proliferating L. major were detected, it might be possible that APCs harboring
high proliferating Leishmania might interact differently with T cells compared to APCs
containing low proliferating parasites. For the detection of vita-PAMPs, the innate adaptor
molecules MyD88 and TRIF often play an essential role [112] [114]. Therefore, to further
investigate the role of MyD88 and TRIF within the context of Leishmania proliferation, APC -
Th1l CD4* cell interactions in LmSWITCH.OVA nfected wt mice should be compared with APC -
Thl CD4* cell interactions in LmSWTCH.OVA infected MyD88” respectively TRIF" mice by
intravital imaging analysis. Furthermore, if T cells preferentially interact with APCs containing
high proliferating parasites, this would suggest that the niche of high proliferating L. major also
represents the main population of antigen presenting cells. One explanation might be that high
pathogen proliferation could therefore trigger an increase of the antigen dose. Deeper analyses
of this hypothesis can be done by performing intravital microscopy with LmSWITCH_OVA infected

CD11c reporter mice and investigating CD4 interactions with CD11c* cells related to the
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proliferation state of the parasites. By the use of antibodies specific for Leishmania peptide
presented on class Il MHC, an increase of presented antigens on interacting- compared to

non-interacting APCs could be investigated [19].

In summary, the work of the current thesis provides for the first time a quantification of L. major
proliferation rates with respect to different host cell types, and to different phases in the cell-
to-cell transfer cycle, in an unperturbed infection setting. This is of great interest for the
understanding of how the residency within a specific cellular niche enables Leishmania

parasite to efficiently multiply and persist at the site of infection.
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Materials and Methods

4.1 Methods

Ethics Statement

All animal experiments were approved by the Ethics Committee of the Office for Veterinary
Affairs of the State of Saxony-Anhalt, Germany, under the permit license numbers 42502-2-
1253 Uni MD, and 42502-2-1314 Uni MD.

4.1.1 Mouse and parasite strains and infections

Parasites and mouse infections

L. major LRC-L137 V121 wt, mKikumeGR expressing LmSWT" or dsRed expressing
L.m. dsRed parasites, were previously described [73,145,146,104]. L. major that are co-
expressing mKikumeGR and ovalbumin (LmSWITCH.OVA) ywere generated within the current study
(see chapter 2.3.2). Parasites were grown in M119 medium complemented with 10% heat-
inactivated fetal calf serum, 0.1 mM adenine, 1 mg/ml biotin, 5 mg/ml hemin, and 2 mg/ml

biopterin for maximally 6 passages.

Wt C57BL/6J, CD45.1 (B6.SJL-Ptprc®Pepc®/BoyJ), mKikumeGR expressing (Tg(CAG-
KikGR)33Hadj/J), CFP expressing (B6.129(ICR)-Tg(CAG-ECFP)CK6Nagy/J), and CD11c-
GFP-DTR (B6.FVB-1700016L21Rik(tgaxDTREGFP)S7Lan/ 3)  mice were purchased from
Jackson Laboratories (Bar Harbor, MA), B6N-Tyrc BrdCrCrl (B6 albino wt) mice, were obtained
from Charles River (Sulzfeld, Germany). Mice expressing the transgenic OTII T cell receptor
(B6-Tg(TcraTcrb)425Chn) (available at Jackson Laboratories (Bar Harbor, MA)) were
generated originally by Barnden et al. [122] and CD11lc-YFP mice (C57BL/6
CD11ctmEYFP Venus) RUNYY \yere generated by Lindquist et al. [147]. All mice were bred under
specific pathogen-free conditions at Otto-von-Guericke-University, Magdeburg. For the
infection of mice, stationary phase parasites were centrifuged (3500 g, 5 min, RT) and
resuspended in PBS. 2x10°8 parasites were subsequently injected in 10 pl PBS into the ear
dermis. Analysis was performed 3 weeks post infection. For intravital 2-photon microscopy
analysis of APC-T cell interactions (see chapter 2.3.2) B6 albino wt mice were infected with

2x10° parasites/mouse ear and analysis was performed 9 days post infection.
4.1.2 Microscopy

Intravital Imaging

Mice were anaesthetized by intraperitoneal injection of ketamine (100 mg/kg body weight) and
xylazine (10 mg/kg body weight) and prepared for intravital microscopy. To this end, mice were
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positioned on a metal plate heated to 37°C and one infected mouse ear was fixed. A parafilm-
framed coverslip was fastened onto the mouse ear and covered with water. 2-photon
microscopy imaging was performed with a W Plan-Apochromat 20x/1,0 DIC VIS-IR objective
on a LSM 700 confocal laser scanning microscope and a Mai Tai DeepSee laser tuned at
920 nm. The emitted signal from the LmSW'™H parasites was split with 625 nm long pass,
495 nm long pass, and 555 nm long pass dichroic mirrors and filtered with 470/20, 525/50 and
600/40 nm filters before collection with nondescanned detectors. SNARF signal of injected
T cells was detected with 625 nm long pass dichroic mirror and 640-710 filter. Fluorescence
signals of L.m. dsRed, YFP and CFP expressing cells were excited with the laser tuned at
880 nm. Signals were split with 520 nm long pass, 490 nm long pass, and 555 nm long pass
dichroic mirrors and filtered with 509/22, SP485 and 560-625 nm filters. Typically, imaging
volumes of 0.8 * mm?3 for automated analysis were obtained by collecting 4 um spaced z

stacks using the ZEN acquisition software.
Multi-Epitope Ligand Cartography (MELC)

Ears of mice were harvested and incubated for 2 h at 4°C in 4% paraformaldehyde in PBS
before incubation in 20% sucrose in PBS at 4°C overnight. Samples were frozen in Tissue-
Tek® O.C.T.™ Compound by liquid nitrogen and stored at -80°C. 10 um cryosections were
transferred on a 0.1% Poly-L-Lysin in H.O coated Superfrost slides and air-dried. MELC was
performed using a MM3.2 Toponome Imaging Cycler (MelTec, Magdeburg) at the Institute of
Molecular and Clinical Immunology of the Otto-von-Guericke-University, Magdeburg [120]. In
brief, directly labelled antibodies (see chapter 4.2.5) were incubated consecutively and image
stacks of the fluorescence signal were acquired by a DMI6000B microscope equipped with a
40x/NAL.25 lens and a KX4 CCD camera resulting in 3D images of 2048 x 2048 x 16 or 8
voxels (voxel size 225 x 225 x 500 or 1000 nm?3). The fluorescence signals were then removed
by bleaching of the directly coupled fluorophores. Using the corresponding phase contrast
images acquired with every staining cycle, the fluorescence images were automatically aligned
voxel-wise with accuracy of 1/10 pixel in XY direction and ¥ pixel in Z direction. Illumination
faults of the fluorescence images were eliminated using flat-field correction before the
resolution of the wide field fluorescent image stacks were improved by applying a
deconvolution/deblurring algorithm (XCOSM software package), an interface to Computational
Optical Sectioning Microscopy algorithms for removing out-of-focus light in 3D image volumes

(Washington University St. Louis, MO).
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Confocal microscopy

Ears were harvested and incubated for 2 h at 4°C in 4% paraformaldehyde in PBS before
incubation in 20% sucrose in PBS at 4°C overnight. Samples were frozen in Tissue-Tek®
O.C.T.™ Compound in liquid nitrogen and stored at -80°C. 10 um cryosections were prepared,
transferred onto Poly-L-Lysin (0.1% in H-O for coating) coated Superfrost slides and air-dried.
Samples were blocked with Fc-block using anti-CD16/32 antibody (1:25) for 30 min and
stained with the primary antibody Armenian hamster anti-CD54 (1:100 in PBS) for 30 min at
RT. Samples were washed afterwards 3 times with PBS before the secondary antibody
DyLight649-conjugated goat anti-Armenian hamster IgG (1:100 in PBS) was added for 1 h at
RT in the dark. Analysis was performed by confocal laser scanning microscopy. 488 nm
excitation and 491-526 nm emission were used for non-photoconverted mKikumeGR, 561 nm
excitation and 571-620 nm emission for photoconverted mKikumeGR, and 633 nm excitation
and 640-720 nm for detection of the CD54 staining. Image analysis was done with the Fiji

software (NIH, https://imagej.nih.gov/ij/).
4.1.3 Data analysis

MELC image segmentation and analysis

Deconvolved and aligned image stacks (Z vs. XY ratio of 2.5 or 5) of CD11b, CD45 and CD54
stainings were used separately as membrane input, the corresponding propidium iodide
staining served as seed input for the Real-time Accurate Cell-shape Extractor (RACE) program
developed by Stegmaier et al. [121] with ITK RACE acceleration, SSH Fusion Heuristic and
the following settings: Max Threads: 16, Min Closing Radius: 1, Max Closing Radius: 4, Min
Seed Area: 1, Min 3D Cell Volume: 3000, and Binary Threshold: 0.00080. Max 2D Segment
Areas, Max 3D Cell Volumes, H-Maxima Levels and Slice-by-Slice Watershed Levels were
varied according to table 3 in order to identify a maximal number of infected cells and found to
be optimal at Max 2D Segment Area: 3000, Max 3D Cell Volume: 10000, H-Maxima Level: 0.5,
and Slice-by-Slice Watershed Level: 3.

From the resulting image stacks of gray level-coded 2D objects, regions of interest (ROIs) were
generated in three planes spaced 3 micron apart around the Z centre of the stacks using the
Fiji software (NIH, https://imagej.nih.gov/ij/). CD11b-seeded stacks were processed first,
subsequently, the ROIs were supplemented with RACE data from the CD45-seeded stacks,
and finally from the CD54-seeded stacks. The cellular ROIs were used for mKikumeGR
fluorescence measurement. 2 pixel (0.4 micron) rim masks generated from the ROIs were
used for surface marker measurements. The mean fluorescence of the cellular and rim ROIs

were extracted (see appendix supplementary macro 1) for each cell and fluorescence channel.
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In order to normalize image-to-image differences in background and overall staining intensity,

the individual ROI fluorescence values were normalized

Fluo poy — FIUO 29th percentile, all ROIs in image
100 + (100 * 4

Fluo goth percentile, all ROIsin image rounded to the nearest integer

with the factor and constant 100 introduced in order to obtain positive integers as fluorescence
values. The resulting data tables were converted into .fcs files using the DisclT software [118]

and analyzed using the FlowJo software.

For defining fluorescence thresholds for gating within FlowJo, 30 marker-positive and 30
marker-negative cells were selected from images of three different sites of infection and a high-

specificity cutoff was defined (i.e. no marker-negative cells in the positive gate).

RACE parameters were optimized in order to detect the largest number of cells and highest
percentage of infected cells (Table 3). To this end deconvolved 400 x 400 x 8 micron stacks
were segmented with the RACE settings indicated. Three infection sites from different mice
(Sitel-Site3) and two Z planes per site (ZPI1-ZPI2) were converted into flow cytometry datasets
and analyzed as described. The humber of total and infected cells detected at each site/plane
is indicated in the upper part of the table, the rank within one plane and site is shown in the

lower part. The optimized condition is boxed.
Table 3: Optimization of RACE conditions for single cell detection.

Absolute values

Max. 3D Slice-by-Slice Total cells detected Infected cells detected
Max 2D H-Maxima
Cell Watershed | gioi i1 ste2 Site2 Site3 Site3 | Stel Stel Ste2 Site2 Site3
Segment Area Level
Volume level

ZPI1 zZPI2  zPIl  ZPI2  ZPI1  ZPI2 | ZPI1  ZPI2 ZPI1  ZPI2  ZPI1

Site3

ZP12

2000 8000 0.25 1 1389 1123 1559 1421 1460 1647 | 252 214 299 255 259

2000 8000 0.5 3 1162 1642 1481 1524 1740 | 271 221 308 256 290

2000 8000 1 5
3000 10000 0.25 1 1491 1716
3000 10000 0.5 3
3000 10000 1 5
4000 12000 0.25 1 1519 1760
4000 12000 0.5 3
4000 12000 1 5
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Ranked values

Total cells detected

Infected cells detected

Max. 3D Slice-by-Slice
Max 2D H-Maxima

Ce” WaterShed Sitel Sitel Site2 Site2 Site3 Site3 | Sitel Sitel Site2 Site2 Site3 Site3

Segment Area Level
Volume level
ZPI1 ZPI2 ZPI1 ZPI2 ZPI1 ZPI2 ZPI1 ZPI2 ZPI1 ZPI2 ZPI1 ZPI2

2000 8000 0.25 1 6 6 6 6 6 6 6 6 6 6 6 6
2000 8000 0.5 3
2000 8000 1 5
3000 10000 0.25 1
3000 10000 0.5 3
3000 10000 1 5
4000 12000 0.25 1
4000 12000 0.5 3
4000 12000 1 5

Condition rank: best -

Proliferation analysis

The relative proliferation index of L. major within the different cell populations for both flow

cytometry and MELC was defined as

( mKikume Red

mKikumeGreen
mKikumeRed

(7mk'ikumecreen)m9a"’ (allinfected cells)

)cell

and represented as percent deviation from the total infected cell population within one sample
or imaged infection site. For visualizing qualitative comparisons within the same sample using

the FlowJo software, values were plotted as

mKikume Red

100 = (mKikumeGreen)ce”

C-—

mKikumeRed
(m)mean (allinfected cells)

with chosen C between 100 and 250 and kept constant within the same sample for which the
comparison was made, and the factor 100 introduced in order to analyze integer fluorescence

values in FlowJo.
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For in vitro determination and inter-experiment standardization of proliferation indices, a non-
photoconverted (green control) and fully photoconverted (0 h recovery from photoconversion,
red control) sample were measured with each experiment, and for each infected cell, the

proliferation index was defined as

mKikume Red

) mKikume Red
mKikumeGreen/ cell

mKikumeGreen)mean (all infected cells, green control)
mKikume Red ) 100 * ( mKikume Red )
mKikumeGreen/mean (all infected cells, red control) mKikumeGreen/mean (all infected cells, green control)

100*( _100*(

10 —

100*(

with the factor 100 introduced in order to analyze integer fluorescence values in FlowJo, and

the constant 10 in order to obtain positive values.

Analysis of T cell-APC interactions via 2-photon microscopy

Imaging data from intravital APC-T cell interactions (see Chapter 2.3.2) were analyzed via
Imaris and Fiji software. Resting T cells were defined by running a heatmap generating macro
script which was self-designed within Fiji (see appendix supplementary macro 3). Afterwards,
the grey values of combined red and green fluorescence signals (see Intravital Imaging) of
Leishmania overlapping with these of resting T cells and of non-overlapping Leishmania were
extracted via the Imaris software. Subsequently, proliferation indices of Leishmania that are in
contact with T cells were calculated and normalized to the average proliferation index of all

imaged parasites at the site of infection.

Statistical Analysis

Spearman correlations and all comparisons between groups were calculated using the Prism
7 software. Statistical analysis of multiple cell populations was performed with one-way
analysis of variance (ANOVA) with a Tukey post-test for multiple cross-comparisons, or a
Bonferroni post-test for comparison with a control condition, respectively. To analyze the
impact of two different independent variables related to a continual dependent variable, two-
way ANOVA tests were performed, followed by a Bonferroni test. Comparisons with only two
experimental conditions were performed using a Mann Whitney test. P values under 0.05 were
regarded as significant and marked with an asterisk. P values lower than 0.01 or 0.001 were

hence allocated two or three asterisks, respectively.
4.1.4 Immunological Methods

Photoconversion

LmSWITCH parasites in the mouse ear were photoconverted with violet light at 405 nm

wavelength with an assembly of 2x2 LED diodes (half-viewing angle: 15°; Radiant Power:

78



Materials and Methods

10 mW) spaced 5 mm apart. For this, the ears of anaesthetized mice were fixed and illuminated
from each side for 1 minute in a distance of 1.3 cm. The photoconverted parasites were
analyzed after 48 h by flow cytometry, multi-epitope ligand cartography, confocal microscopy
or intravital microscopy. For in vitro analysis of de novo infection, parasites were
photoconverted in 24-well plates via illumination with 405 nm wavelength with an assembly of

3x3 diodes for 1 minute and analyzed after 24 h via flow cytometry.

u

ULEDl ULEDZ UR
€« €« «—

Figure 27: Diode array for photoconversion of L.m.SWTCH | ED specifications: Wavelength; 405 nm;

Half-viewing angle: 15°; Radiant Power: 10 mW,; Forward current: 30 mA; Forward Voltage: 3.8 V.

Flow cytometry

Ears of mice were separated in two sheets (ventral and dorsal) using forceps and enzymatically
digested in RPMI 1640 medium containing 1 mg/ml collagenase and 50 ng/ml DNase for
60 min at 600 rpm and 37°C and passed through a 70 um cell strainer. Cells were centrifuged
at 4°C with 300 g for 10 min. Afterwards, cells were washed with PBS and FACS buffer before
surface staining of cells was done by using surface marker specific antibodies (see chapter
4.2.5). Samples were blocked with Fc-block using anti-CD16/32 antibody (1:25 in FACS buffer)
for 15 min on ice before the antibody staining. Antibodies were applied with a final
concentration of 1:200. LmSWITH infections were analyzed with a FACS ARIA 1l flow
cytometer/sorter using lasers at 405 nm, 488 nm, 561 nm, and 633 nm. Mice infected with
L.m. dsRed were analyzed using a FACS Fortessa flow cytometer using lasers at 405 nm,
488 nm, and 633 nm. Photoconverted or non-photoconverted mKikumeGR fluorescence was
read out at 561 nm excitation and 610/20 nm emission, or 488 nm excitation and 530/30 nm
emission, respectively. An autofluorescence signal was recorded at 488 excitation and

695/40 nm emission. Data were analyzed by using the FlowJo X software.

Bone marrow isolation and cell transfer

Bone marrow cells were isolated from tibia and femur of mice and passed through a 70 um
cell strainer. After centrifugation at 4°C with 300 g for 10 min 8-10 x 107 cells were resuspended

in 300 pl PBS and intravenously injected into the recipient mice 2 or 5 days before the analysis.
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Cell culture infections

Isolated bone marrow cells (see Bone marrow isolation and cell transfer) from either C57BL/6
or CD45.1 wt mice were filtered through a 70 um cell strainer in PBS before they were
differentiated in vitro into macrophages and DCs. For differentiation of macrophages, cells
were centrifuged at RT with 300 g for 5 min and plated in RPMI 1640 supplemented with 10%
FCS and 20% 3T3 cell culture supernatant and incubated at 37°C and 5% CO.. Three days
later, the medium was exchanged for fresh medium and after another four days of incubation
macrophages were harvested by taking the medium and incubating the cell culture plate
afterwards with for 15 min at 37°C with trypsin. Harvested macrophages were used for infection
experiments. DCs were differentiated by culturing isolated bone marrow cells in BM-DC
medium (1x NEAA, 5% FCS, 2 mM L-Glutamin, 50 uyM B-Mercaptoethanol, 50 pg/mi
Gentamycin, 100 U/ml IL-4, 255 U/ml GM-CSF) at 37°C and 5 % CO, for three days.
Afterwards, the medium was exchanged for fresh medium and after another four days of
incubation DCs were harvested by collecting the medium and incubating the cell culture plate

afterwards for 15 min at 37°C with trypsin. DCs were then used for infection experiments.

For infection, differentiated macrophages and DCs from C57BL/6 mice (CD45.2) were pooled
in a ratio of 1:1 and LmSW'T™®H stationary phase promastigotes (opsonized with 5% mouse
immune serum for 30 min at 26°C) were added with a MOI of 5. 24 h later, parasites were
photoconverted (see Photoconversion). Cells were induced with IFNy (0.01 ng/ul) and LPS
(1 pg/ml) and optionally, the nitric oxide synthase INOS was inhibited by addition of 0.023 pg/ul
N6-(1-iminoethyl)-L-lysine hydrochloride (L-NIL). After another 24 h, a 1:1 mixture of CD45.1
macrophages and DCs was added to the cell culture. After 5 h of coculture at 37°C and 5 %,
cells were analyzed by flow cytometry. For isolation of peritoneal macrophages mice were
sacrificed and subsequently 5 ml of cold PBS were injected intraperitoneally. The cell
suspension was aspirated and cells were seeded in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum for infection and live cell imaging. Time-lapse microscopy of cell
culture infections was performed with the use of a DMI6000B inverted microscope or a CellR
imaging workstation using an upright microscope stage (BX61) equipped with a 20x dry
objectives. Images were automatically acquired every 10 minutes and movies were processed

with the Fiji software (NIH, https://imagej.nih.gov/ij/).
Limiting dilutions

Limiting dilutions were performed to analyze parasite burden in the infected ear tissue. To do
so, 10% of cell suspension that was obtained from squeezing the enzymatically digested ears
of L. major infected mice through a 70 pM cell strainer (see Flow cytometry) were centrifuged
(3500 g, 5 min, RT) and resuspended in complete M199 medium. Afterwards parasites were
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diluted 16 times in 1:2 steps and cultured in 100 pl complete M199 medium in parafilm-sealed
96-well plates. This dilution was performed in quadruplicates for every sample. Plates were
incubated for 2 weeks before parasite growth within the single wells was read out via

transmitted light microscopy.

Construction of bone marrow chimera

Recipient mice were anesthetized and irradiated with 13 Gy. Bone marrow cells were isolated
from tibia and femur of two different donor mice and a 1:1 mixture of 2-3 x 10’ bone marrow
cells from both donor mice were injected intravenously into recipient mice. After 8 weeks mice

were infected with L. major.

Depletion of CD11c cells in mice

To enable depletion of CD11c* cells in CD11c-GFP-DTR mice infected with L.m. dsRed,
100 ng/25 g mouse weight of diphtheria toxin was injected intraperitoneally 48 h prior to
analysis. Depletion efficiency was validated by flow cytometry analysis of GFP and CD11c

surface staining of cells isolated from the site of infection.

CD4" T cell isolation and Th1 differentiation

Inguinal, axial, cervical lymph nodes and the spleen were harvested from OT-Il mice. CD4*
T cells were isolated via the CD4 T cell negative isolation Kit. Subsequently cells were seeded
in 24 well plates (2 million/well) with RPMI+10%FCS+1% P/S+10 pg/ml anti IL4 + 10 ng/ml
IL12 and incubated at 37°C and 5% CO:for 72 h. Plates were coated in advance over night at
4°C with 3 ug/ml anti CD3 und 5ug/ml anti CD28 in 1xPBS. After 72 h cells were diluted 1:1 in
warm cell culture medium, split into two wells and incubated for additional 24 h at 37°C and
5% CO:..

T cell labelling

Differentiated T cells were centrifuged (10 min, 300 g, 4°C), washed with PBS and
resuspended in PBS (10 million/ml). SNARF diluted in DMSO was added in a final
concentration of 1:4000 and incubated for 10 min at 37°C. The labelling reaction was stopped
by addition of 10% FCS. Afterwards the samples were centrifuged again and washed with 10%
FCS in PBS. Subsequently cells were washed again with PBS and resuspended in an

appropriate amount of PBS for intravenous injection into infected mice.
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4.1.5 Molecular biology Techniques

Construction of new L. major strains (Transfection of L. major)

Genes of interest were incorporated into the Leishmania DNA via homologous recombination.
Therefore, specific genes were cloned into the pLEXSY hyg2 vector, 30-40 ug DNA were then
linearized by enzymatic digestion with Swal (NEB). Molecules were separated and purified via
agarose gel electrophoresis and L. major were subsequently electroporated with the purified
DNA. For this, Leishmania culture was centrifuged and afterwards washed and resuspended
in cytomix buffer before 5 pg of the purified DNA were added to the parasites and cells were
electroporated two times with a break of 10 sec with a capacity of 25 pyF and a voltage of
1500 V. Electroporated parasites were cultured as described above for 24 h and subsequently
each time 10 pl were plated in 12 well plates filled up with 2 ml complete M199 medium,
additionally appropriate antibiotics were added. Leishmania cultures were sealed air-tight and
incubated for 2 weeks at 26°C before they were screened by transmitted light microscopy for
efficient plasmid incorporation. From wells in which parasite growth could be observed, limiting
dilutions (see Limiting dilutions) were performed to obtain single clones. Afterwards
40.000.000 L. major/ml were stored in 90% FCS and 10% glycerol at -180°C in liquid nitrogen.

Enzymatic digestion of nucleotide sequences

Specific digestion of DNA was implemented by the use of appropriate restriction enzymes from

NEB. Reaction conditions were thereby chosen according to information of the manufacturer.

In this study, the HASPB-OVA sequence as well as a neomycin resistance cassette NeoR were
inserted into the pLEXSY-Hyg?2 (from Jena Biosciences) vector. To this end, the PCR amplified
NeoR gene (see Polymerase Chain Reaction (PCR)) from an pEYFP-N1 vector (Clontech) (see
Vectors and constructs) was first ligated into pS001-pLEXSY_blemKikume (contructed in the
laboratory of Andreas Miuller from the plasmid pLEXSY_I-blecherry3 and the insert
mKikumeGR, which was originally amplified from the pEX-KikumeGR plasmid). Therefore,
PCR product and pS001-pLEXSY_blemKikume were digested with BamHI and Spel. In
parallel HASPB-OVA sequence, de novo synthesized according to Prickett et al., from Eurofins
Genomics, was cloned into pLEXSY-Hyg2 via the restriction sites BGIII and Notl leading to the
pS002- pLEXSY_hyg2 HASPb_OVA plasmid. Subsequently, the generated plasmids were
enzymatically digested with Spel and Notl to ligate the Neo® gene into the pS002-
pPLEXSY_hyg2_ HASPb_OVA. Therefore, the pLEXSY_NEO_HASPb_OVA vector was

generated.

Enzymatically digested vectors were dephosphorylated after enzymatic digestion by addition

of 1 pl antarctic phosphatase (NEB) to the batch. Samples were incubated for 10 min at 37°C
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and the phosphatase was inactivated afterwards for 5 min at 75°C. For efficient transfection of
LmSWITCH gl EXSY_NEO_HASPb_OVA was digested with Swal (see Construction of new
L. major strains (Transfection of L. major)). Afterwards samples were analyzed via agarose gel

electrophoresis (see Agarose gel electrophoresis).

Polymerase Chain Reaction (PCR)

PCR was used to amplify a neomycin resistance cassette from pEYFP-N1 vector (Clontech)
with appropriate restriction sites for cloning into a pLEXSY_hyg2 vector (from Jena
Bioscience). An additional sequence was integrated into the sequence of the forward primer
to amplify a Neo®R gene as used by Jena Bioscience in the pLEXSY system. Template DNA
(PEYFP-N1 vector) (100 ng/ul) was mixed with Coral Load Buffer (1x), Q-Solution (1x), dNTPs
(10 mM), forward and reverse primers (10 mM) and Tag-polymerase (Qiagen). DNA samples
were incubated in a gradient cycler. 34 cycling steps were performed with 94°C denaturing
temperature for 30 sec, 58°C annealing temperature for 30 sec and 72°C extending
temperature for 1 min. PCR products were controlled via agarose gel electrophoresis (see

Agarose gel electrophoresis).
Ligation

The HASPB-OVA sequence with appropriate restriction sites (see Enzymatic digestion of
nucleotide sequences) was ligated into a pLEXSY_hyg2 vector, therefore pS002-
PLEXSY_hyg2 HASPb_OVA was generated. Additionally, amplified Neo® gene was ligated
into the enzymatically digested pS001-pLEXSY_blemKikume vector (see Vectors and
constructs). Afterwards the neomycin resistance cassette was enzymatically digested and
NeoR gene was ligated into the pS002- pLEXSY_hyg2 HASPb_OVA vector to generate
pPLEXSY_NEO_HASPb_OVA, whereby the hygromycin resistance cassette (hyg2) was
exchanged by the neomycin resistance. A insert/vector molecule ratio of 5/1 was used and
mixed with T4 ligation buffer (1x) and T4 ligase (NEB). Samples were incubated for 3 h at RT
or at 16°C over night, before E. coli was transformed with the generated constructs (see

Transformation of E. coli).

Transformation of E. coli

Transformation of E. coli was done with NEB 5-alpha competent E. coli cells. For
transformation of chemically competent E. coli cells, 200 pl of cells were mixed with 1-5 pl of
1 pg-100 ng of the appropriate DNA and incubated on ice for 30 min. Following the heat-shock

at exactly 42°C for 30 sec and cooling on ice for 1-2 min. 500 pl SOC-medium was added to
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the cells and incubated for 1 h at 220 rpm and 37°C. Subsequently bacteria were plated on

LB agar and incubated over night at 37°C on appropriate antibiotics.

Mini- and Maxi-DNA preparation from E. coli

Mini-DNA preparation was done by using the Plasmid Mini Prep-Kits according to
manufacturer’s conditions. For Maxi-DNA preparation the NucleoBond® PC 500 EF Kit was

used according to manufacturer’s instructions.

Agarose gel electrophoresis

For DNA analysis samples were mixed with 5 x DNA loading dye. DNA fragments were
subsequently loaded on a cured 1% agarose gel which was produced in heated TAP buffer
and dosed with 1 ug/ml ethidium bromide. Agarose gel was placed in a BIO-RAD Mini DNA
system which was filled with TAP buffer at 100 V. DNA fragments were visualized by UV light
with the gel documentation station. Quick-Load® 2-Log DNA Ladder (0,1 — 10,0 kb) (NEB) was
used to analyze the size of the DNA fragments.

DNA extraction from agarose gels

DNA extraction from agarose gels was done by using the Nucleo Spin® Extract Il Kit according

to manufacturer’s conditions.

DNA concentration

To determine DNA concentration, DNA was dissolved in ddH.O and concentration was

measured via NanoDrop 2000 spectrophotometer.

4.1.6 Biochemical Methods

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE)

Protein expression was analyzed via discontinuous procedure published by Laemmli [148].
Separating gels (2.25 ml 4x separating buffer, 4.5 ml acrylamid/bisacrylamid (37.5%), 60 pl
APS, 10 pl TEMED, 2.25 ml ddH»0) had an amount of 15% acrylamide. These were overlayed
by a stacking gel of 4% acrylamide (1.05 ml 4x stacking buffer, 0.65 ml acrylamid/bisacrylamid
(37.5%), 30 pl APS, 10 pl TEMED, 2.57 ml ddH20). Leishmania were centrifuged (3500 g,
5 min, RT) before they were resuspended in lysis buffer, incubated for 30 min on ice and
centrifuged for 10 min at 15.000 g. Supernatant was taken and mixed with 5x SDS-loading
buffer before samples were incubated for 10 min at 100°C. After applying the samples onto

the gel, the electrophoretic separation in a Mini-PROTEAN Il unit with 100 V (stacking gel) and
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130 V (separating gel) was ensued. As marker the PageRuler Plus Prestained Protein Ladder

was used. Afterwards gels were used for western blot analysis (see Western Blot).
Western Blot

After electrophoretic separation, proteins were immobilized via a semi-dry western blotting
device on nitrocellulose membranes (Hybond-C Extra). Transfer was implemented using a
Mini-PROTEAN Il unit according to manufacturer’s information. The device was run with
140 mA for 1 h. When the transfer was completed, nitrocellulose membrane was blocked
slowly shaking for 30 min in 3% BSA in PBS. Afterwards membranes were washed 3 x in PBS
with 0,05% Tween (PBS-T). This was followed by adding the primary antibody, polyclonal anti-
OVA antibody, 1:4000 in TBS-T for 1 h at RT shaking slowly, before membranes were washed
again 3 x with PBS-T under fast shaking conditions. Secondary antibody, peroxidase
conjugated affinity pure goat anti-rabbit 1gG, was added then 1:10.000 in PBS-T, slowly
shaking for 1 h at RT. Membranes were washed 3 x in PBS-T subsequently. The membranes
were then developed by incubating with Thermo Scientific Western Blotting Substrate
according to manufacturer’s instructions. Signals from peroxidase were detected by the use

of hyperfilms and the developing machine Cawomat 2000IR.
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4.2 Materials

4.2.1 Used nucleotide sequences (primers and vectors)

Primers

INETGE Nucleotide sequence

GCTTACGGATCCAATATGGGATCGGCCATTGAACAAGATGGATT
Neo pEYFP_fw e

Neo_pEYFP_rev = GCTAACACTAGTTCAGAAGAACTCGTCAAGAAGGC

Vectors and constructs

Name Source

pEX-K4-HASPbOVA Eurofins Genomics

generated in the laboratory of Andreas Miller
_ (Magdeburg) out of pLEXSY _I-blecherry3 (Jena
pS001-pLEXSY_blemKikume o _ ) )
Bioscience) and the insert mKikumeGR, which was

originally amplified from the pEX-KikumeGR plasmid

pLEXSY-Hyg2 Jena Bioscience

pPLEXSY_I-blecherry3 Jena Bioscience

pS002- generated by Sandrina Heyde (see Ligation and
pLEXSY_hyg2 HASPb_OVA Enzymatic digestion of nucleotide sequences)
PEYFP-N1 Clontech

generated by Sandrina Heyde (see Ligation and
pLEXSY_NEO_HASPb_OVA - _ )
Enzymatic digestion of nucleotide sequences)
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4.2.2 Buffers

Cytomix
KCI 120 mM
CaCl, 0.15mM
HEPES (pH 7.5) 25 mM
EDTA 2 mM
MgCl, 5 mM
KoHPO4 10 mM

Fill up with ddH0.

pH 7.6

Lysis buffer
NaCl 05M
MgCl. 0.1M
Tris (pH 7.4) 0.5M
EDTA 50 mM

protease inhibitor cocktail tablet (Roche) 0.5/ml
Fill up with ddH-O.

PBS
NacCl 140 mM
KCI 2.7 mM

Na;HPO, 8 mM
KH2PO4 1.8 mM
pH 7,4

Fill up with ddH:O.

FACS/MACS

FCS  0.5% (w/v)
EDTA 25mM
Fill up with PBS.
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4 x Stacking buffer

Tris 30.2¢g

SDS 29

ddH.O 500 ml
pH 6.8

Separating buffer

Tris 90.759

SDS 2g
ddH20 500 ml
pH 8.8

5x SDS-loading buffer

glycerol 50% (W/v),
Tris 100 mM
SDS 5% (wW/v)

bromophenol blue 1% (w/v)

B-mercaptoethanol 10% (v/v)

Fill up with ddH,O.

Running Buffer (10x)

Glycine 288 g
Tris 60 g
SDS 20 ¢

Fill up with ddH>O to 2 1.

Transfer Buffer (1x)

Glycine 325¢g
Tris 59
Methanol 400 ml

Fill up with ddH20 to 2 1.
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TBS-T
NaNs 0.02%
Tween 0.05%
BSA 0.5%
Tris/HCI (pH 7.5) 50 mM
NaCl 150 mM

Fill up with ddH:O.

TAP Buffer
Tris 242 g
37 % acidic acid 57.1 ml
EDTA 37.3¢

Fill up with ddH20 to 100 ml.
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4.2.3 Kits

Kit

CD4* T cell isolation kit, mouse
Nucleo Spin® Extract Il
Peroxidase detection Kit
Plasmid Mini Prep-Kit

NucleoBond® PC 500 EF Kit

424 Software

Software

Supplier

Miltenyi Biotec
MACHEREY-NAGEL
Thermo Fisher Scientific
Qiagen

MACHEREY-NAGEL

Source/Supplier

deconvolution/deblurring algorithm

DiscIT

Fiji software
FlowJo X software
Imaris

Prism 7 software
RACE tool

ZEN acquisition software

XCOSM software package
Reference [118]

NIH, http://rsb.info.nih.gov/ij/
FlowJo, LLC

Bitplane

GraphPad Inc. Software
Reference [121]

Zeiss


http://rsb.info.nih.gov/ij/

Materials and Methods

4.25 Antibodies

Antibody specifity

Clone/

Clonality

Supplier

Dilution from

CCR2

CD3

CD11b

CD11b

CD11b

CD11c

CD11c

CD11c

CDl11c

CD11c

CD16/32

CD28

CD45

CD45

CD45.1

CD45.1

CD45.1

CD45.1

CD45.2

SA203G11

145

M1/70

M1/70

M1/70

N418

N418

N418

N418

N418

93

2C1137.51

30-F11

30-F11

A20

A20

A20

A20

104

Biolegend

Biolegend

eBioscience
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Bioscience

Biolegend
Biolegend

Biolegend

Biolegend

Biolegend

commercial Label
stock
1:200 FITC
3 ua/ml non-
m
Ha labelled
1:80 Alexa 488
1:200 APC
1:200 APC-Cy7
1:40 Alexa 488
1:80 Alexa 488
1:200 APC
1:200 APC Fire
1:200 PeCy7
non-
1:25
labelled
& La/ml non-
m
Hd labelled
PerCP
1:200
Cy5.5
1:240 FITC
1:200 APC
1:200 APC-Cy7
1:200 BV510
PerCP
1:200
Cy5.5
1:200 APC
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Antibody specifity

Clone/

Clonality

Dilution from

CD45.2
CD45.2

CD45R

CD54 (armenian
hamster)

CD86
class Il MHC
class Il MHC
F4/80
F4/80

Ly6C

goat anti-Armenian
hamster 1I9G (H+L)

ICAM-1

IL-4 (LEAF purified)

ovalbumin

peroxidase conjugated
affini pure goat anti-

rabbit 1IgG

propidium iodide

104
104

RA3-6B3

3E2

GL-1
M5/114.15.2
2G9

BMS8

BMS8

HK 1.4

polyclonal

YN1/1.7.4

11B11

polyclonal

polyclonal

Supplier commercial
stock

Biolegend 1:200

Biolegend 1:200

BD Bioscience 1:240

BD Biosciences 1:100

Biolegend 1:80
Biolegend 1:200

BD Bioscience 1:500

Biolegend 1:200
eBioscience 1:240
Biolegend 1:200
Jackson

1:200
ImmunoResearch
Biolegend 1:120
Biolegend 10 pg/ml
Abcam 1:4000

Jackson Immuno
1:10000
Research

Sigma 1:5000

APC-Cy7
BV510

Alexa 488

non-
labelled

Alexa 488
BV510
FITC
Bv421
Alexa 488

PeCy7

DyLight649

Alexa 488

non-
labelled
non-

labelled

peroxidase
conjugated

non-
labelled
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4.2.6 Biochemical and chemical reagents

2-Propanol

3T3 supernatant

Acetic acid (96% v/v)

Acrylamide/BIS
37.5%/1%

Adenine

Ampicillin

Ammoniumpersulfat (APS)
Chloramphenicol

BD FACS Flow™ Sheath Fluid
BD FACS™ Clean Solution
BD FACS™ Rinse Solution
BD Perm/Wash

Biopterin

Biotin

BM-DC medium (1x NEAA)
B-Mercaptoethanol

Bovine Serum Albumin (BSA) fraction V PAA
Bromophenol Blue
Calciumchloride (CaCly)

Collagenase

Carl Roth

obtained from 3T3 fibroblast cell line
provided by Helmholtz Zentrum fur
Infektionsforschung, Braunschweig

Carl Roth

Carl Roth

Sigma

Carl Roth

Carl Roth

Carl Roth

BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
Sigma

Sigma

Gibco

Gibco

NEB

Carl Roth

Carl Roth

Sigma
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Coral Load Buffer

Deoxyribonucleoside triphosphate (ANTP) Set
Dimethyl sulfoxide (DMSO)

Diphtheria toxin

DNA loading dye

DNase

Ethanol (99% v/v)

Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Fetal Calf Serum (FCS)

Gentamycin

Glycerol

GM-CSF

Hemin

IL-12 (p70), recombinant mouse

IL-4

IFNy
Ketamine
L-Glutamin
LB Agar

LB Medium

Qiagen

Thermo Fisher Scientific
Carl Roth

Sigma

Fermentas
Sigma-Aldrich

Carl Roth

Carl Roth

Carl Roth

Pan Biothech GmbH
Gibco

Carl Roth

obtained from supernatant produced
by cell lines, produced in the lab of
Thomas Blankenstein, MDC, Berlin

Sigma

BioLegend

obtained from supernatant produced
by cell lines, produced in the lab of

Thomas Blankenstein, MDC, Berlin

R&D Systems
Medistar
Gibco

Carl Roth

Carl Roth
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L-Glutamin

LPS (1pg/ml, E. coli O26:B6)
M119 medium

Mouse Immune Serum
NEAA

N6-(1-iminoethyl)-L-lysine hydrochloride (L-NIL)

PageRuler Plus Prestained Protein Ladder

Paraformaldehyde (PFA)

PBS Dulbecco (phosphate-buffered saline,
without (w/0) Ca2+, Mg2+)

Penicillin/Streptomycin (10000U/10000pg/ml)
Poly-L-Lysin
Q-Solution

Quick-Load® 2-Log DNA Ladder (0,1 — 10,0 kb)

1 Carboxylic Acid, Acetate, Succinimidyl Ester
(SNARF)

RPMI 1640 medium

Sea Kem Le Agarose

Serva 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)

SOC-medium
Sodium azide (NaN3)
Sodium chloride (NacCl)

Sodium dodecyl sulfate (SDS)

Gibco

Sigma-Aldrich

Biochrom

recovered from L. major infected mice
Gibco

Sigma-Aldrich

Thermo Fisher Scientific

Carl Roth

Biochrom AG

Biochrom AG Carl Roth
Sigma-Aldrich

Qiagen

NEB

Invitrogen

Merck

BMA

Carl Roth

NEB
Carl Roth
Carl Roth

Carl Roth
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Reagents Source/Supplier

Sucrose Carl Roth

T4 ligation buffer NEB
Tertamethylethylenediamine (TEMED) Carl Roth
Tissue-Tek® O.C.T.™ Compound Sakura

Tris (hydroxymethyl)-aminomethan (Tris) Carl Roth
Triton X-100 Sigma-Aldrich
Trypane Blue Solution (0.4%) Sigma-Aldrich
Trypsine/EDTA Merck Millipore
Tween 20 Carl Roth
Xylazine (Rompun 2%) Bayer

4.2.7 Technical equipment

Equipment Supplier

2-Photon LSM 700 confocal laser scanning

) Zeiss
microscope
Cawomat 2000IR CAWO
CellR imaging workstation Olympus
Centrifuges Hereaus
Confocal microscope TCS SP8 Confocal Leica

DMI6000B microscope equipped with a

Leica, Apogee Instruments
40x/NA1.25 lens and a KX4 CCD camera

Electrophoresis system Mini-PROTEAN® 3 Cell BIO-RAD
Electrophoresis Mini DNA system BIO-RAD

FACS Fortessa BD Biosciences
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Gel documentation station (camera: E.A.S.Y. B-
455-F)

Gradient Cycler

Hyperfilms

Incubator Hera Therm

Incubator Hera Cell 150, CO2 Incubator
LED diodes

Mai Tai DeepSee laser

Milli-Q® Integral Water Purification System
NanoDrop 2000 spectrophotometer
Nitrocellulose membranes, Hybond-C Extra
Semi-dry western blotting device

Sorter FACS ARIA I

Superfrost slides

Time-lapse microscopy DMI6000B inverted

microscope

MM3.2 Toponome Imaging Cycler

Upright microscope stage (BX61)

W Plan-Apochromat 20x/1,0 DIC VIS-IR objective

Herolab

BIO-RAD

Amersham

Thermo Fisher Scientific
Thermo Fisher Scientific
Strato

Spectra-Physics

Merck Millipore

Thermo Fisher Scientific
Amersham

PEQLAB

BD Biosciences

Thermo Scientific

Leica Microsystems

MelTec, Magdeburg
Olympus

Zeiss
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6 Appendix

6.1 Supplementary macro 1: ROl Generator for MELC image

segmentation and analysis

From the image stacks resulting of grey level-coded 2D objects, regions of interest (ROIs) were
generated in three planes spaced 3 micron apart around the Z centre of the stacks using the
Fiji software (NIH, https://imagej.nih.gov/ij/).

roiManager("reset");

run("Clear Results");

zplane=getString("enter Z plane to be analysed", "default")

folder=getString("enter image folder plane to be analysed")

imagesizeX=getString("enter X dimension", "default")

imagesizeY=getString("enter Y dimension", " default )

open("File path and name");

run("Duplicate...", "duplicate range="+zplane+"-"+zplane+"");

run("Set Measurements...", "mean centroid redirect=None decimal=3");

run("Properties...", "channels=1 slices=1 frames=1 unit=inch pixel_width=1 pixel_height=1
voxel _depth=1.0000000");

selectWindow("File name");

close();

selectWindow("File name");

setForegroundColor(0, 0, 0);

for (i=0; i<imagesizeX; i=i+15) {
for (j=0; j<imagesizeY; j=j+15) {
makeRectangle(, j, 1, 1);
run("Measure");
floodFill(i, j);
}

}

selectWindow("File name");
close();

open("File path and name");
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run("Duplicate...”, "duplicate range="+zplane+"-"+zplane+"");
run("Set Measurements...", "mean centroid redirect=None decimal=3");

run("Properties...", "channels=1 slices=1 frames=1 unit=inch pixel_width=1 pixel_height=1
voxel_depth=1.0000000");

selectWindow("File name");
close();
selectWindow("File name");
RegionCount=nResults();
Mean=newArray(RegionCount);
RoiX=newArray(RegionCount);
RoiY=newArray(RegionCount);
for (i=0; i<RegionCount; i++) {
Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);
if (Mean([i]>0) {
dowand(RoiX][i], RoiYTi]);

roiManager("add");

}

open("File path and name");
run("Duplicate...", "duplicate range="+zplane+"-"+zplane+"");
run("Set Measurements...", "mean centroid redirect=None decimal=3");

run("Properties...", "channels=1 slices=1 frames=1 unit=inch pixel_width=1 pixel_height=1
voxel _depth=1.0000000");

selectWindow("File name");
close();

selectWindow("File name");
RegionCount=nResults();
Mean=newArray(RegionCount);
RoiX=newArray(RegionCount);
RoiY=newArray(RegionCount);

for (i=0; i<RegionCount; i++) {
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Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);

if (Mean([i]>0) {

floodFill(RoiX[i], RoiYTi]);

}
}

open("File path and name");

run("Duplicate...", "duplicate range="+zplane+

run("Set Measurements...", "mean centroid redirect=None decimal=3");

+zplane+");

run("Properties...", "channels=1 slices=1 frames=1 unit=inch pixel_width=1 pixel_height=1

voxel_depth=1.0000000");
selectWindow("File name");
close();

selectWindow("File name");

Region

Count=nResults();

Mean=newArray(RegionCount);

RoiX=n
RoiY=n

ewArray(RegionCount);

ewArray(RegionCount);

for (i=0; i<RegionCount; i++) {

flood

}
}

Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);

if (Mean([i]>0) {

Fill(RoiX[i], RoiY[i]);

/IMeasures CD45

run("Clear Results");

selectWindow("File name");
run("Duplicate...", " ");
selectWindow("File name");

setForegroundColor(0, 0, 0);
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for (i=0; i<imagesizeX; i=i+15) {
for (j=0; j<imagesizeY; j=j+15) {
makeRectangle(, j, 1, 1);
run("Measure");
floodFill(i, j);
}

}

selectWindow("File name");
RegionCount=nResults();
Mean=newArray(RegionCount);
RoiX=newArray(RegionCount);
RoiY=newArray(RegionCount);
for (i=0; i<RegionCount; i++) {
Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);
if (Mean[i]>0) {
doWand(RoiX[i], RoiYTi]);

roiManager("add");

}

selectWindow("File name");
RegionCount=nResults();
Mean=newArray(RegionCount);
RoiX=newArray(RegionCount);
RoiY=newArray(RegionCount);
for (i=0; i<RegionCount; i++) {
Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);
if (Mean([i]>0) {
floodFill(RoiX[i], RoiY[i]);

}
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}
/IMeasures CD54

run("Clear Results");
selectWindow("File name");
run("Duplicate...", " ");
selectWindow("File name ");
setForegroundColor(0, 0, 0);
for (i=0; i<imagesizeX; i=i+15) {
for (j=0; j<imagesizeY; j=j+15) {
makeRectangle(, j, 1, 1);
run("Measure");
floodFill(i, j);
}
}

selectWindow("File name");
RegionCount=nResults();
Mean=newArray(RegionCount);
RoiX=newArray(RegionCount);
RoiY=newArray(RegionCount);
for (i=0; i<RegionCount; i++) {
Mean[i]=getResult("Mean", i);
RoiX[i]=getResult("X", i);
RoiY[i]=getResult("Y", i);
if (Mean([i]>0) {
doWand(RoiX[i], RoiY[i]);

roiManager("add");

}

roiManager("Save", " File path and name ");
count=roiManager("count");
for (i=0; i<count; i++) {

roiManager("Select”, i);

run("Area to Line");
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run("Line to Area");
run("Enlarge...", "enlarge=1");
roiManager("Update");

}

roiManager("Save", " File path and name ");

run("Clear Results");

selectWindow("File name ");

close();

selectWindow("File name ");

close();

selectWindow("File name ");

close();

selectWindow("File name ");

close();

selectWindow("File name ");

close();
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6.2 Supplementary macro 2: Data extraction for MELC image

analysis

The mean fluorescence of the cellular and rim ROIs were extracted for each cell and

fluorescence channel using the Fiji software.

roiManager("reset");

run("Clear Results");

zplane=getString("Enter Z plane number")
folder=getString("Enter folder")
chnumberRed=getString("Enter Red channel number")

/lextractCD80=getString("Extract CD807?", "yes=1")

/loads Band Masks
roiManager("Open", " File path and name");
/lloads and measures CD3
open("File path and name");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name "+zplane+".png");
close();
/lloads and measures CD8
open("File path and name"+zplane+".png");
run("Set Measurements...", "area mean median redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}

selectWindow("File name"+zplane+".png");
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close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("MeanCD8", m-count, newparameter);
newparameter=getResult("Median", m);
setResult("MedianCD8", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/lloads and measures NK1.1

open("File path and name"+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");

count=roiManager("count");

for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");

}

selectWindow("File name"+zplane+".png");

close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("MeanNK11", m-count, newparameter);
newparameter=getResult("Median", m);
setResult("MedianNK11", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/Nloads and measures CD45R

open("File path and name"+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");

count=roiManager("count");

for (i=0; i<count; i++) {
roiManager("select", i);

run("Measure");
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selectWindow("File name "+zplane+".png");

close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("MeanCD45R", m-count, newparameter);
newparameter=getResult("Median", m);
setResult("MedianCD45R", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/loads and measures CD11b

open("File path and name "+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");

count=roiManager("count");

for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");

}

selectWindow("File name"+zplane+".png");

close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("CD11b", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/Nloads and measures CD11c

open("File path and name"+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");

count=roiManager("count");

for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");

}

selectWindow("File name"+zplane+".png");
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close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("CD11c", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/Nloads and measures CD45

open("File path and name"+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");

count=roiManager("count");

for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");

}

selectWindow("File name "+zplane+".png");

close();

for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("CD45", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

/loads and measures CD8O0 (if chosen)

/lif (extractCD80==1) {

/lopen("File path and name"+zplane+".png");

/lrun("Set Measurements...", "area mean median redirect=None decimal=3");

/lcount=roiManager("count");

[ffor (i=0; i<count; i++) {

1 roiManager("select", i);
1 run("Measure");
I}

//selectWindow("File name "+zplane+".png");
/lclose();
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/[for (m=count; m<nResults; m++) {

I newparameter=getResult("Mean", m);
/! setResult("CD80", m-count, newparameter);
I}

//1J.deleteRows(count, nResults-1);
/lloads and measures CD86
open("File path and name"+zplane+".png");
run("Set Measurements...", "area mean median redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name"+zplane+".png");
close();
for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("CD86", m-count, newparameter);
}
1J.deleteRows(count, nResults-1);
/loads and measures F4/80
open("File path and name"+zplane+".png");
run("Set Measurements...", "area mean median redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name"+zplane+".png");
close();
for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);

setResult("F480", m-count, newparameter);
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}

1J.deleteRows(count, nResults-1);

/Nloads and measures MHCII

open("File path and name"+zplane+".png");

run("Set Measurements...", "area mean median redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name"+zplane+".png");
close();
for (m=count; m<nResults; m++) {
newparameter=getResult("Mean", m);
setResult("MHCII", m-count, newparameter);
}
1J.deleteRows(count, nResults-1);
saveAs("Results", " File path and name"+zplane+".xIs");
run("Clear Results");
/lclears ROIs and loads cytosol masks
roiManager("reset");
roiManager("Open", " File path and name"+zplane+".zip");
/loads and measures LeishRed
open("File path"+chnumberRed+" File name"+zplane+".png");
run("Set Measurements...", "area mean redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name"+chnumberRed+"_001_0"+zplane+".png");
close();

/lloads and measures LeishGreen
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open("File path and name"+zplane+".png");
run("Set Measurements...", "area mean redirect=None decimal=3");
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("select", i);
run("Measure");
}
selectWindow("File name"+zplane+".png");
close();
for (m=count; m<nResults; m++) {

newparameter=getResult("Mean", m);

setResult("KikGreen", m-count, newparameter);

}

1J.deleteRows(count, nResults-1);

saveAs("Results", " File path and name "+zplane+".xls");

run("Clear Results");

/ldraws a control image of kikRed and Green marker with Cell ROIs
roiManager("reset");

open("L:\AG
Miller\MELC_SEGMENTATION\"+folder+"\\g_PBS_ 2500 "+chnumberRed+" 001 0"+zpla
ne+".png");

open("File path and name"+zplane+".png");

run("Merge Channels...", "c1= File path"+chnumberRed+" File name "+zplane+".png c2= File
name "+zplane+".png");

roiManager("Open", " File path and name"+zplane+".zip");
roiManager("Select", 0);
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("Select", i);
setForegroundColor(255,255,255);
run("Draw");

}

saveAs("Tiff", " File path and name "+folder+"_"+zplane+".tif");
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close();
/ldraws a control image of CD45 and CD11b marker with Marker ROIs
roiManager("reset");
open("File path and name"+zplane+".png");
open("File path"+folder File name"+zplane+".png");
run("Merge Channels...", "c1= File name"+zplane+".png c2= File name"+zplane+".png");
roiManager("Open", " File path and name"+folder+"\Outlines_Plane"+zplane+".zip");
roiManager("Select", 0);
count=roiManager("count");
for (i=0; i<count; i++) {
roiManager("Select", i);
setForegroundColor(255,255,255);
run("Draw");
}
saveAs("Tiff", " File path and name"+folder+"_"+zplane+".tif");
close();

roiManager("reset");
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6.3 Supplementary macro 3: Heat-map generator for the analysis of

APC-T cell interactions by 2-photon microscopy

Imaging data from intravital 2-photon microscopy analysis for APC-T cell interactions were
analyzed via Imaris and Fiji software. Resting T cells were defined by running a heat-map

generating macro script which was designed within Fiji.
Filename=getString("Enter Filename with extension")
Zsize=getString("Enter Z frame number")

Tsize=getString("Enter time frame number, USE ONLY MOVIES OF 28 to 32 FRAMES FOR
CORRECT ANNOTATION")

rename("Bild");

run("Split Channels");
selectWindow("C2-Bild");
run("Close");
selectWindow("C3-Bild");
run("Close");
selectWindow("C1-Bild");
run("8-bit");
selectWindow("C4-Bild");
run("8-bit");
imageCalculator("Subtract create stack”, "C1-Bild","C4-Bild");
selectWindow("C1-Bild");
run("Close");
selectWindow("C4-Bild");
run("Close");
selectWindow("Result of C1-Bild");

rename("TCells");
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selectWindow("TCells");

run("Smooth", "stack");

setThreshold(30, 255);

run("Convert to Mask", "method=Default background=Dark black");

selectWindow("TCells");

run("'Stack to Image5D", "3rd=t 4th=z 3rd_dimension_size="+Zsize+"
4th_dimension_size="+Tsize+" assign");

selectWindow("TCells");

run("Z Project", "start=1 stop="+Tsize+" projection=[Average Intensity] all copy");

run("8-bit");

setMinAndMax(0, 42);

run("Apply LUT", "stack");

rename("'+Filename+"");

run("Duplicate...", "titte=Duplicate duplicate range=1-"+Zsize+"");

run("Stack to Image5D", "3rd=z 4th=ch 3rd_dimension_size="+Zsize+" 4th_dimension_size=1
assign'");

selectWindow("Duplicate");

run("Z Project", "start=1 stop="+Tsize+" projection=[Max Intensity] all copy");

run("8-bit");

setMinAndMax(0, 41);

run("Apply LUT");

run("Fire");

rename("'+Filename+"Projection”);
selectWindow("Duplicate");
close();

selectWindow("TCells");

close();
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