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Summary

In this study we focused on the modulation of autophagy mechanisms in human
monocyte derived macrophages (hMDM) focusing on (i) modulation of autophagy in
pro- (hMDM-1) and anti-inflammatory (hMDM-2) macrophages as prototypic
immunomodulatory cells, (ii) the role of autophagy in antigen processing and
presentation, (iii) the impact of the Leishmania virulence factor GP63 on the host cells’
autophagy machinery and adaptive immunity and (iv) LC3-associated phagocytosis
(LAP) as immune evasion mechanism for Leishmania.

Autophagy in hMDM-1 and hMDM-2 was induced by the chemicals Rapamycin,
AZD8055 and PI-103 as well as by the peptide Tat-Beclin. In general, hMDM-2 were
more susceptible for autophagy induction. Autophagy inhibition was achieved by
Spautin-1 and Wortmannin treatment in both phenotypes and with LY294002 only in
hMDM-1. Using RNA interference to achieve autophagy inhibition, a time- and target-
dependent efficiency of protein reduction was observed. Interestingly, autophagy could
be induced independently of ULK-1 and Beclin-1 in hMDM-1. Autophagy modulation in
hMDM had no impact on Tetanus Toxoid induced T cell proliferation. Surprisingly, we
found hMDM-2 to be superior to hMDM-1 in activating lymphocytes. Proteome and
surface marker analysis revealed higher expression of proteins being involved in
antigen processing and presentation in hMDM-2.

Based on the hypothesis that apoptotic Leishmania (Lm) induce the non-canonical
autophagy pathway LAP resulting in a reduced T cell proliferation, we aimed to
modulate LAP and analyzed the effect on the adaptive immune response. Replacing
apoptotic parasites by LAP inducing stimuli such as zymosan and phosphatidylserine
coated beads suppressed the Leishmania induced T cell proliferation and consequently
enhanced intracellular parasite survival. Analyzing the underlying mechanisms of LAP
in hMDM, inhibition of the NADPH oxidase by DPI blocked LAP induction. In addition,
infection of hMDM with Staurosporine-treated Lm, being ROS positive, increased LC3
conversion which suggests ROS-dependent LAP induction in hMDM. Infection with
apoptotic Lm and zymosan leads to enhanced phagolysosomal acidification, which
might be a potential mechanism for altered antigen processing resulting in a reduced T
cell proliferation.

In conclusion, these data provide a better understanding of autophagy in hMDM being
a potential immune evasion mechanism for Leishmania. The obtained results may
contribute in the development of safe and efficient therapeutic interventions in humans

for the treatment of autophagy-related diseases.






Zusammenfassung

In der vorliegenden Arbeit fokussierten wir uns auf die Modulation von Autophagie
Mechanismen in humanen primaren Makrophagen (hMDM) und untersuchten dabei
folgende Punkte: (i) Modulation von Autophagie in pro- (hMDM-1) und anti-
inflammatorischen (hMDM-2) Makrophagen als prototypische immunmodulierende
Zellen, (ii) die Rolle von Autophagie fur Antigen-Prozessierung und -Présentation, (iii)
den Einfluss des Leishmanien Virulenzfaktors GP63 auf den Autophagieprozess der
Wirtszelle und die adaptive Immunantwort und (iv) LC3-assoziierte Phagozytose (LAP)
als Ausweichmechanismus fir Leishmanien vor dem Immunsystem.

Autophagie konnte mit den Chemikalien Rapamycin, AZD8055 und PI-103 als auch mit
dem Peptid Tat-Beclin in hMDM-1 und hMDM-2 induziert werden. Generell zeigten
hMDM-2 eine starkere Autophagie Induktion. Inhibition wurde durch Behandlung mit
Spautin-1 und Wortmannin in beiden Phenotypen und mit LY294002 nur in hMDM-1
erreicht. Mit Hilfe von RNA Interferenz zur Autophagie Inhibition wurde eine Zeit- und
Target-abhangige Proteinreduktion beobachtet. Interessanterweise konnte Autophagie
unabhangig von ULK-1 und Beclin-1 in hMDM-1 induziert werden. Die Modulation von
Autophagie hatte keinen Einfluss auf die Tetanus Toxoid induzierte T Zell Proliferation.
Uberraschenderweise zeigten hMDM-2 eine bessere Aktivierung von Lymphozyten als
hMDM-1. Proteom- und Oberflachenmarker-Analyse wiesen auf eine hdhere
Expression von Proteinen, die an der Antigen-Prozessierung und -Prasentation
beteiligt sind, in hMDM-2 hin.

Basierend auf der Hypothese, dass apoptotische Leishmanien den nicht-kanonischen
Autophagie-Mechanismus LAP induzieren was zu reduzierter T Zell Proliferation fuhrt,
modulierten wir LAP und analysierten den Effekt auf die adaptive Immunantwort. Das
Ersetzen von apoptotischen Parasiten durch LAP-induzierende Stimuli wie Zymosan
und phosphatidylserin-beschichtete Partikel unterdriickte die Leishmanien-induzierte T
Zell Proliferation und erhohte das intrazellulare Uberleben der Parasiten. Die Analyse
der zugrundeliegenden Mechanismen zeigte, dass die Inhibition der NADPH Oxidase
durch DPI die Induktion von LAP in hMDM blockierte. Weiterhin resultierte die Infektion
von hMDM mit Staurosporin-behandelten Leishmanien, die ROS positiv sind, in einer
erhohten LC3 Konversion, die eine ROS-abhéngige Induktion von LAP in hMDM
suggeriert. Die Infektion mit apoptotischen Leishmanien und Zymosan fihrte zu einer
verstarkten phagolysosomalen Ansduerung, die ein potentieller Mechanismus fir eine
verénderte Antigen-Prozessierung, resultierend in verminderter T Zell Proliferation,

sein konnte.



AbschlieRend liefern diese Daten ein besseres Verstandnis von Autophagie in hMDM
welche als moglicher Ausweichmechanismus fir Leishmanien vor dem humanen
Immunsystem dienen konnte. Die erhaltenen Ergebnisse liefern einen wertvollen
Beitrag zur Entwicklung von sicheren und effizienten therapeutischen Ansatzen zur
Behandlung von Autophagie-bedingten Krankheiten beim Menschen.
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Introduction

1 Introduction

1.1 Autophagy

1.1.1 Historical background

Research on autophagy started more than 60 years ago by the discovery of the
lysosome, a late organelle in the autophagic process (Duve et al.,, 1955). In the
following years, Novikoff and Clark described “dense bodies” harboring organelles,
which were later identified as autolysosomal compartments (Novikoff et al., 1956;
Clark, 1957; Novikoff, 1959). In 1963, de Duve postulated the term “autophagy” as a
sequestration process present in all cell types leading to the degradation of cytoplasmic
content in autophagosomes (Duve and Wattiaux, 1966). Extensive research revealed
that autophagy is induced in nutrient poor conditions and is inhibited by the addition of
amino acids to the culture medium (Mortimore et al., 1983). A huge breakthrough in
understanding the molecular pathway was achieved in the 1990s in Ohsumi’s lab by
screening yeast deletion mutants, which led to the identification of autophagy-related
(ATG) genes and proteins (Takeshige et al., 1992; Tsukada and Ohsumi, 1993; Baba
et al., 1995). Almost twenty years ago, Mizushima postulated that autophagy is
conserved from yeast to mammals (Mizushima et al., 1998a). Until then, autophagy
was monitored by electron microscopy when Kabeya and colleagues discovered the
microtubule-associated protein 1 light chain 3, short LC3, as a marker on
autophagosomes enabling detection by immunofluorescence and Western Blot
(Kabeya et al., 2000). Since then, the number of papers per year increased
exponentially, highlighting important functions of autophagy for health and disease
(Ohsumi, 2014). Ohsumi’s work on the autophagic process was awarded in 2016 with

the Nobel Prize for medicine.

1.1.2 Autophagy in health and disease

Macroautophagy (greek: auto — self, phagein — eating; hereafter referred to as
autophagy) is a self-eating process and a key mechanism to ensure survival during
harsh conditions. The digestion of particles ranging in size from small molecules to
whole organelles is unique and provides the cell with nutrients in times of starvation
ensuring energy homeostasis (Figure 1) (Mizushima et al., 2008; Levine et al., 2011).
Furthermore, the degradation of defect organelles or misfolded proteins prevents the
outcome of neurodegenerative diseases like Parkinson or Alzheimer (Pan et al., 2008;
Lynch-Day et al., 2012; Nixon, 2013). Consequently, mutations in autophagy related
genes are associated with increased risk of developing diseases. Mono-allelic deletion

of Beclin-1, a critical regulator protein of autophagy, has been observed in some
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Introduction

cancers (Choi, 2012; White, 2012). In addition, T300A mutation in ATG16L1 increases
the incidence to develop inflammatory bowel diseases (Salem et al., 2015; Hooper et
al., 2017).

In addition to unselective bulk degradation of endogenous components, autophagy can
target material in a selective manner e.g. mitophagy, peroxyphagy, aggrephagy or
ribophagy. The specific targeting of invading microbes by autophagy receptors such as
p62 and NDP52, called xenophagy, provides an additional cellular defense mechanism
(Samson, 1981; Kirkegaard et al., 2004). These examples highlight the crucial role of
autophagy in cellular wellbeing, which makes it an important target for therapeutic
interventions  (Rubinsztein et al, 2012). So far, the lysosomal inhibitor
Hydroxychloroquine has been used in phase 1 and 2 clinical trials for the treatment of
cancer however the mechanism how autophagy contributes to tumor cell survival is not

yet fully understood (Jiang and Mizushima, 2014; Poklepovic and Gewirtz, 2014).

Initiation Vesicle elongation Maturation Docking and fusion Vesicle breakdown
- and degradation

Isolation membrane

(phagophore) Autolysosome

Autophagosome

Figure 1: The autophagic sequestration process. Induction of autophagy leads to the
formation of a double membrane, called phagophore, which encloses cytoplasmic cargo. Upon
vesicle elongation forming an autophagosome, the fusion with lysosomes building an
autolysosome enables the degradation of engulfed cargo by lysosomal hydrolases (Choi et al.,
2013).

1.1.3 Molecular pathway

So far, more than 30 autophagy-related (ATG) genes and their corresponding proteins
that participate in the process of autophagy have been identified (Mizushima et al.,
2008; Ravikumar et al., 2010) (Figure 2). Nutrient starvation or growth factor signaling
initiates the induction of autophagy by inhibition of mMTOR leading to its dissociation of
the ULK-1 complex. This complex consists of ULK-1/2, ATG13 and FIP200, which
further activates the formation of a double membrane structure, called phagophore
(Chan et al.,, 2007; Chang and Neufeld, 2009; Ganley et al., 2009). Thus far, the
membrane dynamics and the membrane sources of the phagophore are not yet fully
understood. Several membranes serving as nucleation sites of the phagophore have
been proposed like the plasma membrane, mitochondria, Golgi and endoplasmatic
reticulum (Hailey et al., 2010; Ravikumar et al., 2010; Lamb et al., 2013). The formation
of the phagophore requires the class Ill phosphatidylinositol 3-kinase (PI3K) complex,
2
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consisting of Vps34, Vpsl1l5 ATG14 and Beclin-1, which produces phosphatidylinositol-
3-phosphate (PI3P) (Liang et al., 1999; Kihara et al., 2001; Axe et al., 2008; Itakura
and Mizushima, 2014). Membrane-bound PI3P leads to the recruitment of two
ubiquitin-like conjugating systems, which mediate the elongation of the membrane
(Geng and Klionsky, 2008). First, ATG12 is covalently conjugated to ATG5 mediated
by ATG7, an E1 ubiquitin-activating enzyme, and ATG10, an E2 ubiquitin-conjugating
enzyme (Mizushima et al., 1998b). The complex of ATG12-ATGS5 is further stabilized
by ATG16L1 and then associates with phagophores but dissociates from completed
autophagosomes (Mizushima, 2003). The formation of the second complex is initiated
by cleavage of pro-LC3 in LC3 (or LC3-I) by ATG4 (Hemelaar et al., 2003; Tanida et
al., 2004a). Subsequently, ATG7 and ATG3 (E2-like) catalyze the ligation of cytosolic
LC3-1 to phosphatidylethanolamine (PE), forming autophagosome-associated LC3-PE
(or LC3-1l) (Tanida et al., 2004b). Cross-talk between the two complexes has been
suggested and the ATG16L1 complex is believed to facilitate the subcellular location of
LC3-I to the site of its lipidation on the autophagosomal membrane (Fujita et al., 2008).
At the autophagosome, LC3-1l has been shown to possess a dual role, in selecting
cargo for degradation through interaction with adaptor proteins such as p62 and by
promoting membrane tethering and fusion (Nakatogawa et al., 2007; Pankiv et al.,
2007). During maturation, the phagophore closes to an autophagosome, which fuses
with lysosomes forming an autolysosome. The influx of hydrolases and the acidification
of the autolysosomal lumen results in the complete degradation of the enclosed luminal
content together with the inner autophagosomal membrane (Mizushima et al., 2002;
Yang and Klionsky, 2010). So far, only LC3-Il is known to be predominantly associated
with autophagosomes until the formation of an autolysosome and therefore serves as a
widely used marker to monitor autophagy (Kabeya et al., 2000; Mizushima et al., 2010;
Klionsky et al., 2014; Klionsky et al., 2016).
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Figure 2: Molecular process of mammalian autophagy. Upon autophagy inducing signals,
inhibition of MTOR leads to the activation of the ULK-1 complex which phosphorylates Beclin-1.
Subsequently the class Il PI3K complex is recruited and production of PI3P initiates the
formation of the phagophore. The recruitment of two Ubiquitin-like protein complexes (ATG12-
ATG5-ATG16L1 and ATG7-ATG3) promotes the closure of the phagophore to an
autophagosome and the lipidation of LC3-1 to membrane bound LC3-Il. During maturation the
autophagosome fuses with lysosomes resulting in the influx of hydrolases and acidification of
the autophagosomal lumen, which results in the degradation of the engulfed cargo (Cicchini et
al., 2015).

1.1.4 Modulation of autophagy

Building up the autophagosome is a multistep process allowing various possibilities for
intervention and modulation (Figure 2). Under physiological conditions, the best
stimulus for autophagy induction is nutrient starvation. Abundant nutrients and growth
factors are detected by the mammalian target of Rapamycin (mTOR), a nutrient sensor
kinase. Activated mTOR phosphorylates and thereby blocks ULK-1/2 and subsequently
suppresses autophagy induction (Jung et al., 2009). The best known chemical mMTOR
inhibitor is Rapamycin, a lipophilic macrolide antibiotic, which binds to the cytosolic
FKBP12 (immunophilin FK506-binding protein of 12 kDa), thereby inhibiting the kinase
activity of mTOR (Heitman et al., 1991; Noda and Ohsumi, 1998; Kim et al., 2002). In
addition to Rapamycin, AZD8055 is an ATP-competitive mTOR inhibitor which was
already used in clinical trials for anti-tumor therapy and is used in vitro to induce
autophagy (Chresta et al., 2010; Sini et al., 2010; Huang et al., 2011).

A more upstream target to induce autophagy is the inhibition of the class | PI3K
complex, which can be achieved by treatment with the dual PI3K class | and mTOR
inhibitor PI-103 (Fan et al., 2006; Park et al., 2008). Recently, specific autophagy
4
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induction by an autophagy inducing peptide, Tat-Beclin, was shown. This peptide is
based on the Beclin-interacting sequence with the HIV-1 virulence factor Nef (Shoji-
Kawata et al., 2013).

On the other hand, current strategies to block autophagy predominantly target (i) the
inhibition of the class Il PISK complex, (ii) the disruption of lysosomal functions or (iii)
the blocking of ATG protein expression (Vinod et al., 2014). The most commonly used
autophagy inhibitor is 3-Methyladenine (3-MA) targeting the class Il PI3K complex
(Seglen and Gordon, 1982; Miller et al., 2010; Workman and van Montfort, 2010). In
addition to 3-MA, LY294002 and Wortmannin both inhibit the Vps34 kinase in the class
[l PI3K complex and subsequently prevent autophagic sequestration (Arcaro and
Wymann, 1993; Blommaart et al., 1997). Furthermore, a novel chemical autophagy
inhibitor, Spautin-1, was described. Spautin-1 was shown to increase the ubiquitination
of Beclin-1 leading to its degradation through the proteasomal pathway. Treatment with
Spautin-1 was shown to reduce the amount of GFP-LC3 puncta per cell (Liu et al.,
2011; Mateo et al.,, 2013). Furthermore the degradation of autophagosomes
(autophagic flux) can be blocked by Bafilomycin Al. Bafilomycin Al blocks the
lysosomal V-ATPase, thereby preventing the acidification of lysosomes (Yoshimori et
al., 1991; Yamamoto et al., 1998).

1.1.5 LC3-associated phagocytosis

In addition to the canonical autophagy process described above, LC3 can be recruited
to single membrane compartments in a process called LC3-associated phagocytosis
(LAP) (Figure 3). In general, canonical autophagy and LAP require the same molecular
machinery. In contrast to autophagy, LAP is triggered from outside the cell via receptor
engagement leading to particle uptake in single membrane compartments. Autophagy
is initiated via intracellular signals or the regulation by mTOR resulting in the formation
of a double membrane structure (Florey et al., 2011).

LAP is triggered after receptor engagement and similar to canonical autophagy, the
recruitment of LC3-Il to the phagosome is dependent on Beclin-1 and class Il PI3K
activity whereas mTOR signaling and the ULK-complex are dispensable. Furthermore,
both of the ubiquitin-like conjugating systems are required for LAP, as cells lacking
either ATG5 or ATG7 fail to recruit LC3 to phagosomes (Sanjuan et al., 2007; Martinez
et al., 2011; Henault et al., 2012). Thus far, there are several receptors known which
are involved in the initiation of LAP. Activation of TLR1, TLR2 and TLR4 by particles
like zymosan or LPS- and PAM3CSK4-coated beads was shown to result in LC3
recruitment to single membrane phagosomes (Sanjuan et al., 2007). The recognition of
DNA-containing immune complexes (DNA-IC) by Fcy receptor and subsequent TLR9

activation required LAP for the secretion of type | interferons such as IFN-a (Henault et
5
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al., 2012). Besides TLR stimulation, also engagement of Dectin-1 by B-glucan from
fungal cell walls was shown to trigger LAP resulting in rapid lysosomal maturation (Ma
et al., 2012; Mansour et al., 2013). Furthermore, LAP in macrophages is induced upon
uptake and clearance of apoptotic cells mediated by the phosphatidylserine (PS)
receptor T cell immunoglobulin domain and mucin domain protein-4 (TIM4) resulting in

the production of anti-inflammatory cytokines (Martinez et al., 2011).

Apoptotic

i cells
DNA-ICs Bacteria Yeast

arG7-a1c3 @RP
() Pi3Kcomplex ATG12-ATG5-ATG16L1 @

Figure 3: LC3-associated phagocytosis (LAP). LC3-associated phagocytosis is induced
through receptor engagement by FcyR, Dectin-1, TLRs or TIM4. The internalization of receptor
and bound particles results in the recruitment of the class Il PI3K complex and NOX2,
producing ROS, to the phagosomal membrane. Subsequently, the ATG12-ATG5-ATG16L1 and
the ATG7-ATG3 complex mediate the formation of membrane bound LC3-1l. Enhanced
phagosomal maturation and fusion with lysosomes efficiently degrades the engulfed cargo and
provides presentation of antigens on major histocompatibility complex Il (MHC-II) molecules
(adapted from Mehta et al., 2014).

Recently, Martinez and colleagues identified Rubicon as a molecular switch between
the repression of macroautophagy and the activation of LAP. In the absence of
Rubicon, the activation of a specific class Ill PIS3K subcomplex containing UVRAG (UV
radiation resistance-associated gene), and subsequently the recruitment of LC3, was
impaired (Martinez et al., 2015). Rubicon was suggested to interact with proteins of the
NADPH oxidase complex that were already demonstrated to be important for LAP

induction (Yang et al., 2012). The activation of TLRs initiates the production of reactive
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oxygen species (ROS) by NOX2, an isoform of the NADPH oxidase in macrophages
(Huang et al, 2009). NOX2 is composed of the integral membrane-bound
NOX2/gp91P"* and p22°" and a complex of cytosolic components p67°", p47P",
p40P"* and Rac2 (Nauseef, 2008). PI3P production of activated class Ill PI3K recruits
the soluble oxidase component p40°"™*. Furthermore, Rubicon binds p22”** and
thereby stabilizes the oxidase complex directly. The activated complex transfers
electrons from the substrate (NADPH) through a flavin and heme group to oxygen
inside the phagosome, building superoxides (Panday et al., 2015). The production of
ROS is necessary for the recruitment of ubiquitin-like conjugating systems mediating
the membrane attachment of LC3. LC3 on the LAPosome enhances maturation
resulting in phagosomal fusion with lysosomes and a rapid and efficient degradation of
the engulfed cargo.

The activity of NOX2 can be inhibited by Diphenyleneiodonium (DPI), an uncompetitive
inhibitor of flavoproteins (Riganti et al., 2004). On the other hand, LAP induction via
TLR2 engagement induced by zymosan, a glucan found in the cell wall of fungi like
yeast, is commonly used. Stimulation of macrophages with zymosan results in a pro-

inflammatory response and cytokine secretion (Sato et al., 2003; Du et al., 2006).

1.2 Macrophages

1.2.1 Macrophage subtypes and their activation

Macrophages (MFs), discovered in 1882 by the Russian zoologist Elie Metchnikoff, are
found in all tissues and serve as a first line of defense against invading microbes
(Nathan, 2008). They originate from hematopoietic stem cells in the bone marrow and
are released into the circulation as macrophage precursor cells called monocytes
(Murray and Wynn, 2011). In steady state, they enter the tissue to differentiate in either
(anti-inflammatory) MFs or dendritic cells and replenish the long-lived, tissue resident
populations (Gordon and Taylor, 2005). Furthermore, they can be specifically recruited
to the side of infection by chemotaxis (Jones, 2000). Once in the tissue, MFs are
exposed to a whole bunch of stimulatory and suppressive signals. Depending on the
local stimuli, MFs adopt context-dependent phenotypes that either promote or inhibit
immunity and inflammatory responses (Adams and Hamilton, 1984). The term
“activated macrophage” was introduced by Mackaness in the 1960s, which can be
further subdivided in classically activated MFs (M1) or alternatively activated MFs
(M2a, M2b, M2c) promoting either Thl or Th2 responses and resulting in different
disease outcome (Mills et al., 2000; Mantovani et al., 2004).

Stimulation with pro-inflammatory molecules such as IFN-y, secreted by activated Th1

cells or NK cells, in combination with TLR activation by e.g. LPS and production of
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TNF-a by the macrophage itself, leads to M1 polarization (Mosser, 2003; Mantovani et
al., 2004). Those classically activated MFs produce pro-inflammatory cytokines like IL-
18, IL-6, IL-12, TNF and IL-23 (Verreck et al., 2004; Mosser and Edwards, 2008).
Furthermore, co-stimulatory molecules and proteins involved in antigen processing and
presentation become upregulated favoring an inflammatory Thl mediated immune
response (Martinez and Gordon, 2014). M1 possess an antimicrobial arsenal like
production of reactive oxygen species (ROS) that mediate host defence from a variety
of bacteria, protozoa and viruses and have roles in anti-tumor immunity (Mackaness,
1962; Murray and Wynn, 2011). In vitro stimulation of monocytes with granulocyte
macrophage colony-stimulating factor (GM-CSF) leads to the differentiation into MFs
with a pro-inflammatory cytokine profile (Burgess and Metcalf, 1980; Verreck et al.,
2004).

Besides classical activation, all other stimuli leading to macrophage polarization were
termed as alternative activation. Stimulation with IL-4 and IL-13, secreted by Th2 cells,
eosinophils or basophils, leads to M2a polarization which possesses tissue repair
effector functions (Stein et al.,, 1992). These MFs are more susceptible to some
intracellular infections such as Mycobacterium tuberculosis or Leishmania (Kropf et al.,
2005; Harris et al.,, 2007). Furthermore, stimulation of monocytes with IgG
immuncomplexes in combination with TLR ligands such as LPS, retains high
expression of inflammatory cytokines (IL-1, IL-6, TNF) in combination with an IL-10"%"
and IL-12'" profile (Gerber and Mosser, 2001; Mantovani et al., 2004). Those MFs,
also termed M2b or regulatory macrophages, are potent inhibitors of inflammation
(Mosser and Edwards, 2008). Stimulation of monocytes with Glucocorticoids and IL-10
is referred to as M2c macrophage polarization. Glucocorticoids are released by adrenal
cells in response to stress and inhibit inflammatory functions of MFs. Those MFs
secrete IL-10 and TGF-f leading to immune suppression and induce the development
of regulatory T cells (Mantovani et al., 2004; Mosser and Edwards, 2008). IL-10
producing macrophages possess a high capability for the clearance of apoptotic cells
(Xu et al.,, 2006). In general, alternatively activated MFs counteract the pro-
inflammatory functions of M1 MFs providing immune regulation as well as immune
inhibition by promoting Th2 responses. Additionally, they are essential in helminth
killing and tissue remodeling although interaction with mast cells, basophils,
eosinophils, NKT cells and IgE promotes allergy and hypersensitivity (Gordon and
Martinez, 2010; Locksley, 2010). In vitro stimulation of monocytes with macrophage
colony-stimulating factor (M-CSF) leads to the differentiation into MFs with an anti-
inflammatory cytokine profile and features of M2 macrophages (Verreck et al., 2004;
Lacey et al., 2012).
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1.2.2 MFs are professional phagocytes and mediators of adaptive immunity

A major factor that differentiates professional from non-professional phagocytes is the
multitude of surface receptors pattern-recognition receptors such as the Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), DNA
sensing receptors or retinoic acid inducible gene | (RIG-I) like receptors that detect
signals that are not normally found in healthy tissue (Murray and Wynn, 2011).
Receptor triggering by foreign material like pathogens results in their engulfment in
phagosomes. During phagosome maturation, phagosomes fuse with lysosomes
resulting in pH acidification (4 — 4.5) and the influx of proteases generically called
cathepsins (Blum et al., 2013). These conditions mediate the denaturation of engulfed
material by proteolytical cleavage producing peptides of >11 amino acids for
presentation on MHC-II molecules (van Kasteren and Overkleeft, 2014; Rossjohn et al.,
2015). MHC-II molecules are restricted to antigen presenting cells (APC), whereas
MHC-1 molecules are abundantly expressed on all cell types as they are loaded with
cytosolic, proteasomal processed peptides of 8-10 amino acids containing a broad
spectrum of self-peptides which are presented to CD8" T cells (van Kasteren and
Overkleeft, 2014; Rossjohn et al., 2015). Prior of antigen loading to MHC-II molecules,
the invariant chain (li) which occupies the binding groove needs to be removed. MHC-
Il, being assembled in the endoplasmatic reticulum of a- and p-chains associated with
the li, is transported to MHC class Il compartments (MIIC) (Neefjes et al., 1990). The li
is processed by Cathepsin S, resulting in a 25 aa class-Il associated invariant chain
peptide (CLIP) that is exchanged by Cathepsin V and the chaperone HLA-DM for a
high affinity peptide (Tolosa et al.,, 2003; van Kasteren and Overkleeft, 2014).
Subsequently, the peptide-MHC complex is transported to the cell surface for immune
surveillance by CD4" T cells (Neefjes et al., 2011). T cell activation requires at least
two signals namely the complex of a peptide and a MHC molecule binding the T cell
receptor (TCR) and a second co-stimulatory signal e.g. the binding of CD80 (B7-
1)/CD86 (B7-2) or CD40 on APCs to CD28 or CD40L on T cells (Medzhitov and
Janeway, JR, 2000) (Figure 4). The surface expression of co-stimulatory molecules on
APCs is induced by TLRs upon recognition of their cognate pathogen-associated
molecular pattern (PAMP) in the presence of infection leading to the activation of
pathogen-specific T cells (Medzhitov and Janeway, JR, 2000).

In addition to the classical phagolysosomal pathway, also conventional autophagy and
LC3-associated phagocytosis can be involved in antigen processing. In the case of
autophagy processing of endogenous antigens for MHC-II presentation takes place,
which is also known as cross-presentation (Munz, 2016a). Thereby, these pathways
are directly associated with pathogen recognition, autolysosomal degradation and the

induction of an adaptive immune response (Dengijel et al., 2005; Munz, 2016b) (Figure
9
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4). Especially for professional phagocytes like macrophages, the autophagic
sequestration process is of great importance. Autophagy ensures the macrophages’
homeostasis as they are faced with changes in nutrient and oxygen availability when
they enter inflamed or tumor tissues and mediates pathogen degradation (Martinez et
al., 2013). Furthermore the pre- or absence of autophagy influences macrophage
polarization as impaired autophagy promotes pro-inflammatory macrophage generation
(Liu et al.,, 2015). Facing Mycobacterium tuberculosis infection, IFN-y induced
autophagy eliminates the bacterial infection whereas exposure of macrophages to Th2
cytokines like IL-4 or IL-13 abrogates autophagy leading to failure of pathogen control
(Harris et al., 2007; Matsuzawa et al., 2012).

T cell

CD40L

Immunological

synapse Antigen /

pathogen

MHC-II  cD80/
€40 I CD86 Endocytosis @

LC3-associated
phagocytosis

Autophagy

MHC-II Macrophage

Figure 4. MHC-II antigen processing and presentation pathways. Antigens or pathogens
from extracellular sources are taken up in a non-specific way in endosomes or by receptor
engagement in phagosomes, whereas intracellular cargo is targeted by conventional
autophagy. Endolysosomal, phagolysosomal or autophagolysosomal antigen processing
provides peptides for MHC-II presentation. The class-ll-associated invariant chain peptide
(CLIP), which is derived from the MHC-IlI-associated invariant chain (li) is replaced by a high
affinity peptide. The MHC-II-peptide complex presents antigens to CD4" T cells. In addition to
MHC-II-TCR recognition, T cell activation requires co-stimulatory signals such as the binding of
CD40 or CD80/CD86 on APCs to CD40L or CD28 on T cells (adapted from Greenwood et al.,
2006; Kobayashi and van den Elsen, 2012).
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1.3 Leishmaniasis

1.3.1 Epidemiology

Leishmaniasis is caused by the protozoan vector-born parasites of the genus
Leishmania, which are transmitted by the bite of infected female sandflies (mainly of
the subfamily Phlebotominae or Lutzomyia) (Goto and Lauletta Lindoso, 2012).
According to the WHO it is classified as neglected tropical disease which is endemic in
more than 90 countries in the tropics, subtropics and southern Europe (Figure 5).
Leishmaniasis affects currently over 350 million, mainly economically disadvantaged
people in many developing countries. Roughly, 12 million people suffer from the
disease with about 1.3 million new infections and over 20.000 deaths annually (CDC,
02-2017, WHO, 02-2017). Leishmaniases rank among the top three most common
travel-associated skin diseases. Although the disease prevails in tropical and
subtropical areas, globalization and global warming allows the sandflies to spread also
in non-endemic areas. Recently, a sandfly of the subfamily Phlebotominae was
reported in the German state of Hesse (Stebut, 2015).

[ Visceral

Cutaneous and X o/ ‘-
oo leishmaniasis &~

mucocutaneous
leishmaniasis

[ Cutaneous
leishmaniasis

Figure 5: Geographical distribution of cutaneous and mucocutaneous (left) and visceral
leishmaniasis (right) (DNDi — drugs for Neglected Diseases initiative, 02-2017).

1.3.2 Clinical manifestations
Leishmaniasis can be subdivided in three clinical manifestations of the disease caused
by infection with different Leishmania (L.) subspecies. Furthermore, the immunological
status of the affected patient influences the disease outcome.
The most common (ca. 90%) and least severe form is cutaneous leishmaniasis (CL),
mainly caused by Leishmania major (Lm), L. tropica, L. mexicana or L. aethiopica. CL
is characterized by skin lesions ranging from disseminated, non-ulcerative, nodular
lesions to chronic, ulcerative lesions on exposed parts of the body. In
immunocompetent individuals, CL is self-healing within 6-18 months leaving permanent
scars (Goto and Lauletta Lindoso, 2012). The second form, mucocutaneous
11
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leishmaniasis (MCL), is caused by L. baziliensis and occurs mainly in South America.
MCL is leading to partial or total destructive lesions of the mucous membranes of the
nose, mouth and throat cavities and surrounding tissue. It can occur months to years
after the resolution of CL and is associated with inadequate treatment of the primary
infection (Stebut, 2015); WHO, 2017). The third and most severe form is visceral
leishmaniasis (VL), also known as kala-azar or black fever and is fatal if left untreated.
VL is typically caused by L. donovani (India and Africa), L. infantum (Mediterranean)
and L. chagasi (Latin America). Disease outcome is characterized by irregular bouts of
fever, substantial weight loss, anemia and swelling of the spleen and liver due to
parasitic infection. Several years after healing of VL, patients can develop post kala-
azar dermal leishmaniasis (PKDL), which is characterized by a rush of papular, nodular
or macular skin lesions. PKDL patients are considered to be a potential pathogen
reservoir (WHO, 2017). Especially co-infection of Leishmania and HIV leads to
increased incidence of developing a severe form of leishmaniasis (Lindoso et al.,
2016).

1.3.3 Therapy

In the case of cutaneous ulcers, local treatment is sufficient whereas for invasive
lesions, mucosal involvement or visceral leishmaniasis, a systemic therapy is required.
The selection of therapy is dependent of the causative Leishmania subspecies as well
as on the severity of the disease and the immune status of the patient. The most
commonly used drugs are pentavalent antimonials, Amphotericin B, Paromomycin,
Pentamidine, Miltefosine, Imigquimod or Azoles (McGwire and Satoskar, 2014). While,
these interventions have severe toxic side effects, poor patient compliance and the
emergence of drug-resistant strains is rapidly increasing, new therapies against
leishmaniasis are needed (Kumar and Engwerda, 2014). Besides drugs, cryo-therapy
with liquid nitrogen application directly to the cutaneous lesion or heat therapy (50°C for
30 sec) is used (McGwire and Satoskar, 2014). To date, there are no vaccines
approved for general use but there are numerous attempts to develop a successful
one. Those can be divided in three categories: (1) live attenuated Leishmania vaccines,
including genetically modified strains, (2) killed parasite vaccines and (3) defined
vaccines consisting of recombinant proteins, immunogenic surface antigens, DNA or a

combination of them (Kumar and Engwerda, 2014; Srivastava et al., 2016).
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1.4 Leishmania

1.4.1 Taxonomy

The protozoan parasites of the genus Leishmania belong to the class of Kinetoplastea
and the family of Trypanosomatidae. In 1903, Ronald Ross classified the genus
Leishmania, named after William Boog Leishman due to his method of staining blood
for malaria and other parasites (Rioux et al., 1990; Akhoundi et al., 2016). Leishmania
species are unicellular, obligate intracellular parasites with a well-defined nucleus, a
large DNA-containing mitochondrium (kinetoplast) and a flagellum (promastigote form).

1.4.2 Lifecycle

Leishmania are protozoan parasites which sustain their life cycle through transmission
between the intestinal tract of a sandfly and phagocytes in a mammalian host (Figure
6). Among this life cycle, Leishmania pass in two different life stages, namely the
promastigote and the amastigote form. In the midgut of the sandfly, Leishmania
procyclic promastigotes proliferate and differentiate into infective, non-dividing
metacyclic promastigotes in a process called metacyclogenesis (Giannini, 1974).
Therefore typical environmental parameters of the sand fly midgut as alkaline pH and
temperatures between 22°C and 28°C are necessary (Zilberstein and Shapira, 1994).
During blood meal, the sandfly regurgitates about 100-3000 metacyclic promastigotes
together with immunomodulatory parasite-derived proteophosphoglycans and various
salivary components (Warburg and Schlein, 1986; Kaye and Scott, 2011).

Once in the skin, the majority of parasites is killed in the extracellular tissue by
complement mediated lysis (Mosser and Edelson, 1984). Remaining parasites are
phagocytosed by resident skin macrophages, dendritic cells or rapidly infiltrating
polymorphonuclear neutrophil granulocytes (PMN) as a first line of immune defense
towards invading pathogens (Laskay et al., 2003). Neutrophils are attracted to the side
of infection by the release of a soluble Leishmania chemotactic factor (LCF) (van
Zandbergen et al., 2002). The neutrophils engulf the virulent inoculum of Leishmania
comprising a mixture of viable and apoptotic parasites, of which the latter ones are
crucial for disease development (van Zandbergen et al., 2006). The uptake of apoptotic
cells, characterized by phosphatidylserine (PS) on their surface, represents a “no
danger” signal to immune cells. Hence, a silent phagocytosis of the parasite takes
place thereby suppressing innate intracellular antimicrobial mechanisms. Furthermore,
the release of cytokines such as TGF-B and IL-10 creates an anti-inflammatory
environment (Voll et al., 1997; Huynh et al., 2002; van Zandbergen et al., 2007).
Additionally, the rapid and spontaneous apoptosis of neutrophils is delayed up to two

days, providing a transient shelter for Leishmania (Aga et al., 2002).
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Subsequently, macrophages are recruited to the side of infection by the release of
macrophage inflammatory protein-1 (MIP-13) from infected neutrophils. Macrophages
favor neutrophil apoptosis by membrane TNF and clear the tissue from apoptotic cell
corpses (Menten et al., 2002; Allenbach et al., 2006). The uptake of infected and
apoptotic neutrophils provides a silent entry mechanism (“Trojan horse strategy”) for
the parasites into their final host cells, the macrophages (Laskay et al., 2003). Another
study revealed that Leishmania-containing neutrophils were not directly phagocytosed
by macrophages. However, in neutrophil depleted mice, macrophages are able to
directly take up parasites (Peters et al., 2008; Charmoy et al., 2010). Inside
macrophages, promastigotes delay the phagolysosomal biogenesis by
lipophosphoglycan (LPG), present on the membrane of the parasites, to allow the
adaption to the acidic conditions (Desjardins and Descoteaux, 1997; Rodriguez et al.,
2006). The parasitophorous vacuole is characterized by a pH of 4.7-5.2 (Antoine et al.,
1990), lysosomal hydrolases (Prina et al., 1990), lysosomal-membrane markers LAMP-
1 and LAMP-2 (Russell et al., 1992), a proton ATPase (Sturgill-Koszycki et al., 1994)
and MHC class Il molecules (Lang et al., 1994). This acidic and warmer (32-37°C
subcutaneous-visceral) environment of phagolysosomal compartments initiates the
transformation of metacyclic promastigotes into the aflagellate amastigote form
(Zilberstein and Shapira, 1994). This differentiation process starts within the first 5-12
hours after phagocytosis and is completed on day 2-5, depending on the infecting
strain (Courret et al., 2002). Amastigotes are adapted to survive the harsh lysosomal
conditions and can even start replication. After cell burst, they can infect further
macrophages and are responsible for disease development. During another blood
meal, the sandfly takes up amastigote-infected phagocytes which can redifferentiate
into infectious promastigotes in the sandfly’s midgut completing the Leishmania life
cycle (Kaye and Scott, 2011).
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Figure 6: Life cycle of Leishmania. Leishmania procyclic promastigotes proliferate in the
midgut of the sandfly into metacyclic promastigotes which are transmitted by bite of a sandfly to
a mammalian host. Within the skin, Leishmania are taken up by phagocytes such as
neutrophils, dendritic cells or macrophages into a phagolysosomal compartment. Due to the
environmental changes, promastigotes transform into aflagellate, disease propagating
amastigotes that undergo replication. Amastigotes can infect surrounding cells or can be taken
up again by a second bite of a sandfly (Kaye and Scott, 2011).

In vitro, the growth of Leishmania promastigotes is characterized by two distinct growth
stages, namely the logarithmic phase (log. phase, day 2-3, low virulence, mainly viable
parasites) and the stationary phase (stat. phase, day 6-8, highly virulent, mixture of
viable and apoptotic parasites) causing disease (Sacks and Perkins, 1984; da Silva
and Sacks, 1987). The presence of about 50 % apoptotic promastigotes in the stat.
phase enables survival of non-apoptotic Leishmania promastigotes in the virulent

inoculum (van Zandbergen et al., 2006).
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1.4.3 Macrophage receptors mediate Leishmania uptake

As Leishmania are obligate intracellular pathogens, their entry in macrophages as final
host cell for parasite development and division is crucial for disease progression.
Leishmania can enter macrophages either by the “Trojan Horse” strategy in apoptotic
neutrophils or via direct binding to macrophage surface receptors (Ueno and Wilson,
2012). There are several receptors on macrophages reported to be responsible for
Leishmania uptake such as complement receptors 1 and 3 (CR1 and CR3), mannose
receptor (MR), fibronectin receptor (FnR) or Fcy receptors (Mosser and Rosenthal,
1993; Kane and Mosser, 2000).

Opsonic serum complement enabling uptake via complement receptors is important for
parasite adhesion to MFs and improves parasite survival (Mosser and Edelson, 1987;
Mosser et al., 1992). Leishmania activate the complement component C3 to C3b and
opsonization with the inactive form of this component (iC3b) mediates uptake via CR3
(Mosser and Edelson, 1985). CR3 (CD11b/CD18) contains two binding sites, one for
particles opsonized with iC3b and second a complement independent lectin binding
domain (Ehlers, 2000). In contrast, opsonization with C3b provides uptake via CR1
(CD35) (Da Silva et al., 1989; Rosenthal et al., 1996). Interaction with this receptor is
only transiently because C3b is immediately cleaved to iC3b by either factor 1 of CR1
or by leishmanial GP63. Consequently, CR3-dependent recognition is predominant for
parasite adhesion and uptake (Brittingham et al., 1995; Kane and Mosser, 2000).
Triggering of CR1 or CR3 does not induce inflammatory responses such as respiratory
burst (Wright and Silverstein, 1983; Da Silva et al., 1989), IL-12 secretion (Marth and
Kelsall, 1997) and inhibits accumulation of phagosome maturation markers like LAMP-
1 and Cathepsin D (Podinovskaia and Descoteaux, 2015).

In the absence of complement, the Leishmania surface molecules lipophosphoglycan
(LPG) and GP63 are describes as attachment factors that mediate adhesion to MFs
(Handman and Goding, 1985; Rizvi et al., 1988; Russell and Wright, 1988). The highly
glycosylated LPG serves as a ligand for the mannose receptor but can also bind to the
lectin site of CR1 and CR3 (Blackwell, 1985). In contrast to CR1 and CR3, the MR is
not located in lipid microdomains containing cholesterol (Pucadyil and Chattopadhyay,
2007) and is mainly involved in the uptake of non-metacyclic promastigotes (Wilson
and Pearson, 1988; Ueno and Wilson, 2012). The MR, FnR and Fcy receptor are
associated with an inflammatory response triggering a respiratory burst by activation of
the NADPH oxidase (Linehan et al., 2000; Podinovskaia and Descoteaux, 2015).

1.4.4 The Leishmania virulence factor GP63
Leishmania express two predominant surface molecules, a zink metalloprotease,

referred to as leishmanolysin or GP63 (Etges et al., 1986; Button and McMaster, 1988)
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and a lipophosphoglycan, also known as LPG (King et al., 1987). Focusing on GP63, it
is a glycophosphatidylinositol (GPI) anchored metalloprotease belonging to the
metzincin class (Schlagenhauf et al., 1998), which is characterized by a sequence
motif HExxHxxGxxH and an N-terminal pro-peptide (Yiallouros et al., 2002). To avoid
self-destruction by active GP63, a cysteine residue in the pro-peptide binds the zinc
atom at the active site thereby inhibiting enzyme activity (Macdonald et al., 1995).
GP63 is abundantly expressed on promastigotes but gets downregulated during life
stage transformation to amastigotes (Medina-Acosta et al., 1989; Frommel et al., 1990;
Schneider et al., 1992). It was shown that each promastigote contains 5x10° GP63
molecules on its surface (Bouvier et al., 1985). The proteolytical activity of GP63
ensures promastigote survival by cleavage of the complement component C3 to C3b
and iC3b and thereby provides opsonization for uptake by CR1 and CR3 (Brittingham
et al.,, 1995). In addition, GP63 mediates protection of amastigotes by inhibiting
phagolysosomal degradation of proteins entrapped in GP63-coated liposomes
(Chaudhuri et al.,, 1989). Furthermore, GP63 can cleave host cell proteins and
consequently influences signaling pathways of the macrophage which affect
downstream transcription factors (Gomez et al., 2009; Olivier et al., 2012). Already in
the 1980s it was postulated that an increased GP63 expression correlates with higher
infectivity (Kweider et al., 1987; Yao et al., 2003). The stated properties of GP63 make
it an attractive target for further research; hence the group of McMaster used targeted

gene deletion to generate a GP63 knockout strain (Joshi et al., 1998).

1.4.5 Adaptive immunity in response to Leishmania infection

The immunological response to Leishmania is mainly mediated by T cells (Sharma and
Singh, 2009). From studies in phenotypically predisposed mice it is known, that a
strong Thl response (secretion of IFN-y and IL-2) in C57BL/6 mice leads to parasite
elimination whereas leishmaniasis susceptible Balb/c mice possess disease-mediating
CD4" T cells that exhibit a Th2 cytokine profile (secretion of IL-4, IL-5 and IL-10)
(Bogdan et al., 1990; Bogdan et al., 1996). However, the simplicity of the Th1/Th2
paradigm is questioned by the identification of more and more T cell subsets and
cannot be adapted to humans (Alexander and Brombacher, 2012).

In MCL lesions and sera of VL patients, high levels of IL-4 were detected. However,
there is no evidence that IL-4 is involved in the down regulation of the Thl response in
human leishmaniasis, as treatment with monoclonal antibodies against IL-4 did not
restore the lymphoproliferative response or IFN-y production (Pirmez et al., 1993;
Ribeiro-de-Jesus et al., 1998; Wilson et al., 2005). In localized CL, a Th1 predominates
over a Th2 response and IL-2 and IFN-y secreting cells are found in the skin lesions

(Pirmez et al., 1993; Gaafar et al., 1995). Comparable to the mouse model, IFN-y
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mediates killing of the parasites in human phagocytes and the lack of IFN-y production
by poorly proliferating PBMCs seems to predict the progression of developing VL
(Haldar et al., 1983; Murray et al., 1983; Carvalho et al., 1985). Furthermore, IFN-y was
demonstrated to activate nitric oxide (NO) production by macrophages, which is
secreted as free radicals in an immune response being toxic for bacteria and parasites
(Nathan et al., 1983). In addition, the ligation of the FceRIl with CD23 induces NO
production by human monocytes mediating Leishmania killing (Dugas et al., 1995;
Vouldoukis et al., 1995). This mechanism has been used for treatment of cutaneous
leishmaniasis with nitric oxide donors (Lopez-Jaramillo et al., 1998).

Next to IFN-y, the inflammatory cytokine TNF-a was shown to exhibit important
functions for parasite control (Laskay et al., 1991; Ribeiro-de-Jesus et al., 1998).
Furthermore, recent studies emphasize the importance of two regulatory cytokines, IL-
12 and IL-10, as critical for the regulation of the immune response (Sharma and Singh,
2009). IL-12 enhances Th1 responses and restores lymphocyte proliferation and IFN-y
production thereby counter-acting the effects of IL-10 (Ghalib et al., 1995).
Immunosuppression of lymphocytes in Leishmania-infected individuals by IL-10 can be
restored by applying anti-IL-10 antibodies (Ghalib et al., 1993; Hailu et al., 2005).
Interestingly, characterization of lesion-isolated or in vitro stimulated proliferating T
cells revealed a CD45RO" memory phenotype (Pirmez et al., 1990; KEMP et al.,
1992). Cured patients possess a strong protective immunity and re-stimulation of
lymphocytes with parasite antigens in vitro results in a vigorous proliferation and
secretion of IFN-y, IL-2 and IL-12 (Carvalho et al., 1994; Cillari et al., 1995).

Taken together, the disease outcome and progression is complicated to predict as the
immune status of the host as well as the different Leishmania species can elicit very
different immunological responses. Leishmaniasis affects a tremendous ecological and
genetic diversity of the human population making it difficult to elucidate parameters of

resistance and control.

1.4.6 Immune evasion strategies by Leishmania

To establish successful infection, Leishmania parasites have developed various
strategies that provide evasion of the host’s defense system during all stages of the
immune response (Bogdan et al., 1990; Gupta et al., 2013). Once transmitted from the
sandfly vector to the mammalian skin, infective metacyclic promastigotes are partially
resistant to serum-mediated killing by complement components (Puentes et al., 1988).
This resistance is linked to the expression of surface antigens such as LPG and GP63
(Da Silva et al., 1989). GP63 mediates the cleavage of the complement component C3
to C3b and iC3b which enables uptake via the complement receptors CR1 and CR3.

Uptake in macrophages via those receptors leads to a “silent entry” that inhibits
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triggering of oxidative burst (Murray, 1981; Pearson et al., 1982; Da Silva et al., 1989).
Within macrophages LPG delays lysosomal acidification and protects the parasites
from lysis until transformation into the acid-resistant amastigote form occurred (Spath
et al., 2003; Winberg et al., 2009). A similar role was also reported for GP63 as it
protects the parasites’ membrane from cytolytic damages and subsequent
phagolysosomal degradation in macrophages (Chaudhuri et al., 1989). Furthermore,
an interaction of Leishmania and host cell signaling was shown which suppresses the
secretion of pro-inflammatory cytokines (Privé and Descoteaux, 2000; Bhattacharyya et
al., 2001). The dampening influence on the adaptive immune system is supported as
infection with L. donovani was shown to reduce MHC-II expression and IL-1 secretion
leading to the inhibition of T cell activation (Reiner et al., 1988). In addition, MHC-II
molecules can be endocytosed by amastigotes followed by cysteine protease-mediated
degradation and Leishmania impair CD40-CD40L signaling (Souza Leao et al., 1995;
Awasthi et al., 2003). Patients suffering from leishmaniasis possess regulatory T cells
at the lesion side that suppress anti-leishmanial immunity (Ganguly et al., 2010; Katara
et al.,, 2011; Rai et al., 2012). Moreover, apoptotic parasites in the virulent inoculum
have a crucial role in dampening innate and adaptive immune responses enabling

disease progression (van Zandbergen et al., 2006; Crauwels et al., 2015).
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1.5 Hypothesis and Aims

1.5.1 Therole of autophagy in human primary macrophages

Macrophages are crucial for mediating innate and adaptive immune responses in
health and disease. Autophagic degradation mechanisms in macrophages are versatile
and can have cytoprotective as well as immunomodulatory functions. Therefore,
autophagy proteins in macrophages are an interesting evasion target for intracellular
pathogens and an interesting new class for therapeutic approaches in cancer and
immune diseases. Most of our knowledge on autophagy in macrophages is based on
cell line and mouse model research. Consequently, in this thesis we hypothesize that:

“The autophagic machinery in macrophages depends on the cells’ origin,
phenotype and applied stimulus. In addition, autophagy modulation in

macrophages influences the adaptive immune response”

To investigate this hypothesis we have the following aims:

Aim 1: a) Assessing autophagy modulation and autophagic flux in hMDM induced
by chemicals and the peptide Tat-Beclin using Western Blot analysis for

LC3-1 to LC3-II conversion and LC3 immunofluorescence stainings.
b) Investigate chemical autophagy inhibition in hMDM.

c) Establish siRNA knockdowns for various autophagy related proteins and
assess the knockdown efficiency on mRNA and on protein level. In
addition, ULK-1 and Beclin-1 knockdown macrophages will be
functionally characterized for their ability to induce autophagy.

Aim 2: Analyzing the impact of autophagy on antigen processing and
presentation in hMDM using the recall antigen Tetanus Toxoid (TT). The
adaptive immune response to TT will be characterized in hMDM-1 and
hMDM-2. Furthermore, the impact of autophagy modulation, by induction
with AZD8055 and inhibition using an ULK-1 siRNA knockdown, on T cell

proliferation will be investigated.
Aim 3: Investigation of the Leishmania virulence factor GP63 for its potential to

influence infection of hMDM, the Leishmania specific T cell proliferation

and the host cells’ autophagic process.
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Figure 7: Schematic presentation of the autophagy related aims and hypothesis of this

thesis. 1) Assessing autophagy modulation in hMDM using chemical inducers, an autophagy
inducing peptide, chemical inhibitors and siRNA-mediated knockdown of autophagy related
proteins. 2) Analyze the role of autophagy modulation on antigen processing and presentation

using Tetanus Toxoid. 3) Investigation of the Leishmania virulence factor GP63 for its potential

to modulate host-pathogen interactions and autophagy induction.
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1.5.2 Therole of LAP during Leishmania infection

In addition to conventional autophagy, extracellular particles can be taken up receptor-
mediated by LAP. LC3 recruitment to phagosomes leads to enhanced maturation,
lysosomal degradation of engulfed particles and peptide presentation on MHC-II
molecules to CD4" T cells. We could already show that apoptotic Leishmania reside
within a single-membrane, LC3" compartment indicating LAP. Furthermore, the
presence of apoptotic parasites in the virulent inoculum leads to disease progression in

vivo and a reduced T cell response in vitro. Consequently, we hypothesize:

“The induction of LAP by apoptotic Leishmania is an immune evasion

mechanism enabling disease progression”
To investigate this hypothesis, we have the following aims:
Aim 1: Establish a suitable LAP-inducing particle to replace apoptotic parasites.

Aim 2: Investigate the ability of LAP-inducing particles to dampen the Leishmania

specific T cell proliferation and analyze the effect on parasite survival.

Aim 3: Characterize the underlying mechanisms which lead to the induction of LAP
upon infection of hMDM with Leishmania or stimulation with LAP-inducing
particles and analyze the effect of LAP modulation on the adaptive immune

response.
Viable Leishmania and
é‘{ LAP inducing particle T cell O
* - 69 83  ca
Lysosome \ T f

MIIC H" <
AL’

Phagolysosome

|
Phagosome@mﬁ

LAPosome .

Figure 8: Schematic presentation of the LAP-related aims and hypothesis of this thesis.
Apoptotic Leishmania will be replaced by an LAP-inducing particle and the effect of LAP
modulation on the adaptive immune response will be analyzed.

23



Hypothesis and Aims

24



Material and Methods

2 Material and methods

2.1 Material

2.1.1 Chemicals

2- Propanol
3-Methyladenine
B-Mercaptoethanol

Acetic acid

Acrylamide-Bis solution 30%
Adenine

Agarose LE

Ammonium chloride
Ammoniumpersulfat (APS)
Aqua bidest.

AZD8055

Biotin

Bafilomycin-Al

Bovine Serum Albumin (BSA)
CASYton

Cytochalasin D

Developer (G153 A) and Fixer (G354)

Difco™ Brain Heart Infusion Agar
Dimethylsulfoxid (DMSO)

Diphenyleneiodonium chloride (DPI)

Dithiothreitol (DTT)
dNTP-Mix (10 mM each)
Ethanol (EtOH), absolut
FACS Clean

FACS Flow (Sheath Solution)
FACS Rinse

Fetal Calf Serum (FCS)
Glutamine (L-Glutamine)
Glycerol (99 %)

Glycine

HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)

High purity water
Histopaque 1077

VWR, Bruchsal, GER
Selleckchem, Houston, USA
Sigma-Aldrich, Taufkirchen, GER
Merck, Darmstadt, GER

SERVA, Heidelberg, GER
Sigma-Aldrich, Taufkirchen, GER

Biozym Scientific GmbH, Oldendorf, GER

In-house facility PEI, Langen, GER
Serva, Heidelberg, GER

In-house facility PEI, Langen, GER
Selleckchem, Houston, USA
Sigma-Aldrich, Taufkirchen, GER
Sigma-Aldrich, Taufkirchen, GER
Applichem, Darmstadt, GER
OLS-OMNI, Bremen, GER

Calbiochem, Merck, Darmstadt, GER

AGFA, Mortsel, BE

Becton Dickenson, Sparks, USA
Sigma Aldrich, Taufkirchen, GER
Sigma-Aldrich, Taufkirchen, GER
Sigma-Aldrich, Taufkirchen, GER
NEB, Frankfurt am Main, GER
Applichem, Darmstadt, GER
In-house facility PEI, Langen, GER
In-house facility PEI, Langen, GER
In-house facility PEI, Langen, GER
Sigma-Aldrich, Taufkirchen, GER
Biochrom AG, Berlin, GER
Citifluor, London, UK

In-house facility PEI, Langen, GER
Biochrom AG, Berlin, GER

In-house facility PEI, Langen, GER
Sigma-Aldrich, Taufkirchen, GER
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Human recombinant Granulocyte Macro-

phage Colony Stimulating Factor (GM-CSF)

Human recombinant Macrophage Colony
Stimulating Factor (M-CSF)

Human Serum Type AB
Hydrochloric acid (HCI), 37%
Hygromycin B, solution
Immersion oil (Immersol™ 518F)
Luminata Forte Western HRP Substrate
LY294002

Methanol

Milk powder Sucofin

Miltefosine

Oligonucleotides
Paraformaldehyde (PFA)
Penicillin/Streptomycin

Phosphate buffered saline (1x PBS)
w/o Ca**, Mg*"; pH 7.1

Phosphatidylserine beads
PI-103

Plain beads (sicastar®)
ProLong® Gold antifade reagent
Rabbit, Blood, defibrinated
Rapamycin

Ringer-Solution

RNase AWAY

Roswell Park Memorial Institute (RPMI)
1640 Medium

Saponin from Quillaja bark

siRNA

Sodium acetat

Sodium azide (NaNs)

Sodium chloride (NacCl)

Sodium Dodecyl Sulfate (SDS)

Sodium hydroxide (NaOH) solution (10M)
Spautin-1

Staurosporine

TEMED
(N, N, N",N’"-tetramethylethylenediamine)

Tetanus Toxoid
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Bayer Healthcare Pharmaceutical,
Leverkusen, GER

R&D Systems, Minneapolis, USA

Sigma-Aldrich, Taufkirchen, GER
VWR, Bruchsal, GER

Invitrogen, San Diego, USA

Carl Zeiss, Jena, GER

Millipore, Billerica, USA
Selleckchem, Houston, USA
Merck, Darmstadt, GER

TSI GmbH & Co. KG, Zeven, GER
Merck-Millipore, Darmstadt, GER
Eurofins MWG Operon, Ebersberg, GER
Sigma-Aldrich, Taufkirchen, GER
Biochrom AG, Berlin, GER
In-house facility PEI, Langen, GER

Micromod, Rostock, GER

Selleckchem, Houston, USA

Micromod, Rostock, GER

Invitrogen, Darmstadt, GER

Elocin-Lab GmbH, Gladbeck, GER
Selleckchem, Houston, USA

Braun Melsungen AG, Melsungen, GER
VWR, Darmstadt, GER

Sigma-Aldrich, Deisenhof, GER
Biowest (VWR), Darmstadt, GER

Sigma-Aldrich, Taufkirchen, GER
Qiagen, Hilden, GER
Sigma-Aldrich, Taufkirchen, GER
Sigma-Aldrich, Taufkirchen, GER
Merck, Darmstadt, GER

Merck, Darmstadt, GER

Merck, Darmstadt, GER

Sigma Aldrich, Taufkirchen, GER
Sigma Aldrich, Taufkirchen, GER
Serva, Heidelberg, GER

Aventis, Frankfurt a. M., GER
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Tris(hydroxylmethyl)-aminomethan (Tris)
Tween 20

Western Blot Detection Substrate
Wortmannin

Zymosan A S. cerevisiae BioParticles™

In-house facility PEI, Langen, GER
Sigma-Aldrich, Steinheim, GER

GE Healthcare, Buckinghamshire, UK
Sigma-Aldrich, Steinheim GER

Invitrogen, Thermo Fisher, Dreieich, GER

2.1.2 Culture Medium

Leishmania promastigote
Medium (Lm-medium)

Macrophage Complete Medium
(complete-medium)

Novy-McNeal-Nicolle
Blood Agar

2.1.3 Buffer and solutions
Antibody dilution buffer

Ammoniumchloride solution

Auto-MACS buffer pH 7.2

Blocking solution (WB)

500 ml
5%

2mM

50 uM
100 U/ml
100 pg/mi
10 mM

500 ml
10%
2mM

50 uM
100 U/ml
100 pg/mi
10 mM

50 ml
20.8¢g
400 ml
100 ml
66.2 U/ml
66.2 pg/ml

5%
0.01%

0.15M

2 mM
0.5%

5%

RPMI-1640 Medium
FCS (viv)
L-Glutamine
B-Mercaptoethanol
Penicillin
Streptomycin
HEPES

RPMI 1640 Medium
FCS (viv)
L-Glutamine
[B-Mercaptoethanol
Penicillin
Streptomycin
HEPES

defibrinated rabbit blood

Difco™ Brain Heart Infusion (BHI) agar
high-purity water

PBS w/o Ca** and Mg?*, pH 7.1
Penicillin

Streptomycin

TBST solution

BSA (1% antibody) or skimmed milk
powder (2™ antibody)
NaNj; (1% antibody only)

Ammoniumchloride
Aqua bidest.

1x PBS
EDTA
BSA (w/v)

TBST solution
skimmed milk powder (w/v)
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Blotting buffer (WB) 50 mM Tris
40 mM Glycin
0.0375%  SDS (w/v)

2.5% Methanol (v/v)
Aqua bidest.
DNA loading dye (10x) 3.3ml 150 mM Tris-HCI pH 7.4
6 ml Glycerol
0.7 ml Aqua bidest.
2.5 mg Bromphenol blue
FACS / IF blocking buffer PBS
10% FCS (w/v)
10% human serum (v/v)

0.45 um sterile filtrated

FACS staining buffer PBS
1% FCS (w/v)
1% human serum (v/v)

0.45 pum sterile filtrated

HEPES buffer (1M) pH 7.2 Biochrom AG, Berlin, GER
IF fixation solution PBS

4% Paraformaldehyde (PFA)
IF staining buffer PBS
(permeabilization) 1% FCS (w/v)

1% human serum (v/V)

0.5% Saponin

0.45 pM sterile filtrated

MACS-I buffer Ringer solution
0.5% BSA (w/v)
MACS-II buffer PBS
0.5% BSA (w/v)
Laemmli-Buffer (6x) 500 mM Tris-HCI pH 6.8
38% Glycerol (v/v)
10% SDS (w/v)
0.93¢g DTT
0.01% bromphenol blue (w/v)
Aqua bidest.
PBS w/o Ca** and Mg** 136.9 mM  sodium chloride
pH 7.1 2.68 mM potassium chloride

1.47 mM potassium dihydrogen orthophosphate
8.1 mM sodium dihydrogen phosphate
Aqua bidest.
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Ringer solution

Running buffer (5x) (WB)

Separating gel buffer pH 8.8

Stacking gel buffer pH 6.8

TAE buffer (20x)

TBS buffer (10x)

TBS/T solution

Tris-HCI (0.5 M) pH 6.8

Tris-HCI (1.5 M) pH 8.8

Washing buffer
(PBMC isolation)

2.1.4 Human primary cells

125 mM
1.25M
0.5%

15M
0.4%

0.5M
0.4%

0.8 M
20 mM
2.25%

50 mM
150 mM

0.05%

460 mM

40 mM

15M

5%

B. Braun Melsungen AG, Melsungen,
GER

Tris

Glycine
SDS (w/v)
Aqua bidest.

Tris-HCI pH 8.8
SDS (w/v)
Aqua bidest.

Tris-HCI pH 6.8
SDS (w/v)
Aqua bidest.

Tris-HCI pH 8.0
EDTA

acetic acid
Aqua bidest.

Tris-HCl pH 7.4
NaCl
Aqua bidest.

1x TBS buffer
Tween 20 (v/v)

Tris(hydroxymethyl)-aminomethan
hydrochlorid
Tris(hydroxymethyl)-aminomethan

Aqua bidest.
pH 6.8 adjusted with 1 N HCI

Tris(hydroxymethyl)-aminomethan
Aqua bidest.
pH 8.8 adjusted with 25% HCI

PBS
complete-medium (v/v)

Human peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats of

healthy german donors from the blood donation service in Frankfurt (DRK-

Blutspendedienst). Subsequently, leukocytes were isolated and differentiated as

described in 2.2.5.2.
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2.1.5 Leishmania strains
Leishmania major isolate MHOM/IL/81/FEBNI:
Originally isolated from a skin biopsy of an Israeli patient and kindly provided by Dr.

Frank Ebert (Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany)

Leishmania major dsRed:

MHOM/IL/81/FEBNI isolates genetically transfected with the red fluorescent dsRed
gene (from Discosoma) together with a hygromycin phosphotransferase as selection
marker (Mif3litz et al., 2000).

Leishmania major Seidmann (SD) isolate MHOM/SN/74/SD:

Leishmania major SD Wildtyp (WT; ATCC# PRA-348), Agp63 1-7 (KO; ATCC# PRA-
385) and Agp63 1-7 + gp63-1 (KO+gp63; ATCC# PRA-386) were purchased from
ATCC, Manassas, USA. The wildtype was initially isolated from a cutaneous
Leishmaniasis patient in Senegal in 1973 and was genetically modified by Robert
McMaster. Geneticin serves as a selection marker to maintain the genomic integration
of gp63-1.

2.1.6 Oligonucleotides

Name Sequence

ATG16L1 Fwd TCTGGGACATTCGATCAGAGAG
ATG16L1 Rev CCTTTCTGGGTTTAAGTCCAGG
Beclin-1 Fwd GGTGTCTCTCGCAGATTCATC
Beclin-1 Rev TCAGTCTTCGGCTGAGGTTCT
CYBB Fwd AACGAATTGTACGTGGGCAGA
CYBB Rev GAGGGTTTCCAGCAAACTGAG
GAPDH Fwd GAGTCAACGGATTTGGTCGT
GAPDH Rev TTGATTTTGGAGGGATCTCG

LC3 Fwd AAGGCGCTTACAGCTCAATG
LC3 Rev CTGGGAGGCATAGACCATGT
ULK-1 Fwd AGCACGATTTGGAGGTCGC
ULK-1 Rev GCCACGATGTTTTCATGTTTCA
Vps34 Fwd TAGGAGGAACAACGGTTTCGC
Vps34 Rev GCTTCTACATTAGGCCAGACTTT
2.1.7 siRNA

Allstars Negative Control siRNA S103650318 Qiagen, Hilden, GER
ATG16L1 1 S104139121 Qiagen, Hilden, GER
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Beclin-1_4 S100055594
CyYBB S103075709
S103028424
S100008729
S100008722
LC3_9 S104219614
ULK-1_5 S102223270
Vps34 S100605829
S100605822
S103649527
S103649520

2.1.8 Peptides
Name

Sequence

Qiagen, Hilden, GER
Qiagen, Hilden, GER

Qiagen, Hilden, GER
Qiagen, Hilden, GER
Qiagen, Hilden, GER

Manufacturer

Tat-Beclin

YGRKKRRQRRR-GG-

J. W. Drijfhout, Leiden, NL

TNVFNATFEIWHDGEFGT

YGRKKRRQRRR-GG-
VGNDFFINHETTGFATEW

Tat-Scramble

2.1.9 Enzymes

Rec. RNasin® Ribonuclease Inhibitor (20-40 U/ul)

™
I

ImPromll'™ Reverse Transcriptase

Tag-polymerase (5 U/pul)

2.1.10 Antibodies

Mouse, a-actin

Mouse, a-Beclin-1

Mouse, a-GAPDH

Mouse, a-gp91 phox (NOX2)
Mouse, a-p62

Mouse, a-gp63 (a-Lm) (1-1.5 mg/ml)
Rabbit, a-ATG16L1

Rabbit, a-LC3 (73.5 pg/ml)
Rabbit, a-ULK-1

Rabbit, a-Vps34

Isotype controls

Mouse, lgG2a kappa
Mouse, lgG2a kappa, V450
Mouse, 1gG1 kappa, APC-Cy7

B. Levine, Dallas, USA

J. W. Drijfhout, Leiden, NL
Beth Levine, Dallas, USA

Promega, Mannheim, GER
Promega, Mannheim, GER
NEB, Frankfurt a.M., GER

Cell Signaling, Danvers, USA

BD Pharmingen, Heidelberg, GER
GeneTex, Irvine, USA

Santa Cruz Biotechnology, Dallas, USA
Santa Cruz Biotechnology, Dallas, USA
AbD Serotec, Puchheim, GER

Cell Signaling, Danvers, USA

Cell Signaling, Danvers, USA

Santa Cruz Biotechnology, Dallas, USA
Cell Signaling, Danvers, USA

BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BioLegend, Aachen, GER
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Mouse, 1gG1 kappa, APC

Mouse, IgG1 kappa, PE

Mouse, IgG1 kappa, V450

Mouse, IgG1 kappa, FITC

Mouse, 1gG2 kappa, Pacific blue
Rabbit polyclonal serum (75.3 pg/ml)

HRP coupled antibodies

BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
Uwe Ritter, Regensburg, GER

Goat, a-rabbit-HRP
Goat, a-mouse-HRP

Santa Cruz Biotechnology, Dallas, USA
Santa Cruz Biotechnology, Dallas, USA

Fluorescent labeled antibodies

Chicken, a-mouse-Alexa Fluor 488
Goat, a-rabbit-Alexa Fluor 568

Invitrogen, Thermo Fisher Scientific, GER
Invitrogen, Thermo Fisher Scientific, GER

Mouse, a-CD3, APC

Mouse, a-CD4, APC-Cy7
Mouse, a-CD8, Pacific blue
Mouse, a-CD40, PE

Mouse, a-CD80, V450
Mouse, a-CD86, FITC
Mouse, a-MHC-II, Pacific blue

2.1.11 Dyes and Marker
Bromphenol blue dye

CFSE (5(6)-Carboxyfluorescein
diacetate N-succinimidyl ester)

DAPI (5 pg/mL)
Diff-QUIK®

DNA ladder 1kb
DNA ladder 100 bp

Ethidium bromide solution (1% in water)

GelRed (10000x in H,O)
LysoTracker® red

PageRuler Prests. Protein Ladder

2.1.12 Ready to use Kits
Annexin V MicroBeads

Amersham ™ ECL ™
Western Blotting Analysis System
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BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BD Pharmingen, Heidelberg, GER
BioLegend, Aachen, GER

Serva, Heidelberg, GER
Sigma Aldrich, Steinheim, GER

Molecular Probes, California, USA
Medion Diagnostics, Dudingen, CH
NEB, Frankfurt a. M., GER

NEB, Frankfurt a. M., GER

Merck, Darmstadt, GER

Biotium Inc., Hayward, USA

Molecular Probes Invitrogen, GER

Thermo Fisher Scientific, Dreieich, GER

Miltenyi Biotec, Bergisch Gladbach, GER

GE Healthcare, Buckinghamshire, UK
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CD14 MicroBeads, human

Human IL-10 DuoSet ELISA

Human TNFa DuoSet ELISA

Im Prom-1l Reverse Transkription System

MESA Blue gPCR MasterMix Plus
for SYBR Assay No Rox

RNeasy Plus Mini Kit
Stemfect™ RNA Transfection Kit

2.1.13 Laboratory supplies

Cell culture flasks with filter
(25 cm2, 75 cm2 and 175 cm2)

Cell culture petri dish (10 cm diameter)
Cell culture plates (96-well f-/v-/u-bottom)
Cell culture plates (6-well flat)

Cellfunnel (single, double)

Cellspin filter cards (one/two hole/s)

Cell Scraper, 16 cm

Centrifuge tubes (0.2 mL)

Centrifuge tubes (1.5 mL, 2.0 mL)

Centrifuge tubes PCR Tube Multiply® Pro
(0.5 mL)

Chamberslide, 12-well, ibidi-treat

Cover Slide (24x50 mm)

Cryogenic vial, internal thread (2 mL)
Cytocentrifuge Slides one circle, uncoated
FACS microtubes (2 mL)

FACS tubes (5 mL) with snap-cap
Falcons (15 mL, 50 mL)

Hyperfilm™ ECL

Light Cycler 96-well plates with foil, white
MACS LD column or LS column

Manufix sensitive gloves

Microplate (96-well flat, transparent)
MidiMACS separator

Millipore Express® PLUS Membrane
Filters, polyethersulfone, 0.22 um; 0.45 um

Multichannel pipette (Research® Plus)

Nalgene™ Mr. Frosty Freezing Container

Miltenyi Biotec, Bergisch Gladbach, GER
R&D systems, Minneapolis, USA

R&D systems, Minneapolis, USA
Promega, Mannheim, GER

Eurogentec, Kdln, GER

Qiagen, Hilden, GER
Stemgent, San Diego, USA

Greiner Bio-One, Frickenhausen, GER

Sarstedt, Numbrecht, GER
Sarstedt, Numbrecht, GER
Sarstedt, Numbrecht, GER
Tharmac GmbH, Waldsolms, GER
Tharmac GmbH, Waldsolms, GER
Sarstedt, Numbrecht, GER
Sarstedt, Numbrecht, GER
Eppendorf, Hamburg, GER
Sarstedt, Numbrecht, GER

ibidi GmbH, Planegg / Martinsried, GER
VWR, Darmstadt, GER

Greiner Bio-One, Frickenhausen, GER
Tharmac GmbH, Waldsolms, GER
Micronic, Lelystad, NL

Greiner Bio-One, Frickenhausen, GER
Greiner Bio-One, Frickenhausen, GER
GE Healthcare, Buckinghamshire, UK
Roche Applied Science, Darmstadt, GER
Miltenyi Biotec, Bergisch Gladbach, GER
Braun Melsungen AG, Melsungen, GER
Greiner Bio-One, Frickenhausen, GER
Miltenyi Biotec, Bergisch Gladbach, GER
Merck Millipore, Billerica, USA

Eppendorf, Hamburg, GER
Thermo Scientific, Dreieich, GER
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Nitril gloves

Nitrocellulose membrane
(Hybond ECL blot membrane)

Ansell Healthcare, Brussels, BE
GE Healthcare, Buchinghamshire, UK

Neubauer improved cell counting chamber VWR, Darmstadt, GER

(depth 0.1 mm, 0.02 mm)
Petri dish (3 cm diameter)
Pipette controller (accu-jet® pro)

Pipette filter tips
(1-10 pL; 10-200 pL, 100-1000 pL)

Pipettes (Research® plus: 0.5-10 pL;
10-100 pL, 20-200 pL, 100-1000 pL)

Pipette tips
(0.5-10 pL; 2-200 pL; 50-1000 pL)

Polyallomer Centrifuge Tubes
Polystyrene Lids, PS, High profile

Serological pipettes, sterile
(2.5 mL; 5mL; 10 mL; 25 mL)

Sterile filter (0.22 pym, 0.45 um)
Transfer pipette (3.5 mL)
Whatman paper gel blotting

2.1.14 Instruments

Centrifuges

Greiner Bio-One, Kremsmiinster, AT
BRAND, Wertheim, GER
Nerbe plus, Winsen/Luhe, GER

Eppendorf, Hamburg, GER

Eppendorf, Hamburg, GER

Beckmann Coulter GmbH, Krefeld, GER
Greiner Bio-One, Frickenhausen, GER

Greiner Bio-One, Kremsmiinster, AT

Sarstedt, Numbrecht, GER
Sarstedt, Numbrecht, GER
VWR, Darmstadt, GER

BlOLiner Buckets (75003670; 7500368)

Bioshield 1000 A swing-out rotor

Bench top centrifuges 5430 and 5430R

Cytocentrifuge Cellspin Il Universal
320R
Heraeus Megafuge 40R

Sprout Mini-Centrifuge

Electrophoresis and Blotting

Thermo Scientific, Dreieich, GER
Thermo Scientific, Dreieich, GER
Eppendorf, Hamburg, GER

Tharmac GmbH, Waldsolms, GER

Thermo Scientific, Dreieich, GER
Biozym, Hamburg, GER

Curix 60 tabletop processor

Horizontal electrophoresis equipment

Mini-PROTEAN® Tetra Cell

Power Supply “PowerPac™ 200/2.0”
Semi-Dry Transfer Unit TE 77 PWR

UV-Transilluminator GenoView
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AGFA, Mortsel, BE

Biotec-Fischer, Reiskirchen, GER
Bio-Rad, Miinchen, GER

Bio-Rad, Miinchen, GER

Amersham Biosciences, Freiburg, GER
VWR International, Darmstadt, GER
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Flow Cytometer

Flow Cytometer LSR Il SORP

Imaging

Becton Dickinson, Heidelberg, GER

Microscope AxioPhot
Microscope Axio Vert.Al
Microscope LSM 7 Live
Microscope Primo Star

Incubators

Carl Zeiss, Jena, GER
Carl Zeiss, Jena, GER

Carl Zeiss, Jena, GER
Carl Zeiss, Jena, GER

CO,-Incubator Forma Series |l Water

Jacket
CO, incubator, Heraeus Auto Zero

Recirculating cooler

Lamina air flow

Thermo Scientific, Marietta, USA

Thermo Fisher Scientific, Dreieich, GER
Julabo, Seebach, GER

Workbench MSC-Advantage
Steril Gard Il Advance
Steril Gard Hood

PCR Thermo Cycler

Thermo Fisher Scientific, Dreieich, GER
The Baker Company, Sanford, USA
The Baker Company, Sanford, USA

LightCycler® 480 System
Personal Cycler

Others

Roche Applied Science, Mannheim, GER
Biometra, Gottingen, GER

Analytical balance KB BA 100
AutoMACS Pro separator
Autoclave Systec vx-150
CASY Modell TT

ELISA Reader Infinite® F50
Ice machine AF 1000

Freezer (-20°C)

Freezer U725-G (-80°C)
Magnetic stirrer IKA® C-MaG HS7
Microwave

NanoDrop 2000c

Nitrogen container “Chronos”

Sartorius, Géttingen, GER

Miltenyi Biotec, Bergisch Gladbach, GER
Systec, Wettenberg, GER

Roche Innovatis AG, Reutlingen, GER
Tecan Group Ltd, Mannedorf, CH
Scotsman, Pogliano Milanese, IT

Bosch, Stuttgart, GER

New Brunswick, Eppendorf, Hamburg, GER
IKA®-Werke, Staufen, GER

Bosch, Gerlingen, GER

PegLab, Erlangen, GER

Messer, Bad Soden, GER
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pH Meter PB-11

Thermomixer 5437 (1.5 mL)
Thermomixer comfort (1.5 mL)
Ultrasonic bath Sonorex Super RK103H

Vortex mixer VV3

Water bath

2.1.15 Software

Axio Vision Rel. 4.8

BD Diva Software (V6.1.3)

Citavi 5

FlowJo Vx

GraphPad Prism 6

ImageJ and FiJi

Light Cycler software LC480 (v1.5.0 SP4)
Mendeley Desktop

Microsoft® Office 2010

NCBI Nucleotide Blast® (blastn)
Zen 2012 (blue edition, black edition)
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Sartorius, Gottingen, GER
Eppendorf, Hamburg, GER
Eppendorf, Hamburg, GER
Bandelin, Berlin, GER

VWR International, Darmstadt, GER

Kottermann VWR International, Darmstadt,
GER

Carl Zeiss, Jena, GER

Becton Dickinson, Heidelberg, GER
Swiss Academic Software GmbH

Miltenyi Biotec, Bergisch Gladbach, GER
GraphPad Software, Inc., La Jolla, USA
Open Source

Roche Applied Science, Mannheim, GER
Mendeley Ltd., London, UK

Microsoft, Redmont, US

National Library of Medicine, Bethesda,
USA

Carl Zeiss, Jena, GER
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2.2 Methods

All cell culture work was carried out using a laminar air flow workbench providing sterile
and endotoxin free conditions. Cells were cultivated in humidified incubators with 5%

CO; at 37°C (human cells) or 27°C (Leishmania promastigotes).

2.2.1 Cell culture of Leishmania major (Lm) promastigotes

2.2.1.1. Preparation of blood agar plates

For cultivation of Lm promastigotes on NNN biphasic blood agar medium, the blood
agar was prepared in a 96-well plate. First, 20.8 g Brain Heart Infusion (BHI) agar was
dissolved in 400 ml water and autoclaved for 15 min at 121°C. 100 ml PBS was
prewarmed to 42°C in a petri dish with a diameter of 25 cm and the cooled BHI agar
(~55°C) was added. Subsequently, 4 ml penicillin/streptomycin and finally 50 ml
aseptically collected defibrinated rabbit blood were added. Flat-bottom 96-well plates
were put in a 45° angle and 60 ul blood agar was distributed in each well with a multi-
channel pipette to achieve sloped blood agar. As soon as the blood agar became solid,
plates were sealed and stored at 4°C for up to 4 months.

2.2.1.2. Counting L. major promastigotes

Leishmania parasites were counted using a hemocytometer (Neubauer chamber with a
depth of 0.02 mm). 5 pl of the cell suspension was added to the chamber and at least 8
small squares were counted at a 40x magnification. When counting promastigotes,
both viable and apoptotic parasites were counted. For calculation of cell concentrations
per ml, the amount of counted parasites was divided through the amount of counted

squares, multiplied by 16 and multiplied with the chamber factor (5x10%).

2.2.1.3. Cultivation of L. major promastigotes

Leishmania promastigotes were cultured in biphasic NNN blood agar medium. For
passaging, 3 wells out of a 6-8 day old Leishmania culture were collected in 3 ml
Lm-Medium for counting. The parasites were adjusted to a final concentration of
1x10%ml, then 1x10° cells in 100 pl were distributed in each well of a new blood agar
plate using a multi-channel pipette. The plate was incubated at 27°C and 5% CO,.The
first days after passage, the parasites are in a logarithmic growth phase and from day 5
on they reach the stationary growth phase with equal amounts of viable and apoptotic
parasites. The parasites were cultured up to 8 serial passages until new Leishmania

were thawed from liquid nitrogen.
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For the passage of L. major (FEBNI) dsRed, 20 ng/ml hygromycin and for L. major SD
KO+GP63 50 ug/ml geneticin was added to maintain selection pressure for keeping the

genomic integration.

2.2.1.4. Long-time storage of L. major promastigotes

For long-time storage of L. major promastigotes, the cells were pelleted at 2400 g for 8
min and resuspended in cold Lm-medium supplemented with 20% FCS. 100-200x10°
parasites in 1 ml were transferred into cryo tubes and 10% DMSO was added. The
cells were cooled down overnight in a Mr. Frosty freezing container at -80°C prior to
storage in liquid nitrogen.

For thawing, the parasites were warmed at 37°C and added drop wise to 7 ml
Lm-medium. After centrifugation (2400 g, 8 min, RT), promastigotes were resuspended
in 12 ml Lm-medium and 100 pl of the suspension were transferred per well to a new
blood agar plate. The culture was not used until parasites were passaged the first time.

2.2.2 MACS separation of viable and apoptotic L. major promastigotes

During early events of apoptosis phosphatidylserine (PS) is translocated from the inner
side to the outer side of the plasma membrane and can be bound by Annexin V under
physiological concentrations of calcium (Ca?"). Separation of viable from apoptotic
L. major promastigotes was achieved by magnetic activated cell sorting (MACS) using
Annexin V MicroBeads. MicroBeads are 50 nm large super paramagnetic particles that
do not activate cells due to their small size. First of all, stationary phase promastigotes
were counted (2.2.1.2). 500x10° parasites were pelleted (2400 g, 8 min, 4°C) and
washed twice with 20 ml and 10 ml MACS-I buffer. Next, the pellets were resuspended
in 800 pl MACS-I buffer. 200 ul Annexin V MicroBeads were added gently mixed and
incubated for 15 min at 4°C. In the meantime a MACS LS column, designed for positive
selection and containing ferromagnetic spheres, was calibrated three times with 3 ml
MACS-I buffer. After incubation 10 ml MACS-I buffer was added to the parasites, cells
were centrifuged, the pellet was resuspended in 1 ml MACS-I buffer and the cell
suspension was applied onto the column. The flow-through containing unlabeled
PS-negative parasites was collected in a 15 ml tube. The column was washed three
times with 3 ml MACS-I buffer to collect PS™ promastigotes which are mainly viable. For
the elution of PS-positive (PS™) promastigotes, mainly apoptotic parasites, the column
was washed three times with 3 ml MACS-II buffer. Purity of both fractions was checked
in a counting chamber (2.2.1.2). To improve the purity of the PS™ fraction, viable
promastigotes were separated via a second, LD column. Therefore 100x10° pre-

separated viable promastigotes were resuspended in 160 pul MACS-I buffer and 20 pl
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Annexin V MicroBeads. Basically, the separation procedure was the same as

described above. The purity of the obtained fractions was checked microscopically.

2.2.3 Chemical treatment of Leishmania promastigotes

To induce apoptosis in Leishmania, the parasites were treated with 25 uM
staurosporine or 25 uM miltefosine for 48 h at 27°C and 5% CO,. DNA fragmentation
was analyzed by a TUNEL assay (data not shown). Subsequently, the parasites were
used for an infection experiment of hMDM followed by the generation of Western Blot

samples.

2.2.4 Cell culture of human primary cells

2.2.4.1. Counting PBMCs, monocytes, hMDMs and PBLs

PBMCs after gradient isolation, monocytes after CD14 separation and differentiated
hMDMs were counted using an automatic CASY Cell Counter and a 150 um capillary.
Therefore, 10 pl of the cell suspension were added to 10 ml CASY ton in a CASY tube.
The cell counter determines the cell concentration, cell viability, cell size, cell debris as
well as cell aggregation. The aggregation factor (AF) indicates clumping of the cells, so
the cell concentration was divided by the AF, if it was > 1.00. For counting peripheral
blood lymphocytes (PBLs) after thawing, a hemocytometer (Neubauer chamber with a
0.1 mm depth) was used. For calculation of cell concentrations per ml, the amount of
counted cells was divided through the amount of counted squares, multiplied by 16 and
by the chamber factor (1x10%).

2.2.4.2. Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were isolated from buffy coats of healthy donors (obtained from the DRK
Blutspendedienst, Frankfurt) containing 30-50 ml blood. First the buffy coat was diluted
with prewarmed PBS to a final volume of 100 ml and 25 ml of this solution was layered
carefully on top of 15 ml prewarmed leukocyte separation medium (Histopaque 1077)
in a 50 ml tube. The tubes were centrifuged at 573 g for 30 min and 20°C with
acceleration and deceleration at minimum level to separate the different blood cells and
to split off the plasma. The PBMCs were collected from the interphase and distributed
into 6 new tubes for the following washing steps. Wash-Buffer (PBS + 5% Complete-
Medium) was added till a final volume of 50 ml. To remove cell debris and
thrombocytes several washing steps at different rotation speeds (1084 g, 573 g, 143 g,
8 min, 20°C) were performed until the supernatant was clear. If the pellet was still red,
erythrocytes were lysed by incubation with 10 ml cold ammonium chloride (0.15 M in
H,0) for 10-15 min (20°C). Subsequently, the cells were washed with Wash-Buffer

(143 g, 8 min), pooled in one tube and counted using a CASY Cell Counter as
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described in 2.2.4.1.. Isolation of monocytes (CD14" cells) was achieved by plastic
adherence or CD14" MACS selection.

2.2.4.3. Generation of hMDM by plastic adherence

For the generation of hMDMs by plastic adherence, 40x10° freshly isolated PBMCs
were seeded in 5 ml Complete-Medium supplemented with 1% human serum in a
25 cm? culture flask. The cells were incubated for 1 h at 37°C and 5% CO, to let the
monocytes adhere to the plastic. Subsequently, the supernatant with the non-adherent
cells, mainly lymphocytes, was removed by gently washing the flasks with prewarmed
washing buffer. The lymphocytes (PBLs) were collected in a 50 ml tube for freezing
and a later use in proliferation assays. To differentiate the monocytes in macrophages,
Complete-Medium supplemented with 10 ng/ml GM-CSF (generation of h(MDM-1) or 30
ng/ml M-CSF (generation of hMDM-2) was added. The cells were incubated 5-7 days
at 37°C and 5% CO,.

2.2.4.4. Generation of hMDM by AutoMACS separation

For CD14" separation of monocytes, 100x10° freshly isolated PBMCs per preparation
were put in a 15 ml tube and were washed with 10 ml Auto-MACS buffer (322 g, 8 min,
20°C). The pellet was resuspended in 960 ul Auto-MACS buffer and 40 yl CD14
MicroBeads were added. PBMCs and beads were incubated 15 min at 4°C.
Subsequently the cells were washed with Auto-MACS buffer (322 g, 8 min, 20°C) and
the pellet was resuspended in 500 pl Auto-MACS buffer. The labeled cells were put in
an AutoMACS separator and separation was achieved with the program “posseld”
(positive selection double column). After separation, the isolated monocytes were
pooled and counted by a CASY Cell Counter. 4x10° cells (in 2.5 ml) were seeded per
well in a 6 well plate. To differentiate the monocytes into hMDM-1 or hMDM-2, the
Complete-Medium was supplemented with GM-CSF (10 ng/ml) or M-CSF (30 ng/ml).
The CD14 cells were pooled for freezing and a later use in proliferation assays. The
cells were incubated for 3 days at 37°C and 5% CO,. To provide better growth and
differentiation, growth factors were refreshed. Therefore, 1.5 ml medium per well were
removed, same conditions were pooled, centrifuged (322 g, 8 min, 20°C) and

resuspended in Complete-Medium containing growth factors.

2.2.4.5. Thawing of peripheral blood lymphocytes (PBLS)
The cryo-tube was thawed in the water bath at 37°C. The thawed PBLs were carefully
transferred to 7 ml prewarmed Complete-Medium. Residual DMSO was removed by

centrifugation (143 g, 8 min, 20°C) and the pellet was resuspended in Complete-
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Medium. The cells were counted using a hemocytometer (Neubauer chamber 0.1 mm
depth) as described in 2.2.4.1.

2.2.4.6. Harvesting of differentiated hMDMs

Prior to harvesting the differentiated 5-7 day old hMDM, morphological features like
shape and adherence as well as cell count were checked microscopically.
Subsequently, the flasks or plates were put on ice for 30 min to enable detachment.
Macrophages were harvested using a cell scraper and pooled in a 50 ml tube. To
increase the yield, the flaks were washed with cold PBS. The tubes were centrifuged
(143 g, 8 min, 20°C) and the pellet was resuspended in an appropriate amount of
Complete-Medium and counted using a CASY cell counter as described in 2.2.4.1.

2.2.5 Autophagy /LAP modulation in hMDM

Prior to assessing autophagy and LAP modulation by Western Blot or
Immunofluorescence, hMDM were cultured in 1.5 ml cytocentrifuge tubes or
chamberslides, respectively.

For chemical autophagy induction, hMDM were stimulated with PI-103, AZD8055 or
Rapamycin (all 10 uM) for 2 h at 37°C and 5% CO,. For stimulation with Tat-Beclin or
Tat-Scramble (5-30 uM), hMDM were incubated 4.5 h at 37°C and 5% CO,. Chemical
autophagy inhibition was performed by pretreatment of hMDM with Spautin-1 (10 uM,
overnight), 3-Methyladenine (1 mM, overnight), LY294002 (20 uM, 2 h) or Wortmannin
(100 nM, 1 h) at 37°C and 5% CO, and subsequently, autophagy inducers were added
to check the hMDMs ability to induce autophagy. For the induction of LAP, hMDM were
treated with plain beads, PS-beads, zymosan or Leishmania parasites (Multiplicity of
Infection (MOI) 10 or 20) for different periods of time. For the inhibition of LAP, the
macrophages’ NADPH oxidase, NOX2, was inhibited with 10 yM Diphenyliodonium
(DPI) for 30 min at 37°C and 5% CO,. Subsequently, the cells were washed three

times with complete medium (208 g, 8 min, RT) and used for infection experiments.

2.2.6 CFSE based proliferation assay

2.2.6.1. Labeling of PBLs with Carboxyfluorescein succinimidyl ester (CFSE)

For labeling PBLs with CFSE, 10x10° PBLs were put in 2 ml prewarmed
Complete-Medium and 500 pl Complete-Medium with 4 uM CFSE was added. The
cells were incubated for 10 min at 37°C and 5% CO,. To remove excessive CFSE, 5 ml
Complete-Medium was added and the tube was centrifuged (143 g, 8 min, 20°C). The
pellet was resuspended in 10 ml Complete-Medium to obtain a concentration of 1x10°

PBLs/ml. In the same way, the harvested macrophages were labeled.
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2.2.6.2. Co-culture of infected hMDM and PBLs

The desired amount of macrophages was adjusted to a cell concentration of 0.4x10°
/ml. In 1.5 ml centrifuge tubes, 2x10° cells per sample (in 500 pl) were infected with
different Multiplicities of Infection (MOI) of Leishmania parasites, zymosan, plain beads,
phosphatidylserine beads in 50 pl or were stimulated with Tetanus Toxoid (TT) in
different concentrations. The cells were incubated for 18 hours at 37°C and 5% CO..
The next day, the samples were centrifuged (68 g, 8 min) to wash away remaining
Leishmania parasites or beads. Subsequently, the cells were resuspended in 500 pl
Complete-Medium and transferred in a round-bottom 96 well plate (4x50 pl per sample,
2x10* hMDM). Autologous, CFSE-labeled PBLs were added to the wells (1x10°
cells/well in 100 yl) and the plates were incubated for 6 days at 37°C and 5% CO,. To
assess lymphocyte proliferation as CFSE"" cells, the samples were analyzed by flow
cytometry.

2.2.6.3. Assessing hMDM infection rate

Macrophages were harvested and counted as described in 2.2.4.6. and 2.2.4.1.
0.4x10° macrophages per sample were put in 1 ml Complete-Medium and infected with
Leishmania dsRed and/or beads for 18 h at 37°C and 5% CO,. The next day,
remaining Leishmania parasites or beads were washed away two times (68 g, 8 min)
and the pellet was resuspended in Complete-Medium. Each sample was split into four
tubes (0.1x10° cells in 250 pl). Autologous PBLs were thawed, counted in a Neubauer
Chamber (0.1 mm depth) and 0.5x10° PBLs in 500 pl were added to the hMDM. After
incubation at 37°C and 5% CO, for 6 days, same samples were pooled and centrifuged
(322 g, 8 min, RT). The pellets were resuspended in 100 ul FACS buffer, transferred in

FACS tubes and infection rate as dsRed positive cells was analyzed by flow cytometry.

2.2.7 Flow Cytometry

Flow cytometry is used to assess cell characteristics such as size, granularity and
fluorescence. All samples were suspended to a single cell solution and were analyzed
by a BD™ LSR Il SORP flow cytometer and FACSDiva™ software. Further data

analysis and representative dot plots were obtained with FlowJo™ software.

2.2.7.1. Surface expression of GP63 on Lm SD promastigotes

Leishmania major SD promastigotes were analyzed for their surface expression of
GP63. Therefore, 10x10° logarithmic Lm promastigotes were incubated in a V-shaped
96 well plate for 15 min on ice in 100 pl FACS blocking buffer. Subsequently, the plate
was centrifuged (439 g, 8 min, 4°C), the supernatant removed and the pellets were

washed once in FACS buffer. Staining of GP63 was done by incubation of Lm
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promastigotes with primary antibody (mouse a-GP63, approximately 1 pg/ml) or
isotype control (mouse lgG2a kappa, 10 ug/ml) in FACS buffer for 30 min on ice.
Excessive primary antibody was washed away by centrifugation (439 g, 8 min, 4°C)
followed by one washing step with FACS buffer. Subsequently, the cells were
incubated in secondary antibody (chicken a-mouse, Alexa Fluor 488) for 30 min on ice
in the dark. Incubation was followed by two washing steps with FACS buffer. The
expression of GP63 was analyzed with a threshold of 200 and logarithmic scaled axes
for FSC, SSC and FITC by flow cytometry.

2.2.7.2. Proliferation of PBLs

After 6 days of co-culture of hMDM and PBLs, the plate was taken out of the incubator
and 4 wells containing the same sample were pooled in a V-shaped 96 well plate. The
plate was centrifuged (439 g, 8 min, 4°C) and the pellets were resuspended in 100 pl
FACS buffer.

2.2.7.3. Phenotyping of proliferating PBLs

After 6 days of co-culture of Tetanus stimulated hMDMs and PBLs, the proliferating
subset was characterized for surface markers. Therefore, the cells, obtained from the
proliferation assay, were washed in FACS buffer (439 g, 4 min, 4°C). Next, the cells
were resuspended in FACS blocking buffer and incubated for 15 min on ice.
Subsequently, the cells were washed again and incubated with anti-CD3, anti-CD4,
anti-CD8 or the respective isotype controls for 30 min at 4°C in the dark. After
incubation, the cells were washed with FACS buffer and the pellet was resuspended in

100 pl FACS buffer. Analysis of surface expression was performed by flow cytometry.

2.2.7.4. Characterization of surface marker on hMDM

Macrophages, harvested and counted as described in 2.2.4.6. and 2.2.4.1., were put in
centrifuge tubes and were stimulated with 10 pg/ml Tetanus Toxoid for 24 h at 37°C
and 5% CO, or left untreated. After incubation, the cells were centrifuged (439 g, 8 min,
RT) and transferred to a V-shaped 96 well plate (0.3x10%well). Subsequently, the cells
were incubated in 100 pl FACS blocking buffer for 15 min at 4°C to prevent unspecific
binding of the antibodies. After a washing step with FACS buffer, the cells were
incubated with the desired antibody/isotype for 30 min at 4°C in the dark.
Subsequently, the cells were washed twice with FACS buffer and after resuspension in
100 pl FACS buffer, the cells were transferred in FACS tubes to assess surface marker

expression by flow cytometry.
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2.2.7.6. Infection rate of hMDM with CFSE-labeled Lm SD promastigotes

For assessing the infection rate of hMDM with Lm promastigotes, Leishmania were
labeled with CFSE. Therefore, 5x10° parasites were incubated in 2.5 ml complete-
medium containing 1 uM CFSE for 10 min at 27°C and 5% CO,. Excessive CFSE was
removed by two washing steps (2400 g, 8 min, 20°C). Subsequently, 0.5x10° hMDM
were incubated with a MOI 10 of Leishmania in cytocentrifuge tubes for 2 h at 37°C
and 5% CO, followed by one washing step (68 g, 8 min, 20°C) to remove extracellular
Leishmania. The pellet was resuspended in 100 ul PBS and analyzed by flow

cytometry as CFSE positive cells being infected.

2.2.7.6. Assessing lysosomal acidification

To assess lysosomal acidification, hMDM were treated in centrifuge tubes with an MOI
10 of MACS-separated Leishmania or zymosan patrticles for 1, 3 and 5 h at 37°C and
5% CO,. After incubation, extracellular Leishmania or zymosan were washed away (68
g, 8 min, RT) and subsequently, Lysotracker® Red DND-99 (final conc. 1 pM) was
added, staining acidic organelles like lysosomes. The cells were incubated for 10 at
37°C and 5% CO, followed by two washing steps with cold wash buffer. Acidification of
hMDM as mean fluorescence intensity (MFI) in the PE channel was immediately
assessed by flow cytometry. MFI values were normalized to the respective medium

control.

2.2.8 Molecular biology methods

2.2.8.1. Assessing nucleic acid concentrations

Nucleic acid concentrations were determined using a NanoDrop 2000c UV-Vis
spectrometer. Therefore, 2 ul of the sample were pipetted on the quartz cell and
concentration was measured at a wavelength of 260 nm in duplicates. For blanking,

corresponding buffers in which samples were dissolved, were used.

2.2.8.2. Transfection of hMDM with siRNA

For siRNA transfection, hMDM (isolated as described in 2.2.4.4.) were washed with
1 ml RPMI-Medium without supplements and 1 ml RPMI-Medium without supplements
was added per well. For the transfection, two solutions (A and B) were prepared at RT
and mixed within 5 min. For each well, 4.6 pl Stemfect RNA transfection reagent and
20 pl transfection buffer (solution A) were mixed with 2 pl specific SiRNA or Non-Target
SiRNA (10 uM) and 20 pl transfection buffer (solution B). The transfection mixture was
incubated for 20 min at RT and then added dropwise to the wells. The final
concentration of SIRNA was approximately 20 nM. The cells were incubated at 37°C

and 5% CO, for 7 h and subsequently a medium change was performed. Therefore,
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the cells were washed once with complete-medium and 2.5 ml complete-medium was
added per well. 2 days post transfection, h(MDM were harvested, counted by a CASY
cell counter and used for RNA isolation (2.2.8.3.), Western Blot samples (2.2.9.1.) or
proliferation assays (2.2.6.2.).

2.2.8.3. RNA isolation

RNA was isolated using the RNeasy Plus Mini Kit according to the manufacturer’s
instructions. Therefore, at least 0.3x10° hMDM were washed with cold PBS (1024 g, 8
min, 20°C). Subsequently, the pellet was lysed in 350 pl RLT-Plus-Buffer by
resuspending and the homogenized lysate was transferred to a gDNA Eliminator spin
column and centrifuged (15300 g, 30 sec, 20°C) to get rid of genomic DNA. 350 pl 70%
ethanol was added to the flow-through and this mixture was transferred to a RNeasy
spin column. After the following centrifugation step (15300 g, 30 sec, 20°C) the flow-
through was discarded and the column was washed with 700 ul RW1 Buffer (15300 g,
30 sec, 20°C). The washing was repeated twice with 500 ul RPE Buffer (15300 g, 30
sec and 2 min, 20°C) and the column was dried by centrifugation in a fresh collection
tube (18000 g, 1 min, 20°C). RNA was eluted from the column with 30 pl RNase-free
water in a fresh 1.5 mL centrifuge tube by centrifugation (15300 xg, 30 s, RT).The

isolated RNA was either placed on ice for a further use or was frozen at -80°C.

2.2.8.4. Test PCR of isolated RNA

To confirm that the isolated RNA is free of DNA contaminations, a Test-PCR was
performed using human GAPDH primer. In addition, a negative control without
template (H,O) and a positive control with cDNA as template were prepared. A Master-

Mix without template was prepared and distributed to the 0.2 ul PCR tubes.

Volume [pl] Reagent Final conc.

1-2 (50-100 ng) RNA (or 2 pl cDNA/H,0)

1 Forward Primer (10 pM) 0.2 yM
1 Reverse Primer (10 uM) 0.2 uM
5 dNTP-Mix ( 2mM each) 0.2mM
5 NEB Tag-Buffer (10x) 1x
0.25 NEB-Tag-Polymerase (5 U/ul) 1.25U
ad 50 ddH,O

Subsequently, the template was added and the PCR with the following program was

run.
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Step Temp. [°C] time [s]
Initial denaturation 95 30
Amplification (30 cycles)
Denaturation 95 30
Annealing 60 30
Elongation 68 30
Final Elongation 68 10 min
Cooling 4 0

The PCR products were separated electrophoretically with a 1% Agarose gel

containing GelRed® and analyzed under UV light. Only the positive control with cDNA

as template should show a product.

2.2.8.5. Reverse transcription — cDNA synthesis

For cDNA synthesis the ImProm-Il Reverse Transcription System Kit™ was used

according the manufacturer’s instructions. The Reverse Transcriptase (RT) is a RNA-

dependent polymerase which catalyzes the generation of cDNA from a RNA template.

For one reaction:

Volume [pl] Reagent

1 ImProm!I™ Random Primer Mix
50 ng Template RNA

ad 5 pl Nuclease-free H,O

The primer-template RNA mixture was incubated 5 min at 70°C for thermally

denaturation and subsequently chilled on ice. A reverse transcription reaction mix was

prepared on ice and added to each sample. For one reaction:

Volume [pl]] Reagent Final conc.

6.5 Nuclease-free H,O

4 ImPromII™ Reaction Buffer (5x) 1x

2 MgCl, (25 mM) 2.5 mM

1 dNTP Mix (10 mM each) 0.5 mM
Recombinant RNasin®

0.5 Ribonuclease Inhibitor (20-40 Ufuly ~ ~0-20 Y

1 ImPromll™ Reverse Transcriptase

After addition of the Master Mix, the tubes were shortly spinned down and placed in the

PCR cycler performing the following program:
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Step Temp. [°C] Time [min]
Annealing 25 5

Reverse transcription 42 60
Inactivation 70 15

Cooling 4 P

The synthesized cDNA samples were stored at -20°C.

2.2.8.6. Quantitative Real-Time PCR (gRT-PCR)

Quantitative real-time PCR was used to amplify DNA and quantify the arising DNA
amounts during analysis. Therefore a MESA Blue qPCR MasterMix Plus for SYBR
Assay No Rox Kit was used according to the manufacturer’s instructions. A master mix
for each primer pair was prepared.

Volume [pl]] Reagent Final conc.
10 MESA Blue gPCR MasterMix (2x) 1x

6 Aqua bidest.

1 Forward Primer (10 uM) 0.5 yM

1 Reverse Primer (10 uM 0.5uM

2 cDNA (undiluted)

The fluorescent dye SYBR Green intercalates into double-stranded DNA, which is
present after amplification. Based on the fluorescence intensity, which is proportional to
the DNA amount, the amplification of the target genes can be measured. The used
primers were proven to be specific (melting curve and agarose gel separation of
amplified products) and efficient (primer efficiency test) and are listed in 2.1.6. All
samples were measured in duplicates and a sample containing the Master-Mix with
H,O instead of cDNA was used as negative control. Amplification was done using a

Light Cycler LC480 from Roche running the following program:

Step Temp. [°C] time[s] °Cls
Taq activation 95 10 min 4.4
Amplification (45 cycles)
Denaturation 95 10 4.4
Annealing 60 10 2.2
Elongation 72 15 4.4
Final Elongation 85 10 4.4
Melting curve 60-99 0.11
Cooling 40 20 min 2.2
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Evaluation of generated data was performed with the applied software LC480 (version
1.5.0 SP4) analyzing the so-called CT-value (cycle threshold), which indicates the
cycle in which the fluorescence signal significantly exceeds the background signal for
the first time. Relative gene expression was evaluated by the 2T method according
to Livak and Schmittgen (Livak and Schmittgen, 2001).

2.2.9 Western Blot analysis

2.2.9.1. Sample preparation

For Western Blot analysis, 0.3-0.5x10° hMDM or 3-5x10° L. major parasites were
pelleted (345 g, 8 min, 20°C for hMDM and 2400 g, 8 min, 20°C for L. major) and lysed
in 20 pl 1x Laemmli-Buffer by heating at 95°C for 10 min. Samples were vortexed,
spinned down and stored at -20°C. The modulation of autophagy and LAP was
analyzed by LC3-I to LC3-1l conversion by Western Blot and by p62 degradation (just
autophagy).

2.2.9.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is used to separate a denatured protein mixture according to their
electrophoretic mobility which correlates with the molecular weight (Laemmli, 1970).
10% or 15% SDS-polyacrylamide gels were prepared according to a standard protocol.
The samples as well as a prestained protein marker were loaded onto the gel.
Electrophoresis was performed in a Mini-PROTEAN® Tetra cell with 1x running buffer
at constant 70 V for protein passage through the stacking gel and with constant 100 V

through the separation gel.

_ Separation gel Separation gel  Stacking gel

Chemicals

(15%) (10%) (4%)
ddH,O 45 ml 5ml 2.5 ml
Separation gel buffer 4.5 ml 3ml -
Stacking gel buffer - - 1mi
Acrylamide/bis solution 30% 9ml 4 ml 0.5ml
TEMED 40 pl 25 pl 5 pl
APS 10% 180 pl 120 pl 20 ul

2.2.9.3. Western Blot and protein band detection

Western Blot was used to transfer electrophoretically separated proteins from a
polyacrylamide gel onto a nitrocellulose membrane. Therefore, a semi-dry blotting
system was used and transfer was performed for 1 h at constant 1.5 mA/cm?.
Subsequently, the immobilized proteins can be detected with specific antibodies and be

visualized by chemi-luminescence. To avoid unspecific antibody binding, the
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membrane was blocked with TBST + 5% skimmed milk for 1 h at RT. Subsequently,
the membrane was washed with TBST to remove residual milk and the primary
antibody was added over night at 4°C by gently agitation on a shaker. The next day,
the membrane was washed 3 times for 10 min with TBST and a secondary HRP-
coupled antibody was added in TBST + 5% milk for 1 h at RT. After another 3 washing
steps for 10 min at RT, protein bands were detected using Amersham ECL™ or
Luminata forte substrate according to the manufacturer’s protocol. High performance
ECL films were exposed to the membrane for distinct durations in the dark followed by
development in an AGFA processor or a LICOR C-Digit Blot scanner. Densitometry
analysis of Western Blot bands was done by ImageJ. Glyderaldehyde 3-phosphate
dehydrogenase (GAPDH) or B-actin were used as loading control and for calculation of

normalized protein amounts.

2.2.10 Enzyme-linked immunosorbent assay (ELISA)

To measure the secreted IL-10 and TNF-a concentration, 0.1x10° macrophages per ml
were infected with a MOI 10 of Leishmania parasites or zymosan. After 18 hours, the
supernatants were collected and frozen at -80°C. Subsequently, 100 pl of the
supernatants were used diluted for TNF-a (1:10 or 1:20) or undiluted for IL-10 in
duplicates. The ELISA was performed according to the manufactures instructions and

the plates were read in by a Tecan infinite F50 ELISA reader.

2.2.11 Microscopy

2.2.11.1. Cytocentrifugation of Leishmania and hMDM

For the generation of cytospins, 2x10° Leishmania parasites or 1x10° hMDMs were
resuspended in 100 pl medium or buffer. Cells were centrifuged on glass slides in a
cytocentrifuge at 500 g for 10 min (Leishmania) or at 75 g for 5 min (hMDM).

Subsequently, slides were air-dried and stained using DiffQuick® solutions.

2.2.11.2. DiffQuick® staining

DiffQuick® staining is a histological staining and the kit is consisting out of three
different solutions. Fist, air-dried cytospin slides were incubated for 2 min in fixation
solution containing methanol. Subsequently, they were incubated in Staining Solution 1
for 2 min, an eosinophilic staining of the cytoplasm. Next, the cells were incubated for 2
min in Staining Solution 2, a basophilic staining of the nucleus or the kinetoplast. The
slides were rinsed in tap water and air-dried for microscopical analysis using an

AxioPhot microscope.
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2.2.11.3. LC3 staining in chamberslides

To assess LC3 recruitment to autophagosomes or phagosomes by
immunofluorescence, 0.1x10° hMDM in 100 ul complete-medium were added per well
in a 12-well chamberslide. The adherence of hMDM was checked microscopically after
30 min at 37°C and 5% CO,. Autophagy was induced by incubation with PI-103,
AZD8055 or Rapamycin (all 10 puM) for 30-40 min at 37°C and 5% CO..
LC3-associated phagocytosis was induced by incubation with zymosan, plain beads or
PS-Beads for 2 h. After incubation all wells were washed twice with 100 ul prewarmed
wash buffer. Subsequently, the cells were fixated through incubation with 100 pl PBS
containing 4% paraformaldehyde (PFA) for 2 min at 4°C in the dark. After removing the
PFA all wells were washed with 100 pl of Buffer-1 followed by 100 pl of Buffer-2
containing saponin. To each well 100 pl complete-medium containing 183.75 ng/ml
primary antibody (polyclonal rabbit a-LC3) and 2 pl DAPI or 100 ul complete-medium
containing 183.75 ng/ml isotype control (polyclonal rabbit serum) and 2 pl DAPI was
added and incubated for 30 min at 4°C in the dark. Subsequently, the supernatant was
removed and the wells were washed with 100 pl Buffer-2. To each well 100 pl
complete-medium containing 0.5 pl secondary antibody (goat a-rabbit Alexa-Fluor-568)
was added and incubated for 30 min at 4°C in the dark. Subsequently, the wells were
washed with 100 pl Buffer-2 followed by 100 pl of Buffer-1. All liquid was removed
completely. To preserve the sample for microscopically analysis, a cover slip was
applied with 3 drops of ProLong® Gold Antifade Reagent. Surplus ProLong® Gold
Antifade Reagent was removed with cellulose papers. The Chamber Slide was stored
in the dark at 4°C. Analysis of Chamber Slides was performed by a LSM7 Live

microscope with a 630x magnification and by ZEN blue software.

2.2.12 Transduction of hMDM with eGFP-LC3 lentiviral particles

For transduction with lentiviral particles, 2x10°> CD14" separated monocytes (2.2.4.4)
were seeded in chamberslides for microscopic analysis. Adherent macrophages were
transduced with an MOI 0.1 of eGFP-LC3 lentiviral vector particles and incubated for
4 h at 37°C and 5% CO,. Subsequently, a medium change was performed and the
cells were further incubated for 4-5 days at 37°C and 5% CO, before being used for
stimulation with zymosan particles. The formation of LC3 positive compartments was
analyzed by live cell imaging using a LSM7 Live microscope with a 630x magnification

and by ZEN blue software.

50



Material and Methods

2.2.13 Statistical analysis

All data were shown as mean = SD (standard deviation). To determine whether
differences were statistically significant, the results were analyzed with a Wilcoxon
matched-pairs signed-rank test and GraphPad Prism software. Values of p < 0.05 (*), p

< 0.01 (**) and p < 0.001 (***) were considered as significant.
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3 Results

3.1 Autophagy modulation in human primary macrophages

In the first part of this thesis, we focused on the modulation of autophagy in human
primary macrophages using GM-CSF and M-CSF differentiated monocytes as model

phenotypes representing a pro- and an anti-inflammatory macrophage, respectively.

3.1.1 PI-103, AZD8055 and Rapamycin induce autophagy in hMDM

The best known stimulus to induce autophagy is the inhibition of the nutrient sensor
kinase mTOR. Therefore, pro-inflammatory macrophages were stimulated with the
MTOR inhibitors Rapamycin and AZD8055 and with the dual class | PISK/mMTOR
inhibitor PI-103. Subsequently, we assessed the protein expression levels of the
autophagy marker LC3 by immunofluorescence. All chemical autophagy inducers were
shown to induce LC3 protein expression compared to the respective control (Figure
9A). Analyzing the corrected total cell fluorescence (CTCF), significantly augmented
LC3 levels upon PI-103 (1.35 £ 0.8 fold) and AZD8055 (1.39 *+ 0.47 fold) treatment
were confirmed indicating no superior effect of dual class | PISK/mTOR compared to
single mTOR inhibition. Concerning stimulation with Rapamycin, elevated LC3

expression levels were observed (1.13 £ 0.37 fold) (Figure 9B).
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A

hMDM-1 + PI- hMDM-1 + AZD8055 hMDM-1 + Rapamycin

* ¥

CTCF
(Corrected total cell fluorescence)

- PI-103 AZD8055 Rapamycin

Figure 9: PI-103, AZD8055 and Rapamycin increase the expression of LC3 in hMDM-1.
hMDM-1 were treated with PI-103, AZD8055 or Rapamycin (all 10 puM) for 40 min.
Subsequently the cells were fixed and stained with an anti-LC3 antibody (red) and nuclei were
counterstained with DAPI (blue). (A) Representative images were taken with a Zeiss LSM-Live
7 microscope and a 630x magnification. (B) The corrected total cell fluorescence (CTCF) was
calculated by ImageJ. Data are representative for at least three independent experiments and
are shown as mean + SD (each dot represents the CTCF of one cell, n = 95-222; scale bar is 10

pum).

As only the total amount of LC3, meaning LC3-I and LC3-ll, can be analyzed by
immunofluorescence, we performed Western Blots to analyze if LC3-I is lipidated to its
membrane bound form LC3-1l which is located on autophagosomes. Pro- and anti-
inflammatory macrophages were stimulated with PI1-103, AZD8055 or Rapamycin and
LC3 conversion was assessed. All chemical inducers could be demonstrated to
significantly increase LC3-1 to LC3-II conversion shown by Western Blot (Figure 10A).
The potential of the analyzed modulators to induce LC3 conversion is in line with the

expression levels shown by immunofluorescence. PI-103 (4.4 + 3 fold; 6 £ 2.8 fold) was

54



Results

shown to induce autophagy the highest, followed by AZD8055 (3.5 + 2.4 fold; 5 + 3.1
fold) and Rapamycin (3 + 2.3 fold; 4.1 + 2.8 fold) in hMDM-1 and hMDM-2 respectively.
Furthermore, we observed that anti-inflammatory macrophages were more susceptible
to chemical autophagy induction.

Another marker to investigate autophagy induction is the intracellular autophagy
adaptor protein p62 (SQSTM-1) which targets cytosolic proteins for their degradation in
autophagosomes. For this, p62 binds to ubiquitinylated proteins and with its LIR motif
(LC3-interacting region) to LC3 on phagophores. Consequently, along with increased
autophagy induction and LC3 lipidation, p62-protein complexes are degraded in
autolysosomes. Indeed, we could show that upon chemical induction of autophagy a
reduced level of p62 was detected for treatment with PI1-103 (0.68 + 0.31 fold, 0.77 +
0.27 fold), AZD8055 (0.75 + 0.39 fold, 0.79 + 0.27 fold) and Rapamycin (0.97 + 0.36
fold, 0.89 £ 0.41 fold), in hMDM-1 and hMDM-2 respectively (Figure 10B).
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Figure 10: PI-103, AzZD8055 and Rapamycin increase LC3 conversion and p62
degradation in hMDM. hMDM were treated with PI-103, AZD8055 or Rapamycin (all 10 uM) for
2 h. Autophagy induction was analyzed by (A) conversion of LC3-l to LC3-Il and (B) p62
expression using Western Blot and densitometry analysis. GAPDH or B-actin was used as
loading control. Data are representative for at least three independent experiments and are
shown as mean + SD (A: n = 11-20, B: n = 10-15).

As increased LC3-1l levels indicate either enhanced autophagosome formation or

reduced autophagosome turnover, the autophagic flux was assessed by inhibiting
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lysosomal acidification using Bafilomycin Al (Figure 11). As expected, pretreatment
with Bafilomycin Al led to an accumulation of LC3-Il, indicating a basal autophagy level
in macrophages, which was further increased through treatment with autophagy
inducers in hMDM-1 and hMDM-2 respectively (Figure 11A). Moreover, also the p62
levels were increased upon blocking of autophagic flux with Bafilomycin Al

demonstrating inhibition of p62 degradation by autolysosomes (Figure 11B).
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Figure 11: Blocking of autophagic flux in hMDM with Bafilomycin Al. hMDM were
pretreated with Bafilomycin A1 (30 nM, 1 h) and subsequently treated with PI-103, AZD8055 or
Rapamycin (all 10 pM) for 2 h. Blocking of autophagic flux was analyzed by (A) conversion of
LC3-l to LC3-Il and (B) p62 expression using Western Blot and densitometry analysis in
hMDM-1 and hMDM-2 respectively. GAPDH was used as loading control. Significances were
calculated against the untreated control. Data are representative for at least three independent
experiments and are shown as mean + SD (n = 12 for LC3, n = 5 for p62).

3.1.2 Autophagy induction with the peptide Tat-Beclin

To induce autophagy more specifically, the autophagy inducing peptide, Tat-Beclin,
was used. This peptide could be shown to induce LC3 conversion at concentrations of
30 pM (8.6 + 11.5 fold; 9.5 = 13.7 fold) in hMDM-1 and hMDM-2 respectively, in

contrast to the corresponding Tat-Scramble control peptide (1.7 + 0.6 fold; 1.9 + 0.8
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fold) (Figure 12A). At lower concentrations of Tat-Beclin, no significant changes in LC3
conversion were detectable. Concerning p62 levels, no degradation upon autophagy
induction with Tat-Beclin could be detected in hMDM-1 and a minor, not significant
reduction in hMDM-2 (Figure 12 B).

Similar to the chemical autophagy induction by PISK/mTOR inhibitors, hMDM-2
induced a stronger LC3-1 to LC3-ll conversion and p62 degradation compared to
hMDM-1.
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Figure 12: Tat-Beclin induces LC3 conversion in hMDM. hMDM were treated with
Tat-Scramble or Tat-Beclin (5-30 pM) for 4.5 h. Autophagy induction was analyzed by (A)
conversion of LC3-l to LC3-1l and (B) p62 degradation using Western Blot and densitometry
analysis in hMDM-1 and hMDM-2. Data are representative for at least three independent
experiments and are shown as mean + SD (n = 5-9 for LC3; n = 2-4 for p62).
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3.1.3 Inhibition of class IIl PI3 kinase pathway by Wortmannin and Spautin-1
blocks autophagy induction in hMDM
Next, we aimed to modulate autophagy negatively using the class Il PI3-kinase
inhibitors 3-Methyladenine, Wortmannin and LY294002. Furthermore, Spautin-1, which
targets Beclin-1 for proteasomal degradation, is used.
To identify the potential of 3-Methyladenine, Wortmannin, LY294002 and Spautin-1 to
inhibit autophagy, macrophages were pretreated with the inhibitors and subsequently
autophagy was induced using PI-103, AZD8055 or Rapamycin in hMDM-1 (Figure
13A) and hMDM-2 (Figure 13B). By assessing LC3 conversion in PI-103 treated
hMDM (5.5 + 4 fold; 7 + 5.1 fold), pretreatment with Spautin-1 (1.6 = 0.9 fold; 2.0 + 1.4
fold) and Wortmannin (1.8 + 1.3 fold and 3 + 2.8 fold) could be demonstrated to
decrease the cellular LC3 conversion levels significantly in both hMDM-1 and hMDM-2,
respectively. Remarkably, pretreatment with 3-Methyladenine even led to an increased
autophagy induction in hMDM-1 (11.3 £ 8.6 fold) and just a minor decrease in hMDM-2
(6.2 £ 2.6 fold). Interestingly, the preincubation of macrophages with LY294002
followed by autophagy induction was able to block LC3 conversion in hMDM-1 (2.8 +
1.8 fold) but induced the conversion in hMDM-2 (8.7 £ 5.9 fold).
Comparable results were obtained by the application of Rapamycin or AZD8055 as
inducing stimuli. Taken together, autophagy induction was successfully inhibited by the
pretreatment with Spautin-1, Wortmannin and LY294002 in hMDM-1 and with
Spautin-1 and Wortmannin in hMDM-2.
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Figure 13: Spautin-1 and Wortmannin inhibit the induction of autophagy in hMDM. (A)
hMDM-1 and (B) hMDM-2 were treated with the autophagy inhibitors Spautin-1 (10 pM,
overnight), 3-Methyladenine (1 mM, overnight), Wortmannin (100 nM, 2 h) or LY294002 (20 uM,
1h) and subsequently autophagy was induced using PI1-103, AZD8055 or Rapamycin (all 10 uM)
for 2 h. Autophagy induction was analyzed by conversion of LC3-1 to LC3-1l by Western Blot and
densitometry analysis. Data are representative for at least three independent experiments and
are shown as mean + SD (n = 5-12).

3.1.4 Autophagy inhibition by siRNA knockdown

After successful inhibition of autophagy by different chemicals targeting class Il PI3K
or Beclin-1, we asked the question whether we could confirm those data by specific
siRNA-mediated knockdown of autophagy related proteins.

Therefore, we targeted ULK-1, Vps34, Beclin-1, ATG16L1 and LC3 for siRNA

knockdown in human primary macrophages. At given time points after SiRNA
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treatment, mRNA and protein levels were assessed using gRT-PCR (Figure 14) and
Western Blot analysis (Figure 15).

Regarding mRNA levels, the treatment of hMDM-1 with ULK-1 siRNA revealed the
MRNA levels to be constantly reduced for up to one week (45% + 19% on day 2-3;
26% £ 7.4% on day 4-5; 30% on day 6-7) (Figure 14A). Focusing on Vps34, the
MRNA level was reduced to 44% * 30% on day 2-3 and 60% * 34% on day 4-5
(Figure 14B). Targeting Beclin-1 revealed the mRNA levels to be reduced for up to one
week (11% + 7% on day 2-3; 21% * 3% on day 4-5 and 23% + 0.07% on day 6-7)
(Figure 14C). Analyzing ATG16L1, the lowest mRNA level was demonstrated on day
2-3 post transfection (30% + 0.5% on day 2-3; 53% * 48% on day 4-5; 71% = 57% on
day 6-7) (Figure 14D). Concerning LC3, the mRNA level was reduced early after
knockdown (34% + 11% on day 2-3) and increased again over time (68% * 48% on
day 4-5) (Figure 14E).
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Figure 14: mRNA level of ULK-1, Vps34, Beclin-1, ATG16L1 and LC3 in hMDM-1 treated
with siRNA. hMDM were treated with non-target siRNA or specific sSiRNA (ULK-1 (A), Vps34
(B), Beclin-1 (C), ATG16L1 (D) or LC3 (E)) and subsequently the mRNA level was assessed
over time by gRT-PCR. The mRNA expression of GAPDH was used as housekeeping gene.
Data are shown as mean + SD.
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Next, we analyzed if reduced mRNA levels result in protein reduction. By targeting
ULK-1, the protein amount was reduced to 19% + 12% on day 4-5 but getting re-
expressed after 7 days (Figure 15A). Concerning Vps34, the reduced mRNA levels did

not affect the protein levels over time, indicating strong protein stability (Figure 15B).
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By targeting Beclin-1 it took up to 7 days until the protein amount is reduced to 39% +
32% compared to the medium control (Figure 15C). The same was observed for
ATG16L1, the protein levels did not decrease at early time points after knockdown
(90% + 35% on day 2-3) but dropped strongly after 7 days to 35% * 12% (Figure 15D).
Focusing on LC3, the protein level was reduced early after knockdown (25% + 10% on
day 2-3 and increased again over time (68% + 56 % on day 4-5) (Figure 15E).
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Figure 15: Protein level of ULK-1, Vps34, Beclin-1, ATG16L1 and LC3 in hMDM-1 treated
with siRNA. hMDM were treated with non-target siRNA or specific sSiRNA (ULK-1 (A), Vps34
(B), Beclin-1 (C), ATG16L1 (D) or LC3 (E)) and subsequently the protein level was assessed

over time by Western Blot and densitometry analysis. GAPDH was used as loading control.
Data are shown as mean + SD.
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To investigate the efficiency of the knockdown, we selected ULK-1, Beclin-1 and LC3
knockdown macrophages for the application of autophagy inducers and analyzed LC3
conversion (Figure 16, 17 and 18). Therefore, the cells were treated with the prototypic
autophagy inducers PI-103, AZD8055 or Rapamycin and the effect on LC3-1 to LC3-II
conversion and p62 degradation was analyzed by Western Blot.

First we investigated ULK-1 knockdown macrophages three days after siRNA
application and subsequent treatment with the respective autophagy inducer. All
inducers resulted in increased LC3 conversion (Medium 8.0 £ 5.6 fold, NT 17.3 + 3.3
fold, ULK-1 siRNA 9.9 + 3.5 fold for PI-103, Medium 4.5 + 1.6 fold, NT 13.1 + 5.8 fold,
ULK-1 siRNA 5.1 + 2.3 fold for AZD8055 and Medium 3.1 + 1.5 fold, NT 3.5 £ 1.6 fold,
ULK-1 siRNA 3.1 + 1.8 fold for Rapamycin) (Figure 16A). Vice versa, the intracellular
adaptor protein p62 is targeted for degradation in autolysosomes. Stimulation of siRNA
treated hMDM and controls with PI-103 or AZD8055 resulted in reduced p62 levels
whereas stimulation with Rapamycin was not effective (Medium 0.7 £ 0.22 fold, NT
0.56 + 0.38 fold, ULK-1 siRNA 0.85 + 0.06 fold for PI-103, Medium 0.08 + 0.06 fold, NT
0.43 + 0.52 fold, ULK-1 siRNA 0.32 £ 0.28 fold for AZD8055 and Medium 0.53 + 0.37
fold, NT 1.08 = 0.33 fold, ULK-1 siRNA 1.39 + 0.78 fold for Rapamycin) (Figure 16B).
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Figure 16: Autophagy induction in ULK-1 knockdown cells. hMDM were treated with
non-target siRNA or specific siRNA for ULK-1. On day 3 after KD autophagy was induced with
PI-103, AZD8055 or Rapamycin (10 uM, 2 h). (A) LC3-I to LC3-1I conversion and (B) p62 levels
were assessed by Western Blot and densitometry analysis. GAPDH was used as loading
control. Data are shown as mean + SD (n = 3 for PI-103 and AZD8055 and n = 4 for
Rapamycin).

Similar results regarding increasing LC3-1l to LC3-| ratios were obtained for treating
Beclin-1 knockdown cells with PI-103 (Medium 1.8 + 0.1 fold, NT 4.4 + 0.7 fold, Beclin-
1 siRNA 3.4 + 1.9 fold), AZD8055 (Medium 3.9 + 5.5 fold, NT 3.8 £ 3.6 fold, Beclin-1
siRNA 5.6 + 6.4 fold) or Rapamycin (Medium 3.7 + 3.0 fold, NT 2.0 + 0.7 fold, Beclin-1
siRNA 1.8 = 0.4 fold) (Figure 17A). Focusing on the p62 levels, treatment with
AZDB8055 or Rapamycin led to reduced p62 levels (Medium 1.08 + 0.47 fold, NT 0.51 +
0.26 fold, Beclin-1 siRNA 0.61 + 0.29 fold for AZD8055 and Medium 0.77 + 0.45 fold,
NT 0.75 £ 0.52 fold, Beclin-1 siRNA 0.82 + 0.41 fold for Rapamycin) (Figure 17B).
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Figure 17: Autophagy induction in Beclin-1 knockdown cells. hMDM were treated with
non-target siRNA or specific SIRNA for Beclin-1. On day 7 after KD autophagy was induced with
PI-103, AZD8055 or Rapamycin (10 uM, 2 h). (A) LC3-I to LC3-1I conversion and (B) p62 levels
were assessed by Western Blot and densitometry analysis. GAPDH was used as loading
control. Data are shown as mean = SD (n = 2 for PI-103; n = 5 (LC3) and n = 3 (p62) for
AZD8055 and Rapamycin).

Furthermore, the autophagy marker LC3 was targeted for siRNA knockdown as well.
Stimulation of siRNA treated hMDM and controls with PI-103 resulted in reduced p62
levels in Medium and NT-treated cells but not in LC3 knockdown cells (Medium 0.7 +
0.22 fold, NT 0.55 + 0.38 fold, LC3 siRNA 1.11 + 0.41 fold) (Figure 18).
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Figure 18: Autophagy induction in LC3 knockdown cells. hMDM were treated with non-
target siRNA or specific siRNA for LC3 and on day 3 after KD autophagy was induced with
P1-103 (10 uM, 2h). The protein level of p62 was assessed by Western Blot and densitometry
analysis. GAPDH was used as loading control. Data are shown as mean + SD (n = 3).
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3.2 Effect of autophagy modulation on antigen processing using the

recall antigen Tetanus Toxoid

Macrophages are immunomodulatory cells which are involved in antigen processing
and presentation to the adaptive immune system. In addition, various studies
demonstrated the involvement of autophagic degradation in antigen processing for
MHC class Il presentation (Schmid and Munz, 2007; Munz, 2016a). Therefore, we
aimed to analyze the effect of autophagy modulation on antigen processing using the
recall antigen Tetanus Toxoid (TT) as a model antigen. Hence, autophagy in human
primary macrophages was induced by AZD8055 or inhibited by siRNA knockdown of
ULK-1 and the effect on lymphocyte proliferation in response to Tetanus Toxoid

stimulation was analyzed.

3.2.1 Characterization of the Tetanus Toxoid specific T cell proliferation

First of all, the immune response against stimulation of hMDM with Tetanus Toxoid
was characterized to ensure that antigens undergo processing and are presented via
MHC-Il to CD4" T cells. Hence, a proliferation kinetic in response to different TT
concentrations was assessed by a CFSE-based proliferation assay (Figure 19).
Therefore, macrophages were stimulated with TT overnight and subsequently co-
cultured with autologous, CFSE-labeled peripheral blood lymphocytes (PBLs) for 6
days. Upon T cell activation, half of the initial CFSE molecules are transferred to the
daughter cell with each cell division. Accordingly, lymphocyte proliferation can be
analyzed by measuring the percentage of CFSE™" proliferating cells.

After three days of co-cultivation, lymphocyte proliferation arises and is steadily
increasing until day 6, reaching 15-20%. Analyzing longer periods of co-cultivation
revealed unspecific proliferation in the unstimulated controls (data not shown). There
were no significant changes observed regarding the applied concentrations. For the
following experiments a concentration of 10 ug/ml was used and proliferation was

assessed on day 6 post co-cultivation.
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Figure 19: Proliferation kinetic in response to hMDM stimulated with different
concentrations of Tetanus Toxoid. hMDM were treated with Tetanus Toxoid (5-50 pg/ml)
overnight and autologous, CFSE-labeled lymphocytes were added. (A) T cell proliferation as
CFSE™ cells was measured over time by flow cytometry in hMDM-1 and hMDM-2. (B)
Representative pictures of the co-culture were depicted (arrows indicate cluster formation of
proliferated T cells). Data are representative for at least three independent experiments and are
shown as mean + SD (n = 2-13 for hMDM-1 and n = 2-8 for hMDM-2).

In the next step, the proliferating PBLs in response to TT were further characterized in
terms of phenotyping the proliferating T cell subset. By flow cytometry, the FSC/SSC
gate was used to gate on the lymphocyte population and subsequently the CFSE""
cells within the lymphocyte gate were gated. From this gate, the amount of CD3" cells
followed by the characterization of CD4" and CD8" cells was analyzed (Figure 20). We
found the proliferating cells to be mainly positive for CD3 (72.3 £ 11.3%, 81.7 + 3.9%)
and CD4 (75.8 + 13.9%, 82.5 £ 13.5%) but not for CD8 (7.4 £ 5.7%, 6.8 + 7.9%) for co-
culture with hMDM-1 and hMDM-2 respectively. Interestingly, there was a small
amount of CD3" cells being double negative for CD4 and CD8 detectable (16.6 +
11.7% for hMDM-1, 10.3 + 8.6% for hMDM-2).
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Figure 20: Phenotyping of proliferating T cells in response to Tetanus Toxoid. hMDM
were treated with Tetanus Toxoid (10 pg/ml) overnight and autologous, CFSE-labeled
lymphocytes were added. After 6 days of co-culture, T cell proliferation as CFSE"" cells as well
as T cell marker expression (CD3, CD4 and CD8) was analyzed by flow cytometry (A)
Representative pictures of the gating strategy were depicted. For TT treated samples, it was
gated on lymphocytes, CFSE"™" cells, CD3" cells and CD4" versus CD8" cells. Lymphocyte
proliferation and CD3-CD4-CD8 characterization for (B) hMDM-1 and (C) hMDM-2 was
analyzed. Data are representative for at least three independent experiments and are shown as
mean £ SD (n = 6 for h(MDM-1 and n = 5 for hMDM-2).

3.2.2 Impact of autophagy modulation on the TT specific T cell proliferation

Autophagy is shown to be involved in antigen processing for presentation on MHC-II
molecules (Munz, 2016a). To analyze if autophagy is involved in the processing of
Tetanus Toxoid, we induced autophagy with AZD8055 and inhibited autophagy by
siRNA knockdown of ULK-1 and subsequently analyzed the effect on T cell
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proliferation. The stimulation of macrophages with TT induced a T cell proliferation of
11.1 £ 6.2% for hMDM-1 and 12.1 + 3% for hMDM-2. The prestimulation with AZD8055
had no influence on the adaptive immune response (13.7 = 9.5% in hMDM-1, 12.7 +
3.5% in hMDM-2) (Figure 21).
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Figure 21: Autophagy induction by AZD8055 did not influence the Tetanus Toxoid
induced T cell proliferation. hMDM-1 (left panel) and hMDM-2 (right panel) were
prestimulated with AZD8055 (10 uM, 45 min) and subsequently stimulated with Tetanus Toxoid
(10 pg/ml) overnight. Autologous, CFSE-labeled lymphocytes were added and co-cultivated for
6 days. T cell proliferation as CFSE" cells was assessed by flow cytometry. Data are
representative for at least three independent experiments and are shown as mean + SD (h =8
for AMDM-1 and n =5 for hMDM-2).

On the other hand, the impact of autophagy inhibition on T cell proliferation was
analyzed by an ULK-1 siRNA knockdown (Figure 22). In general, it could be observed
that the proliferation is approximately twice as high as for the last experiments, which is
probably due to the generation method of hMDM. In the previous experiments, hMDM
were generated by plastic adherence whereas for knockdown experiments CD14
positive MACS was used. Presumably, the binding of CD14-beads to the CD14
receptor, which is also a LPS receptor, leads to a preactivation of hMDM resulting in a
higher T cell proliferation. Autophagy inhibition by ULK-1 knockdown had no impact on
the Tetanus Toxoid induced lymphocyte proliferation (Medium 25.7 + 9.2%, NT 26.9 £
13.1%, ULK-1 siRNA 26.2 + 9.9% for hMDM-1; Medium 25.3 £ 10%, NT 26.8 + 12.3%,
ULK-1 siRNA 25.7 £ 9.4%).

Taken together, autophagy was suggested to be not involved in TT induced T cell
proliferation which might indicate that autophagy does not affect antigen processing of

this model antigen.
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Figure 22: Autophagy inhibition by ULK-1 knockdown did not influence the Tetanus
Toxoid induced T cell proliferation. hMDM-1 (left panel) and hMDM-2 (right panel) were
treated with non-target siRNA or specific siRNA for ULK-1. On day 2 post KD, hMDM were
stimulated with Tetanus Toxoid (10 pg/ml) overnight. Autologous, CFSE-labeled lymphocytes
were added and co-cultivated for 6 days. T cell proliferation as CFSE"" cells was assessed by
flow cytometry. Data are representative for at least three independent experiments and are
shown as mean * SD (n = 7 for hMDM-1 and n = 3-5 for hMDM-2).

3.2.3 Macrophage phenotypes and their ability to activate T cells

Surprisingly, by comparing the ability of hMDM-1 and hMDM-2 to activate the adaptive
immune system, the anti-inflammatory hMDM-2 were shown to be more potent (Figure
23). Stimulation of hMDM-1 with Tetanus Toxoid resulted in a lymphocyte proliferation
of 12 + 6.4%, whereas stimulation of hMDM-2 induced a significantly higher T cell
proliferation of 16.6 + 6.8%. Already by comparing the background proliferation induced
by unstimulated macrophages, hMDM-2 were shown to promote a significantly higher
immune activation.
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Figure 23: Proliferation of T cells in response to Tetanus Toxoid treated hMDM-1 vs.
hMDM-2. hMDM-1 (green) and hMDM-2 (blue) were treated with Tetanus Toxoid (10 pg/ml)
overnight and autologous, CFSE-labeled lymphocytes were added. After 6 days of co-culture, T
cell proliferation as CFSE"" cells was analyzed by flow cytometry. Data are representative for at
least three independent experiments and are shown as mean = SD (n = 28).
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In vivo, anti-inflammatory type 2 macrophages are supposed to dampen the immune
system. To further analyze the ability of hMDM-2 to induce a stronger immune
response in vitro, we characterized both phenotypes for their expression of co-
stimulatory surface markers being important for T cell activation (Figure 24). We
investigated the expression of CD40, MHC-Il, CD80 and CD86. In general, we could
not observe an upregulation of activation markers upon the stimulation with Tetanus
Toxoid for 24 h.

Regarding CD40, which mediates the activation of antigen presenting cells upon
binding of CD40L on Ty cells, a third of the macrophage population was found to be
positive (32.7 + 18.2% for hMDM-1, 26.0 + 11.5% for hMDM-2) (Figure 24A).
Furthermore, we analyzed the expression of MHC class Il being important for the
presentation of peptides derived from extracellular proteins to CD4" T cells. As
expected for macrophages being professional antigen presenting cells, a high positivity
was observed for the MHC-II expression (84.8 = 9.3% for hMDM-1, 93.3 + 3.9% for
hMDM-2) (Figure 24B). Remarkably, for hMDM-2 a 10% higher MHC-II positivity
compared to hMDM-1 was observed. The marker CD80, also named B7-1, is a
costimulatory molecule necessary for the activation and survival of T cells. It is higher
expressed on hMDM-1 compared to hMDM-2 (38.5 + 16.4%, 10.6 + 6.1%) (Figure
24C). Concerning CD86, also named B7-2, which is a co-stimulatory molecule working
in tandem with CD80, equal expression levels for both phenotypes were obtained (29.9
+ 14.5% for hMDM-1, 24.3 £+ 13.1 % for hMDM-2) (Figure 24D).

In conclusion, an equal expression level was demonstrated for CD40 and CD86 on
hMDM-1 and hMDM-2. Regarding CD80, it is barely expressed on hMDM-2 and
around 40% positivity was shown for hMDM-1. The antigen presenting molecule,

MHC-II, is abundantly expressed on macrophages but predominantly on hMDM-2.
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Figure 24: Analysis of maturation marker on hMDM-1 and hMDM-2 upon Tetanus Toxoid
treatment. hMDM were treated with Tetanus Toxoid (10 pg/ml) overnight and were stained for
surface marker expression analyzed by flow cytometry: (A) CD40, (B) MHC-II, (C) CD80 and
(D) CD86. Data are representative for at least three independent experiments and are shown as
mean £ SD (n = 7 for CD40; n = 9 for MHC-II; n = 12 for CD80 and CD86).
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In parallel to the assessment of surface activation marker expression, macrophages
were used for proteome analysis to identify intracellular proteins being involved in
antigen processing and presentation (in cooperation with Stefan Tenzer, University of
Mainz). In general, a different proteome profile of hMDM-1 and hMDM-2 was detected,
indicative for the fact that we generated two different phenotypes of macrophages.
Stimulation with Tetanus Toxoid had only a minor effect on altering the protein
expression profiles (3-6 proteins being up- or downregulated in hMDM-1 and hMDM-2
upon stimulation with TT; data not shown).

By comparing hMDM-1 vs. hMDM-2, the proteins being at least 2 fold upregulated
(Table 1) were used for a string analysis (Figure 25). Within those proteins, 3 were
identified to be involved in antigen processing and mediating adaptive immunity,
namely vesicle associated membrane protein 8 (VAMPS8), V-type proton ATPase
subunit B and the Calcineurin binding protein cabin-1.
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Figure 25: STRING analysis of upregulated proteins in hMDM-1 vs hMDM-2. Proteome
analysis of hMDM-1 and hMDM-2 using mass spectrometry. Depicted are proteins that are at
least 2 fold upregulated in hMDM-1 compared to hMDM-2. Data are representative for at least
three independent experiments (n = 6).
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Table 1: Proteome analysis of hMDM-1 vs. hMDM-2. Depicted are proteins that are at least 2
fold upregulated in hMDM-1 compared to hMDM-2. Proteins were sorted by highest
upregulation on top to lowest upregulation on bottom and proteins being involved in antigen
processing and presentation are illustrated in bold.

String name Entry name Full name

NRAP NRAP_HUMAN Nebulin-related anchoring protein

RANGAP1 RAGP1_HUMAN | Ran GTPase-activating protein 1

PTBP3 PTBP3_HUMAN Polypyrimidine tract-binding protein 3

ATP6V1B1 VATB1 HUMAN | V-type proton ATPase subunit B, kidney isoform
GNAO1 GNAO_HUMAN Guanine nucleotide-binding protein G(o) subunit alpha
TPM1 TPM1_HUMAN Tropomyosin alpha-1 chain

TPM2 TPM2_HUMAN Tropomyosin beta chain

FBP2 F16P2_HUMAN Fructose-1,6-bisphosphatase isozyme 2

PHGDH SERA_HUMAN D-3-phosphoglycerate dehydrogenase

UPP1 UPP1_HUMAN Uridine phosphorylase 1

SLC27A3 S27A3_HUMAN Long-chain fatty acid transport protein 3

PDLIM7 PDLI7_HUMAN PDZ and LIM domain protein 7

EML4 EMAL4_HUMAN | Echinoderm microtubule-associated protein-like 4
CSRP1 CSRP1_HUMAN | Cysteine and glycine-rich protein 1

CABIN1 CABIN_HUMAN | Calcineurin-binding protein cabin-1

CA2 CAH2_HUMAN Carbonic anhydrase 2

CRABP2 RABP2_HUMAN | Cellular retinoic acid-binding protein 2

MTDH LYRIC_HUMAN Protein LYRIC

EIF4H IFAH_HUMAN Eukaryotic translation initiation factor 4H

OSBPL8 OSBL8 _HUMAN | Oxysterol-binding protein-related protein 8

VAMPS8 VAMP8 _HUMAN | Vesicle-associated membrane protein 8

SPR SPRE_HUMAN Sepiapterin reductase

FBP1 F16P1_HUMAN Fructose-1,6-bisphosphatase 1

AGFG1 AGFG1 HUMAN | Arf-GAP domain and FG repeat-containing protein 1
CTTN SRC8 HUMAN Src substrate cortactin

ZYX ZYX_HUMAN Zyxin

LPCAT2 PCAT2_HUMAN | Lysophosphatidylcholine acyltransferase 2

Vice versa, we analyzed the proteins that are at least two fold upregulated in hMDM-2
compared to hMDM-1 (Table 2) and illustrated them by string analysis (Figure 26). A
number of proteins were identified that are involved in antigen processing (Legumain,
L-amino-acid oxidase and the probable serine carboxypeptidase CPVL), phagocytosis
(Sialoadhesin) and priming of an immune response (Galectin 10, CD163).

In conclusion, by comparing the two macrophage phenotypes, hMDM-2 were shown to

have a higher expression profile of proteins being involved in antigen processing. The
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identified proteins will be modulated in following experiments aiming to explain why

hMDM-2 are superior to hMDM-1 in priming an adaptive immune response.
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Figure 26: STRING analysis of upregulated proteins on hMDM-2 vs hMDM-1. Proteome
analysis of hMDM-2 and hMDM-1 using mass spectrometry. Depicted are proteins that are at
least 2 fold upregulated in hMDM-2 compared to hMDM-1. Data are representative for at least
three independent experiments (n = 6).

Table 2: Proteome analysis of hMDM-2 vs. hMDM-1. Depicted are proteins that are at least 2
fold upregulated in hMDM-2 compared to hMDM-1. Proteins were sorted by highest
upregulation on top to lowest upregulation on bottom and proteins being involved in antigen
processing and presentation are illustrated in bold.

String name Entry name Full name

not found IGHM_HUMAN Ig mu chain C region

RASGRF2 RGRF2_HUMAN | Ras-specific guanine nucleotide-releasing factor 2
TCL1A TCL1A HUMAN T-cell leukemia/lymphoma protein 1A
F13A1 F13A_HUMAN Coagulation factor XIII A chain

LGMN LGMN_HUMAN Legumain

SERPINB2 PAI2_HUMAN Plasminogen activator inhibitor 2

FUCA1 FUCO_HUMAN Tissue alpha-L-fucosidase

MS4A1 CD20_HUMAN B-lymphocyte antigen CD20

ADA ADA_HUMAN Adenosine deaminase

ROCK2 ROCK2_HUMAN | Rho-associated protein kinase 2

not found LEG10_HUMAN Galectin-10

IL411 OXLA_HUMAN L-amino-acid oxidase

CPVL CPVL_HUMAN Probable serine carboxypeptidase CPVL
CD180 CD180_HUMAN CD180 antigen
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NAGA NAGAB_HUMAN | Alpha-N-acetylgalactosaminidase

PITHD1 PITH1_HUMAN PITH domain-containing protein 1

SHM1 SPHM_HUMAN N-sulphoglucosamine sulphohydrolase
CD163 C163A_HUMAN Scavenger receptor cysteine-rich type 1 protein M130
GLB1 BGAL_HUMAN Beta-galactosidase

HEXB HEXB_HUMAN Beta-hexosaminidase subunit beta

SDS SDHL_HUMAN L-serine dehydratase/L-threonine deaminase
ARSA ARSA HUMAN Arylsulfatase A

NAGLU ANAG_HUMAN Alpha-N-acetylglucosaminidase

GATM GATM_HUMAN Glycine amidinotransferase, mitochondrial
APPL2 DP13B_HUMAN DCC-interacting protein 13-beta

GUSB BGLR_HUMAN Beta-glucuronidase

SGPL1 SGPL1_HUMAN | Sphingosine-1-phosphate lyase 1

NPL NPL_HUMAN N-acetylneuraminate lyase

SIGLEC1 SN_HUMAN Sialoadhesin

PDCD4 PDCD4_HUMAN | Programmed cell death protein 4

ABHD12 ABD12_ HUMAN Monoacylglycerol lipase ABHD12

KTN1 KTN1_HUMAN Kinectin

MECP2 MECP2_HUMAN | Methyl-CpG-binding protein 2

RASAL3 RASL3_HUMAN RAS protein activator like-3

SHMT2 GLYC_HUMAN Serine hydroxymethyltransferase, cytosolic
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3.3 Investigation of the Leishmania virulence factor GP63

In addition to nutrient and chemical modulation of autophagy, also pathogens have
been shown to modulate the host cells’ autophagy machinery for their own benefit (Lee
et al., 2008; Wang et al., 2009). Concerning Leishmania parasites a potential
autophagy modulating factor is the metalloprotease GP63, which influences various
host cell signaling pathways amongst others, mTOR (Gomez et al., 2009; Jaramillo et
al., 2011). Therefore, we aimed to investigate if the Leishmania virulence factor GP63
is involved in autophagy modulation in hMDM. First of all, the growth behavior of the
GP63 knockout (KO) parasites compared to the two controls, wildtype (WT) and
KO+GP63 (KO parasites with addback of a gp63-containing plasmid), was
investigated. Subsequently, the impact of GP63 as virulence factor concerning infection
of hMDM and adaptive immune response was determined. And finally, the effect on
autophagy modulation was analyzed.

3.3.1 Growth characteristics of Leishmania GP63 knockout parasites
Leishmania major Seidmann (SD) promastigotes were cultured in vitro in a biphasic
Novy Nicolle McNeal blood agar culture system and the growth characteristics, by
counting viable and apoptotic promastigotes, were analyzed over one week (Figure
27). During the first few days after passage, the parasites are in a logarithmic growth
phase (log. ph. Lm) containing mainly viable and exponentially dividing parasites. From
day 4-5 on, the parasites reach the stationary growth phase (stat. ph. Lm) comprising a
mixture of apoptotic and viable parasites (Figure 27A). This mixture of elongated,
viable as well as round shaped, apoptotic parasites is comparable to the infectious
mixture in the midgut of the sandfly namely the virulent inoculum. Comparing the
growth of Lm SD WT, Lm GP63 KO and Lm KO+GP63, a similar growth behavior was
observed and day 5 old cultures as infectious mixture were chosen for the following
infection experiments. The presence of GP63 was confirmed for WT and KO+GP63
parasites and the absence was proven for the KO parasites by genomic DNA isolation
followed by PCR amplifying GP63 (data not shown) as well as by antibody staining
analyzed by flow cytometry (Figure 27B).
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Figure 27: Growth characteristics of Leishmania major Seidmann. The amount of viable
and apoptotic parasites in a blood agar culture of Lm SD was counted daily over one week and
(A) representative DiffQuick® pictures are depicted (n = 2-6; scale bar 10 um). (B) Surface
expression of GP63 was assessed by an antibody staining using flow cytometry (black line:
unstained, blue line: isotype control, red line: GP63 staining).

3.3.2 GP63 has no impact on the infection rate of hMDM

To analyze if GP63 is involved in the uptake by hMDM, we co-incubated macrophages
with CFSE-labeled Leishmania promastigotes for 3 h and analyzed the infection rate
using flow cytometry (Figure 28). All three Leishmania types were able to infect
macrophages with the same efficiency (WT 60.2 + 15.2%, 43 + 18%; KO 60.1 + 14.6,
46.8 + 17%; KO+GP63 57.1 + 15.4%, 43.6 +16.1% for hMDM-1 and hMDM-2
respectively). Surprisingly, hMDM-2, comprising a higher phagocytic capacity, showed
a lower infection rate compared to hMDM-1.
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Figure 28: Infection rate of hMDM with Lm SD WT, Lm SD KO and Lm SD KO+GP63.
hMDM-1 and hMDM-2 were infected with a MOI 10 of CFSE-labeled Leishmania promastigotes
for 3 h. Infection rate was analyzed by flow cytometry. Data are representative for at least three
independent experiments and are shown as mean + SD (n = 8).

3.3.3 GP63 has no impact on T cell proliferation

Although, no impact of GP63 on the infection rate of macrophages was detectable, we
asked whether GP63 expression on Lm has an effect on the adaptive immune
response (Figure 29). Therefore, hMDM were infected overnight with Leishmania
promastigotes and subsequently co-cultured with autologous, CFSE-labeled peripheral
blood lymphocytes (PBLSs) for 6 days.

Remarkably, we could detect a Leishmania specific T cell proliferation in previously
unexposed german blood donors (discussed in Crauwels et al., 2015). This is probably
due to a cross reaction with antigens the donors have been previously exposed with
e.g. through immunization. Though, this proliferation did not differ between the different
Leishmania types. T cell proliferation as percentage of CFSE"" cells were in both types
of macrophages around 25-30% (WT 26.9 + 11.7%, KO 28.5 £13.9%, KO+GP63 26.3
+ 10.5% for hMDM-1 and WT 21.9 + 11.6%, KO 26.8 + 12.5%, KO+GP63 22.4 + 10.4%
for hnMDM-2).

hMDM-1 hMDM-2
K 50 R 9 50
®,
5 40 5 40 .
® o E
£ 30 :g 30
o ©
& 20 s 20 .
R R E
- o ° - %’ e e o
oL_° olL_©°
uninf. WT KO KO+ uninf. WT KO KO+
GP63 GP63

Figure 29: T cell proliferation in response to hMDM infected with Lm SD WT, Lm SD KO
and Lm SD KO+GP63. hMDM were infected overnight with a MOI 10 of Lm promastigotes and
were co-cultured with autologous, CFSE-labeled lymphocytes for 6 days. T cell proliferation was
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low

assessed as CFSE™" cells by flow cytometry. Data are representative for at least three
independent experiments and are shown as mean + SD (n = 6-7).

3.3.4 Infection of hMDM with Leishmania induces autophagy independently of
GP63

Although no impact of GP63 on infection rate and adaptive immunity was shown, we
asked the question if the metalloprotease activity of GP63 influences intracellular host
cell signaling pathways such as the induction of autophagy. Therefore, we assessed
the ability of Leishmania SD parasites to modulate the host cells autophagy machinery
and whether this is dependent on GP63 expression. LC3 conversion in infected
macrophages was analyzed by Western Blot (Figure 30). Infection of hMDM with
different Leishmania types led to the conversion of LC3-1 to LC3-Il but this was
independent on the presence of GP63. There was just a minor reduced LC3
conversion detectable upon infection with GP63-depleted parasites (WT 2.0 = 1.2 fold,
KO 1.7 £ 0.7 fold, KO+GP63 2.3 £ 0.8 fold).

Taken together, GP63 has no impact on the infection rate of hMDM, on immune cell
activation and on the induction of autophagy. In accordance with previous results in our
group, the infection of macrophages with Leishmania promastigotes (in this case Lm

FEBNI) induces autophagy (Crauwels et al., 2015).
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Figure 30: Leishmania SD promastigotes induce LC3 conversion in hMDM independently
of GP63. hMDM-1 were infected with a MOI 10 of Lm SD WT, Lm SD KO or Lm SD KO+GP63
for 3 h. Subsequently, LC3-I to LC3-ll conversion was analyzed by Western Blot and
densitometry analysis. Data are representative for at least three independent experiments and
are shown as mean + SD (n = 4).
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3.4 Modulation of LC3-associated phagocytosis

Previous studies in our group demonstrated that Leishmania promastigotes are taken
up in a single membrane phagosome. The uptake of apoptotic promastigotes initiates
the recruitment of the autophagy marker LC3 to the phagosomal membrane (Crauwels
et al., 2015). As LC3 recruitment is independent of ULK-1, we suggested that apoptotic
Leishmania are taken up by an autophagy related process, termed LC3-associated
phagocytosis LAP (PhD thesis of Meike Thomas). Furthermore, the presence of
apoptotic parasites in the virulent inoculum was shown to reduce the Leishmania
specific adaptive immune response (Crauwels et al., 2015). Thus, we hypothesize, that
the presence of LAP inducing agents like apoptotic Leishmania parasites,
phosphatidylserine (PS) coated beads or zymosan leads to a reduced immune
response. Hence, in the last part of this thesis, we focused on the modulation of the
autophagy related pathway LAP in human primary macrophages. Subsequently, the
impact of LAP modulation on the adaptive immune system was analyzed.

3.4.1 LAP induction by phosphatidylserine beads

It is well known, that LAP is induced by the activation of specific cell surface receptors
like TLRs, Dectin-1, Fcy- or PS-receptors (Mehta et al., 2014). Apoptotic Leishmania
express phosphatidylserine on their surface, which might cause LAP induction via the
PS-receptor, although the responsible receptor for the uptake of apoptotic Leishmania
is still unknown. We could already show that apoptotic promastigotes are taken up in
LC3 positive compartments upon phagocytosis by hMDM (Crauwels et al., 2015). In
the following part, we aim to induce LAP by particles which can replace the apoptotic
Lm in the virulent inoculum. First, we chose phosphatidylserine-coupled beads and
their respective uncoated control, named plain beads.

LC3 immunofluorescence stainings were used to assess the formation of LC3"
compartments (Figure 31). In untreated macrophages, a uniformly LC3 distribution in
the cytoplasm was observed (Figure 31A). Surprisingly, stimulation of hMDM with
uncoated plain beads resulted in the formation of LC3 positive compartments (Figure
31B). As expected, PS beads were taken up in LC3 positive compartments within
hMDM (Figure 31C).
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Figure 31: Plain beads and PS beads reside in LC3-positive compartments in hMDM.
hMDM were left (A) untreated or were treated with a MOI 20 of (B) plain beads or (C) PS beads
for 3 h. Subsequently, the cells were fixed and stained with an anti-LC3 antibody (red) and
nuclei were counterstained with DAPI (blue) (arrows indicate engulfed beads in LC3"
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compartments). Representative images were taken with a Zeiss LSM-Live 7 microscope and a
630x magnification.

As LC3 immunostainings are not able to distinguish between the cytosolic form LC3-I
and the membrane bound form LC3-Il, we performed Western Blots to confirm the
induction of LAP (Figure 32). The stimulation of macrophages with PS beads induced
the conversion of LC3-I to LC3-1l, being detectable from 2 to 4 h post stimulation in
hMDM-1 and hMDM-2 respectively (4.7 = 4.7 fold, 5.5 + 3.8 fold, 2.6 + 3.1 fold in
hMDM-1 and 3.2 + 2.4 fold, 3.1 £ 2.5 fold, 2.8 + 1.7 fold in hMDM-2). As already
indicated by immunofluorescence, also the stimulation with plain beads led to the
conversion of LC3 (1.7 £ 1.2 fold, 4.1 £ 4.4 fold, 1.2 + 0.6 fold in hMDM-1 and 2.6 £ 0.8
fold, 3.2 = 1.6 fold, 1.4 = 0.6 fold in hMDM-2). Lacking an appropriate control bead
which does not induce LAP, we incubated plain beads overnight in a BSA solution to
obtain BSA-coupled beads. Stimulation of hMDM with either BSA-coupled beads or
latex beads resulted in increased LC3 conversion as well, making them not suitable as

control beads (data not shown).
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Figure 32: Stimulation of hMDM with plain beads and PS beads induces LC3 conversion.
hMDM-1 (left panel) and hMDM-2 (right panel) were stimulated with a MOI 10 of plain beads or
PS beads for 2, 3 and 4 h. Subsequently, LC3 conversion was assessed by Western Blot
followed by densitometry analysis. Data are shown as mean = SD (n = 6-8 for hMDM-1; n =5
for nMDM-2).

Next, we intended to analyze if the replacement of apoptotic Leishmania by LAP
inducing beads leads to a reduced T cell proliferation. Therefore, h(MDM were infected
with viable Leishmania alone or in combination with plain beads, PS beads or apoptotic
parasites. The T cell proliferation was analyzed in a CFSE-based proliferation assay by

flow cytometry (Figure 33).
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Remarkably, already the stimulation of hMDM with plain beads results in a slightly
increased T cell proliferation whereas stimulation with PS beads is comparable to the
untreated control (20.5 £ 14.6%, 10.3 £ 11.2% in hMDM-1 and 16.4 + 12.6%, 8.1 +
9.3% in hMDM-2 respectively). The infection of hMDM with log. phase Lm (MOI 10),
mainly viable parasites, leads to a higher T cell proliferation compared to infection with
stat. phase Lm (MOI 10 viable parasites, MOI 10 apoptotic parasites) (33.7 + 14.5%,
30.5 + 14.4% in hMDM-1 and 27.9 £ 7.4%, 23.9 + 10.1% in hMDM-2). Infection with
viable parasites and plain beads results in an elevated T cell proliferation compared to
viable parasites alone (42.6 + 16.2% in hMDM-1 and 32.6 * 18.2% in hMDM-2).
Concerning the combination of viable Leishmania and PS beads a comparable
proliferation as for stat. phase Lm was observed (29.3 + 17.7% in hMDM-1 and 23.2 +
13.2% in hMDM-2). Although due to the high donor variability, this was not significant.
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Figure 33: T cell proliferation in response to hMDM infected with Leishmania and/or plain
or PS beads. hMDM-1 (left panel) and hMDM-2 (right panel) were infected overnight with a MOI
10 of plain beads, PS beads, viable Lm, a combination of viable Lm and beads or with a MOI 20
of stat. phase parasites. Subsequently, the infected hMDM were co-cultured with autologous,
CFSE-labeled lymphocytes for 6 days. T cell proliferation was assessed as CFSE" cells by
flow cytometry. Data are representative for at least three independent experiments and are
shown as mean + SD (n = 6).

Taken together, these data demonstrate that the specific PS-receptor stimulation with
PS beads as well as the unspecific uptake of uncoated, plain beads leads to the
formation of LC3" phagosomes and the conversion of LC3-1 to LC3-Il. By assessing the
impact of LAP induction on T cell proliferation, we could observe, that the presence of
plain beads increased the Leishmania induced T cell proliferation. On the other hand,

the presence of PS beads or apoptotic parasites led to a reduced immune response.
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3.4.2 LAP induction by zymosan particles

In addition to the replacement of apoptotic parasites by PS beads, we used zymosan
particles as additional tool for LAP induction. Zymosan induces LAP by triggering TLR2
and is the most commonly used trigger to induce LAP (Sanjuan et al.,, 2007).
Therefore, we analyzed the potential of zymosan for LAP induction in hMDM and to
analyze if replacement of apoptotic parasites by zymosan is able to suppress the
immune response.

First of all, immunofluorescence images were taken to confirm the uptake of zymosan
particles in a LC3" compartment (Figure 34). Indeed, the stimulation of hMDM with
zymosan results in the uptake of particles in LC3 positive compartments, shown by an
antibody staining (Figure 34A) as well as by eGFP-LC3 lentiviral transduced hMDM
and live cell imaging (Figure 34B).
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Figure 34: Zymosan particles reside in LC3 positive compartments in hMDM. (A) hMDM-1
were treated with a MOI 10 of zymosan patrticles for 2 h. Subsequently, the cells were fixed and
stained with an anti-LC3 antibody (red) and nuclei were counterstained with DAPI (blue) (arrows
indicate engulfed zymosan particles in LC3" compartments). (B) eGFP-LC3 transduced
hMDM-1 were treated with a MOI 10 of red fluorescent zymosan particles and by live cell
imaging the formation of LC3 positive phagosomes was observed (arrow indicates a zymosan
particle in an LC3" compartment, arrow head indicates a zymosan particle in a LC3
compartment). Representative images were taken with a Zeiss LSM-Live 7 microscope and a
630x magnification.
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To confirm LC3 lipidation, the LC3-I to LC3-II conversion in hMDM upon treatment with
zymosan was analyzed by Western Blot (Figure 35). Stimulation with different MOIs of
zymosan led to increasing LC3 conversion over time, peaking at 3 h in hMDM-1 (5.3 +
3.6 fold for MOI 10 and 6.3 + 4.9 fold for MOI 20) (Figure 35A). Concerning hMDM-2,
significantly increased LC3 ratios were observed at 1, 1.5 and 2 h after stimulation,
being the highest at 1 h (3.6 = 4.3 fold for MOI 10 and 4.5 + 3 fold for MOI 20) (Figure
35B). The efficiency of LAP induction was independent of the amount of particles that
were used (MOI 10 or MOI 20).
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Figure 35: Stimulation of hMDM with zymosan particles induces LC3 conversion. (A)
hMDM-1 and (B) hMDM-2 were stimulated with a MOI 10 or 20 of zymosan particles for 30 min
to 4 h. Subsequently, LC3 conversion was assessed by Western Blot and densitometry
analysis. Data are shown as mean + SD (n = 5-7 for hMDM-1; n = 5-8 for hMDM-2).
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3.4.3 The presence of zymosan or apoptotic Lm reduces the Lm specific T cell
proliferation and enhances parasite survival

In the following step, the ability of zymosan patrticles to reduce the Leishmania induced
T cell proliferation was analyzed (Figure 36). Stimulation of hMDM with zymosan
induces a T cell proliferation of about 10-20%. High T cell responses in response to
viable Leishmania of 43.4 + 16.7% for h(MDM-1 and 38.6 + 11.1% for hMDM-2 could be
significantly reduced by the addition of either zymosan particles (30.1 + 18.8% for
hMDM-1, 25 = 12% for hMDM-2) or apoptotic parasites, present in the stat. phase
(28.2 £ 17.3% in hMDM-1, 26.1 + 10% in hMDM-2).
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Figure 36: The presence of apoptotic Leishmania or zymosan leads to a reduced T cell
response. hMDM-1 (left panel) and hMDM-2 (right panel) were infected with a MOI 10 of
zymosan, viable Lm, a combination of both or with a MOI 20 of stat. phase parasites overnight.
Subsequently, the infected hMDM were co-cultured with autologous, CFSE-labeled
lymphocytes for 6 days. T cell proliferation was assessed as CFSE"" cells by flow cytometry.
Data are representative for at least three independent experiments and are shown as mean +
SD (n = 13-14).

During infection and immunity, a high T cell response leads to pathogen killing and
infection control in vivo. To investigate if the in vitro proliferation of lymphocytes has an
impact on intracellular parasite survival, we determined the infection rate (% Lm dsRed
positive cells) and parasite load (mean fluorescence intensity (MFI) of dsRed) of hMDM
(Figure 37).

Upon infection with viable Leishmania 8.4 + 3.3% (hMDM-1) and 9 + 4% (hMDM-2) of
hMDM were still infected after 6 days. Concerning the infection of hMDM with a
combination of viable parasites and zymosan or stat. phase Lm, a significantly higher
infection rates were observed (19 + 12.7%, 20.4 + 11.8% for hMDM-1 and 18.7 = 7.9%,
19 + 7.3% for hMDM-2 respectively) (Figure 37A). A similar result was obtained
concerning the parasite load (Figure 37B). The presence of either zymosan particles

or apoptotic Lm leads to a significantly increased parasite load, measured as MFI of
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dsRed, compared to viable parasites. The representative histograms show a dsRed""
subpopulation for hMDM infected with log. phase Lm and zymosan as well as in the
stat. phase Lm treated hMDM. This subpopulation is absent in the uninfected (black
line) or zymosan stimulated hMDM (green line) as well as in the log. phase Lm infected
hMDM. Of note, a histological analysis was performed visualizing the changes in
infection rate, which indicated that the presence of zymosan particles is beneficial for
Leishmania survival (black arrows) (Figure 37C).
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Figure 37: The presence of apoptotic Leishmania or zymosan leads to an enhanced
infection rate and parasite load in hMDM. hMDM were infected overnight with a MOI 10 of
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zymosan, viable Lm dsRed or a combination of both or with a MOI 20 of stat. phase Lm dsRed
parasites. Subsequently, the infected hMDM were co-cultured with autologous lymphocytes for
6 days. (A) The infection rate (% dsRed” cells) and (B) parasite load (MFI) were assessed by
flow cytometry. (C) Representative histograms and DiffQuick® pictures (black arrows indicating
Leishmania) are depicted. Data are representative for at least three independent experiments
and are shown as mean = SD (n = 6).

Taken together, the high T cell response induced by hMDM infected with viable
Leishmania led to a reduced infection rate indicating an effective, host protective
immune response. The reduced lymphocyte proliferation in the presence of apoptotic
Lm or zymosan particles is beneficial for the pathogen and enables a better

intracellular survival of viable Leishmania.

The induction of an immune response is essentially dependent on cytokines, secreted
by innate immune cells, such as macrophages. Therefore, we investigated if TNF-a or
IL-10 secretion is altered upon infection resulting in more or less T cell proliferation
(Figure 38). Remarkably, the addition of zymosan induces high cytokine release of
IL-10 and TNF-a, which was independent on the presence of viable Leishmania.
Concerning the cytokine secretion in response to only Leishmania, there was no
Leishmania-induced IL-10 secretion detectable (Figure 38A) and just a moderate
secretion of TNF-a, which was higher in hMDM-2 compared to hMDM-1 (Figure 38B).

In conclusion, the T cell proliferation data do not correlate with the measured cytokine
secretion as we expected zymosan and apoptotic Leishmania to stimulate anti-
inflammatory cytokine secretion and viable Leishmania to induce pro-inflammatory

cytokine secretion.
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Figure 38: Stimulation of hMDM with zymosan particles increases the secretion of IL-10
and TNF-a. hMDM-1 (left panel) and hMDM-2 (right panel) were treated with a MOI 10 of log.
phase Leishmania, zymosan, a combination of both or stat. phase Lm for 18 h. Subsequently,
the supernatants of hMDM-1 and hMDM-2 were analyzed by ELISA to assess the secretion of
(A) IL-10 and (B) TNF-a. Data are representative for at least three independent experiments
and are shown as mean + SD (n = 6 for IL-10 and n = 4 for TNF-a).

3.4.4 Impact of ROS for LAP induction

In the next part, we aimed to analyze the underlying mechanisms leading to LAP
induction in hMDM. The production of reactive oxygen species (ROS) was shown to
lead to the recruitment of LC3 to phagosomes (Huang et al., 2009). There exist two
possibilities for ROS to occur within the phagosome. The molecules can be brought
inside the cell by the parasite or can be produced by the macrophages’ NADPH
oxidase (NOX2) which is located on the phagosomal membrane.

First, we analyzed the importance of parasitic ROS for LAP induction. Therefore, we
treated viable Leishmania parasites with two apoptosis inducing drugs, Staurosporine
and Miltefosine. By analyzing the ROS positivity with 2',7'-Dichlorodihydrofluorescein
diacetate (H2DCFDA), dihydroethidium (DHE) and Dihydrorhodamine 123 (DHR123),
Staurosporine treated Leishmania were shown to be ROS-positive whereas Miltefosine
treated Leishmania were ROS-negative (MD thesis Jochen Steinacker). To assess if

parasitic ROS is important for LAP induction, we used Staurosporine and Miltefosine
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treated Leishmania for the infection of hMDM and subsequently analyzed LC3
conversion by Western Blot (Figure 39).

As expected, infection of hMDM with untreated Lm resulted in an increased LC3
conversion (log. ph. 1.1 + 0.4 fold, stat. ph. 2.5 + 1.1 fold in hMDM-1 and log. ph. 1.7 £
1.2 fold, stat. ph. 1.1 £ 0.3 fold in hMDM-2). Infection of hMDM with Staurosporine
treated Leishmania led to further increased LC3-Il levels (log. ph. 7.1 = 6.7 fold, stat.
ph. 5.7 £ 3.3 fold in hMDM-1 and log. ph. 4.1 + 1.7 fold, stat. ph. 2.9 + 2.2 fold in
hMDM-2) whereas Miltefosine treatment could not increase LC3 conversion as
predominant as Staurosporine (log. ph. 3.2 = 1.9 fold, stat. ph. 2.3 + 2.2 fold in hMDM-
1 and log. ph. 1.7 £ 0.7 fold, stat. ph. 1.6 + 0.4 fold in hMDM-2).

Taken together, we could observe that apoptosis induction with Staurosporine (ROS
positive) in Leishmania leads to an elevated LC3 conversion. Treatment of the
parasites with Miltefosine (ROS negative) shows a LC3 conversion which is
comparable to untreated Leishmania.

hMDM-1 hMDM-2
[ untreated [ Untreated
- [[] staurosporine —_ [ staurosporine
€ 15| [ miltefosine S B miltefosine
g g
- - 6
oM o
S 10 S
p— -
3 3 4
(¥} [¥]
— —
2 ° o
5 5 2
o I T [ 0 [ ] |;_r_|
uninf. Log.ph. Lm Stat. ph. Lm uninf. Log. ph. Lm Stat. ph. Lm
LC3-I - - LC3-I - - . .
LC3-1I ———— — LC3-1I — i —

Figure 39: Staurosporine treated Leishmania lead to increased LAP induction in hMDM.
hMDM-1 (left panel) and hMDM-2 (right panel) were infected with Staurosporine or Miltefosine
treated Leishmania (25 uM, 48 h) for 3 h. LC3-I to LC3-1l conversion was assessed by Western
Blot and densitometry analysis. Data are representative for at least three independent
experiments and are shown as mean + SD (n = 3 for h(MDM-1, n = 4 for hMDM-2).

3.4.5 |Inhibition of LAP by NOX2 knockdown and NOX2 inhibition by DPI

Next, we investigated the impact of ROS produced by the macrophages’ NADPH
oxidase, NOX2. A crucial role for NOX2 in LAP induction using zymosan was
demonstrated in bone marrow-derived macrophages (Martinez et al., 2015). Therefore,
we aimed to inhibit NOX2 activity using a siRNA knockdown of CYBB mRNA (Figure
40). CYBB is the genomic name of the NOX2 protein, which is an isoform of the

NADPH oxidase present in macrophages. By targeting NOX2 with CYBB specific
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siRNA, the mRNA level was reduced to 5.4 + 2% in hMDM-1. Assessing the protein
level by Western Blot revealed the NOX2 levels to be reduced as well (NT 88.8 +
75.2%, NOX2 siRNA 39.9 + 50%).
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Figure 40: NOX2 knockdown efficiency in hMDM-1. hMDM were treated with non-target
siRNA or specific sSiRNA for CYBB and subsequently (A) mRNA and (B) protein levels were
assessed. GAPDH was used as loading control and a representative Western Blot was
depicted. Data are representative for at least three independent experiments and are shown as
mean + SD (n = 4 for RNA level, n = 8 for protein level).

In the next step, we analyzed if the NOX2 knockdown influences the induction of LAP
by zymosan or stat. phase Lm, assessed by Western Blot (Figure 41). Stimulation of
hMDM-1 with zymosan or stat. phase Lm leads to the conversion of LC3-I to LC3-II
(Medium 2.2 £ 0.7 fold and 2.7 = 2.5 fold; NT 3.1 £+ 2.5 fold and 3 = 1.9 fold,
respectively). In CYBB siRNA treated macrophages the LC3 conversion upon
stimulation is not as pronounced as in non-treated or NT siRNA treated hMDM (1.9 £
0.8 fold for Zymosan and 1.7 + 1 fold for stat. ph. Lm). Taken together, NOX2
knockdown showed the tendency to suppress LC3 conversion upon infection or
stimulation of hMDM-1 with Leishmania promastigotes or zymosan. The less
pronounced effects might be due to the remaining NOX2 protein amount which could
still produce ROS on the phagosomal membrane.
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Figure 41: LAP induction in NOX2 knockdown hMDM with zymosan and stat. phase
Leishmania. hMDM were treated with non-target siRNA or specific SiRNA for CYBB and on day
3 after KD hMDM were stimulated with a MOI 10 of zymosan or stat. phase Lm for 3 h. LC3-I to
LC3-ll conversion was assessed by Western Blot and densitometry analysis. Data are
representative for at least three independent experiments and are shown as mean = SD (n =5).

Although we could not detect significant changes for LAP induction in NOX2
knockdown hMDM by assessing LC3 conversion, we asked the question if NOX2
knockdown has an effect on T cell proliferation (Figure 42). If zymosan or apoptotic
Leishmania are able to suppress T cell proliferation by LAP induction, we would
consequently expect a higher T cell proliferation in the NOX2 knockdown cells. We
observed that the Leishmania induced lymphocyte proliferation did not differ between
control and knockdown macrophages (Medium 41.6 + 3.8%, NT 43.6 £ 5.2%, CYBB
SiRNA 43.9 + 4.8%).
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Figure 42: T cell proliferation in response to hMDM treated with zymosan or stat. phase
Leishmania. hMDM-1 were stimulated with a MOI 10 of zymosan or stat. phase Lm overnight.
Subsequently, the infected hMDM were co-cultured with autologous, CFSE-labeled
lymphocytes for 6 days. T cell proliferation was assessed as CFSE"™" cells by flow cytometry.
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Data are representative for at least three independent experiments and are shown as mean +
SD (n = 4).

As the remaining protein level in NOX2 knockdown macrophages (40%) might be
sufficient to produce ROS for LAP induction, we targeted NOX2 by the chemical
inhibitor Diphenyleneiodonium (DPI). By Western Blot analysis of LC3 conversion, a
significantly increased lipidation was observed for treating hMDM with zymosan or stat.
phase Lm (2.4 + 1.3 fold, 2 + 0.8 fold in hMDM-1 and 3.4 £ 1.6 fold, 3.3 £ 2 fold in
hMDM-2). Pretreatment with DPI led to significantly reduced LC3-Il levels for the
stimulation with zymosan (1.4 = 0.8 fold in hMDM-1 and 1.9 * 1.3 fold in hMDM-2) and
strongly reduced levels upon infection with stat. phase Leishmania (1.5 + 0.9 fold in
hMDM-1 and 1.8 £ 1 fold in hMDM-2) (Figure 43).
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Figure 43: Pretreatment with DPI inhibits the LC3 conversion by zymosan or stat. phase
Lm in hMDM. hMDM-1 (left panel) and hMDM-2 (right panel) were pretreated with 10 uM DPI
for 30 min and subsequently stimulated with a MOI 10 of zymosan or stat. phase Lm for 3 h.
LC3-I to LC3-1l conversion was assessed by Western Blot and densitometry analysis. Data are
representative for at least three independent experiments and are shown as mean + SD (n = 9).

To analyze whether the inhibited induction of LAP has an impact on T cell proliferation,
a CFSE-based lymphocyte proliferation assay was performed (Figure 44). The
infection of hMDM with viable Leishmania resulted in a high T cell proliferation (31.2 +
14.4% in hMDM-1 and 33.8 = 9.5% in hMDM-2) which was reduced by the presence of
apoptotic parasites in the stat. phase (21.6 £ 14.6% in hMDM-1 and 20.4 £ 11.5% in

hMDM-2). The pretreatment with DPI was not able to modulate the T cell response.
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Figure 44: Pretreatment with DPI has no effect on Leishmaniainduced T cell proliferation.
hMDM-1 (left panel) and hMDM-2 (right panel) were pretreated with 10 uM DPI for 30 min
followed by infection with a MOI 10 of log. phase or stat. phase Lm overnight. Subsequently, the
infected hMDM were co-cultured with autologous, CFSE-labeled lymphocytes for 6 days. T cell
proliferation was assessed as CFSE"™ cells by flow cytometry. Data are representative for at
least three independent experiments and are shown as mean * SD (n =5 for h(MDM-1 and n = 6
for AMDM-2).

As the inhibition of LAP by DPI had no impact on T cell proliferation, we raised the
question what else can lead to a less efficient T cell activation in the presence of
zymosan and apoptotic Leishmania. As lysosomal degradation is a crucial step in the
antigen processing pathway, we analyzed the intracellular fate of Leishmania parasites
and zymosan in terms of the induction of lysosomal acidification in hMDM (Figure 45).
First, apoptotic and viable promastigotes residing in a stat. phase culture were
separated using AnnexinV labeled magnetic beads by MACS (magnetic activated cell
sorting). Apoptotic parasites exposing phosphatidylserine on the surface are bound by
AnnexinV beads and thereby magnetically separated from unbound viable parasites.
Subsequently, macrophages were infected with viable Lm, apoptotic Lm, the mixture of
both (stat. phase) or zymosan particles and lysosomal acidification was followed over
time by the dye Lysotracker® which is selective for acid organelles. After 1 h, only
apoptotic parasites were able to slightly increase the Lysotracker® positivity (1.1 £ 0.2
fold). Increasing values for lysosomal acidification were observed 3 h post infection or
stimulation, being the highest for zymosan and apoptotic Lm and the lowest for viable
Lm (viable Lm 1.1 + 0.4 fold, apoptotic Lm 1.4 + 0.5 fold, stat. ph. Lm 1.3 + 0.5 fold,
zymosan 1.6 + 0.8 fold). This lysosomal acidification pattern was not further elevated
after 5 h of stimulation (viable Lm 1.1 + 0.4 fold, apoptotic Lm 1.4 £+ 0.6 fold, stat. ph.
Lm 1.2 + 0.5 fold, zymosan 1.6 £ 0.9 fold).
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Taken together, we conclude that both, the uptake of apoptotic Lm and zymosan, leads
to an enhanced acidification in hMDM. Whereas, uptake of viable promastigotes did not

increase the Lysotracker® positivity at early time points after phagocytosis.
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Figure 45: Uptake of apoptotic Leishmania or zymosan increases lysosomal acidification
in hMDM. hMDM-1 were infected with viable, apoptotic or stat. phase Lm or were stimulated
with zymosan for 1, 3 and 5 h. Subsequently, hMDM were stained with Lysotracker® (1 uM) for
10 min. Lysosomal acidification as MFI of PE was assessed by flow cytometry. Data are
representative for at least three independent experiments and are shown as mean + SD (n = 4).

3.4.6 Proteome analysis to identify additional factors leading to immune
suppression upon Leishmania infection

One possible hint for the reduced T cell proliferation upon infection of hMDM with
apoptotic parasites or zymosan is the enhanced lysosomal acidification. To identify
influences of Leishmania on the host cells’ immune activation machinery, we performed
proteome analysis of uninfected hMDM and compared it to hMDM infected with stat.
phase Leishmania (in cooperation with Stefan Tenzer, University of Mainz). Again, the
proteins being at least 2-fold up- or downregulated were used for a string analysis.
Regarding hMDM-1, the infection with Leishmania led to the upregulation of the
indoleamine 2,3-dioxygenase 1 (IDO) and MHC-I whereas the expression of MHC-II

molecules was downregulated (Figure 32 and Table 3).
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Figure 46: String analysis of upregulated (A) and downregulated (B) proteins in
Leishmania infected hMDM-1. Proteome analysis by mass spectrometry of hMDM-1 and
hMDM-1 infected with Leishmania. Depicted are proteins that are at least 2-fold up- or
downregulated in infected compared to uninfected hMDM-1. Data are representative for at least
three independent experiments (n = 6).

Table 3: Up- and downregulated proteins in Leishmania infected hMDM-1. Depicted are
proteins that are at least 2-fold up- or downregulated in infected compared to uninfected
hMDM-1. Proteins were sorted by highest up- or downregulation on top to lowest up- or
downregulation on bottom and proteins being involved in immune activation are illustrated in
bold.

String name | Entry name Full name

Upregulated

NRAP NRAP_HUMAN Nebulin-related-anchoring protein

ATP6V1B1 VATB1_HUMAN | V-type proton ATPase subunit B, kidney isoform

IDO1 12301_HUMAN Indoleamine 2,3-dioxygenase 1

RSAD2 RSAD2_HUMAN gadmal S-adenosyl methionine domain-containing protein
TUBBS TBB8_HUMAN Tubulin beta-8 chain

RPL36A RL36A_HUMAN 60S ribosomal protein L36a

LCK LCK_HUMAN Tyrosine-protein kinase Lck

TPM1 TPM1 _HUMAN Tropomyosin alpha-1 chain

TPM2 TPM2_HUMAN Tropomyosin beta chain

ST13 F10A5_HUMAN Putative protein FAM10A5

HSPAG6 HSP76_HUMAN Heat shock 70 kDa protein 6

HLA-C 1C12_HUMAN ?rl;gnclass I histocompatibility antigen, Cw-12 alpha
PRPH PERI_HUMAN Peripherin

KIAA1109 K1109 HUMAN Uncharacterized protein KIAA1109

Downregulated

HLA-DRB1 2B1A_HUMAN ?rl;gnclass Il histocompatibility antigen, DRB1-10 beta
HNRNPA1L2 | RA1L2_HUMAN Heterogeneous nuclear ribonucleoprotein Al-like 2
GNAT2 GNAT2_HUMAN | Guanine nucleotide-binding protein G(t) subunit alpha-2
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RPS5 RS5 HUMAN 40S ribosomal protein S5

PABPCA4 PABP4_HUMAN Polyadenylate-binding protein 4

Regarding hMDM-2, Leishmania infection resulted in a similar protein expression
alteration profile as observed for infected hMDM-1. Among others, infection of hMDM-2
with Leishmania leads to the upregulation of IDO1 and MHC-I and downregulation of
MHC-II (Figure 33 and Table 4).
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Figure 47: String analysis of upregulated (A) and downregulated (B) proteins in
Leishmania infected hMDM-2. Proteome analysis by mass spectrometry of hMDM-2 infected
with Leishmania and hMDM-2. Depicted are proteins that are at least 2-fold up- or
downregulated in infected compared to uninfected hMDM-2. Data are representative for at least
three independent experiments (n = 6).

Table 4: Up- and downregulated proteins in Leishmania infected hMDM-2. Depicted are
proteins that are at least 2-fold up- or downregulated in infected compared to uninfected
hMDM-2. Proteins were sorted by highest up- or downregulation on top to lowest up- or
downregulation on bottom and proteins being involved in immune activation are illustrated in
bold.

String name

Entry name

Full name

Upregulated

RPL36A RL36A _HUMAN 60S ribosomal protein L36a
HSPAG6 HSP76_HUMAN | Heat shock 70 kDa protein 6
IDO1 12301_HUMAN Indoleamine 2,3-dioxygenase 1
CYP1B1 CP1B1_HUMAN Cytochrome P450 1B1
not found NFL_HUMAN Neurofilament light polypeptide
SLC2A3 GTR3 HUMAN Solute carrier family 2, facilitated glucose transporter
- member 3
VPS13A VP13A HUMAN Vacuolar protein sorting-associated protein 13A
HLA-C 1C12_HUMAN CH}'I]_:i\nCIaSS | histocompatibility antigen, Cw-12 alpha
XIRP2 XIRP2_HUMAN Xin actin-binding repeat-containing protein 2

Downregulated

ACACA

ACACA_HUMAN

Acetyl-CoA carboxylase 1

HLA-DRB1

2B1A_HUMAN

HLA class Il histocompatibility antigen, DRB1-10
beta chain
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CD1B CD1B_HUMAN T-cell surface glycoprotein CD1b
MYH2 MYH2_HUMAN Myosin-2

TIBB4Q Y1016 _HUMAN Putative tubulin beta chain-like protein
RPS5 RS5 HUMAN 40S ribosomal protein S5

AKAP13 AKP13 _HUMAN A-kinase anchor protein 13

The immunomodulatory proteins that were influenced upon Leishmania infection in

hMDM are interesting new targets that might provide further inside in Leishmania

immune evasion mechanisms and will be investigated in following experiments.
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4 Discussion

4.1 Summary of the data

In the first part of this thesis we focused on the modulation of autophagy, a highly
conserved cellular response mechanism to organismic stress. We aimed to investigate
autophagy in two different phenotypes of immunomodulatory cells, namely pro- and
anti-inflammatory human macrophages. By applying chemical class | PI3K/mTOR
inhibitors or the peptide Tat-Beclin autophagy in hMDM was induced. In contrast,
targeting the class lll PI3K complex by Spautin-1 and Wortmannin blocked autophagy
induction. Interestingly, hMDM-2 were in general more susceptible for autophagy
induction. To inhibit autophagy more specifically, a siRNA approach was established
and the knockdown efficiency could be shown to be time- and target-dependent. By
functional characterization of ULK-1 and Beclin-1 knockdown cells, chemical
autophagy induction could still take place, indicating an ULK-1- and Beclin-1-
independent autophagy mechanism in hMDM. Regarding the role of autophagy
modulation on antigen processing using the model antigen Tetanus Toxoid, no impact
could be observed. Surprisingly, hMDM-2 were shown to be superior to hMDM-1 for
priming an adaptive immune response which might be due to higher expression of
MHC-II and proteins being involved in antigen processing.

Also pathogens such as Leishmania were shown to interact with the host cells’
autophagy machinery. We demonstrated Leishmania to induce autophagy in hMDM
however this occurred independent of the Leishmania virulence factor GP63.
Furthermore, GP63 deficiency did not influence the infection of hMDM and the adaptive
immune response.

In the second part we focused on the modulation of LC3-associated phagocytosis. In a
previous study we could show that apoptotic Lm in the virulent inoculum induce LAP
and suppress the adaptive immune response. Replacing apoptotic Lm by LAP-inducing
PS beads or zymosan, we demonstrated the formation of LC3* phagosomes around
those particles. Stimulation of hMDM with PS coated beads or zymosan and co-
infection with viable Lm resulted in a reduction of T cell proliferation. Suppression of the
adaptive immune response enabled an enhanced parasite survival. Analyzing the
underlying mechanisms of LAP in hMDM, inhibition of the NADPH oxidase by DPI
blocked LAP induction. In addition, infection of hMDM with Staurosporine-treated Lm,
being ROS positive, increased LC3 conversion which suggests ROS-dependent LAP
induction in hMDM. Furthermore, uptake of apoptotic Lm or zymosan led to enhanced
acidification of hMDM indicating a role for improved antigen processing and

presentation.
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4.2 Autophagy modulation in human primary macrophages

Extensive research using cell lines or mouse model systems contributed strongly to the
understanding of the autophagy process. Though still little is known of the autophagy
pathway in human primary macrophages, playing a central role as immune modulating
cells. In the first part of this study we focused on autophagy modulation in human
primary macrophages, in which autophagy has the dual role of ensuring homeostasis
and degrading invading pathogens for antigen presentation. Therefore, we took a
closer look on autophagy modulation in two different phenotypes of macrophages, the
pro-inflammatory type-I and the anti-inflammatory type-ll macrophages.

Inhibition of the class | PIBK/mTOR pathway resulted in an induction of autophagy.
Specifically, PI-103 and AZD8055 were shown to induce autophagy more potent than
Rapamycin. This finding is in accordance with previous studies which revealed
Rapamycin to be less potent for autophagy induction indicated by just modest LC3
conversion (Andersson et al., 2016). Furthermore, we could successfully prove the
autophagy inducing peptide Tat-Beclin to induce autophagy in hMDM-1 and hMDM-2.
This specific activation of Beclin-1 is in accordance with previous data in HeLa and
cancer stem cells (Shoji-Kawata et al., 2013; Sharif et al., 2017).

Using pre-treatment of macrophages with Bafilomycin Al which blocks lysosomal
acidification and hence degradation of autophagosomal cargo, we demonstrated that
the whole sequestration process was induced and not just the initial steps of
autophagy. Our data are in line with previous studies showing LC3-lIl and p62
accumulation due to blocked degradation with Bafilomycin Al (Bjorkoy et al., 2005;
Watanabe and Tanaka, 2011; Klionsky et al., 2016).

Furthermore, we aimed to regulate autophagy negatively by chemical inhibition of the
class Il PI3K complex downstream of mTOR. In line with previous studies, Spautin-1
and Wortmannin were demonstrated to inhibit autophagy induction in human primary
macrophages (Mateo et al., 2013). Our data indicate that LY294002 is capable of
inhibiting autophagy in hMDM-1 but interestingly not in hMDM-2. Controversy results
for LY294002 as autophagy inhibitor or inducer were already demonstrated. Blommaart
et al. could demonstrate LY294002 to inhibit autophagy in rat hepatocytes, a finding in
agreement with Petiot’s data showing LY294002 to dampen autophagy activity in HT-
29 cells (Blommaart et al., 1997; Petiot et al., 2000). Whereas Xing and colleagues
could show LY294002 to induce autophagy in gastric cancer cells by activating p53
and caspase-3 which led to increased expression of LC3 (Xing et al., 2008). Our
results and the given examples highlight the cell type specific function of LY294002
which seems to differ even between different macrophage phenotypes. Concerning the

most commonly described autophagy inhibitor, 3-MA, pre-treatment of macrophages
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with 1 mM even led to an increased LC3-l to LC3-1l conversion. Previously, 3-MA was
described to inhibit autophagy at high concentrations (e.g. 10 mM) in various cell types
and even in low concentrations in the presence of active vitamin D3 in hMDM (Seglen
and Gordon, 1982; Blommaart et al., 1997; Petiot et al., 2000; Yuk et al., 2009). In
human prostate cancer cells, 5 mM 3-MA treatment could inhibit the autophagy
inducing effects of PI-103 (Degtyarev et al., 2008). However there is rising evidence
that 3-MA can also induce autophagy, shown by Lin and colleagues in RAW 264.7
macrophages or under nutrient rich conditions in mouse embryonic fibroblasts and
L929 cells (Wu et al., 2010; Lin et al., 2012). Considering these results and based on
our findings, we suggest that 3-MA induces autophagy in hMDM at low concentrations
and possesses inhibitory capacities at higher concentrations.

Most strategies to gain information about the autophagic process focus on the inhibition
of autophagy by genome editing, RNA interference or chemical modulation of class Il
P13-kinase using pharmacological inhibitors. Chemical targeting of class Il PI3K is
associated with various side effects as Vps34 regulates cellular membrane trafficking
processes and transport across the nuclear membrane (Roggo et al., 2002; Johnson et
al., 2006). Indeed, we could observe reduced phagocytic capacity of hMDM upon
stimulation with Wortmannin (data not shown). As chemical modulators are often not
entirely specific, genetic intervention is preferred (Vinod et al., 2014). Therefore, we
targeted several autophagy related proteins by siRNA knockdown. In general, we
observed protein knockdowns in hMDM to be time and target dependent. We could
show a long protein half-life for Vps34 suggested by protein stability for up to one
week. In contrast, an effective protein knockdown by siRNA was reported in HelLa cells,
demonstrating significantly reduced protein levels 2-5 days post knockdown (Nobukuni
et al., 2005; Sagona et al., 2010). Moreover, RNAi knockdown of Beclin-1 was efficient
1-2 days post transfection in RAW 264.7 macrophages whereas we observed a longer
protein half-life in hMDM indicated by reduced Beclin-1 levels on day 6-7 post SiRNA
application (Li et al., 2013; Martyniszyn et al., 2013). Our data demonstrate comparable
protein stability of ATG16L1 to Beclin-1 in hMDM although in contrast, other studies
could show efficient protein reduction 48 h post RNAi treatment in HeLa and HCT116
cell lines (Rioux et al., 2007; Homer et al., 2010) Hence, our data elucidate that
findings on protein stability in cell lines can not be extrapolated to human primary cells.

Interestingly, although we demonstrated ULK-1 protein levels to be strongly reduced,
the autophagy machinery in human macrophages was still functional. In contrast to our
results, an essential role for ULK-1 as modulator of autophagy was shown by a kinase-
specific SiRNA screening in HEK293 cells (Young et al., 2006; Chan et al., 2007). In
addition, the group of D. Green could show reduced LC3 levels and LC3 punctae in

ULK-1 knockdown murine bone marrow-derived macrophages upon autophagy
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induction with Rapamycin (Martinez et al., 2011). On the other hand and in line with our
data, Alers et al. reported ULK-1/ULK-2-independent starvation-induced autophagy in
DT40 cells assuming mTOR independent regulation of Atgl3 and FIP200 by other
kinases (Alers et al., 2014). In line with their results, an mTOR independent, but not yet
identified pathway was proposed in COS7 cells by autophagy induction with
Glucosamine (Shintani et al., 2010). Furthermore, controversy results for ULK-1/2
requirement for autophagy induction were obtained depending on the applied stimuli.
ULK-1/2 are required for amino acid induced autophagy but dispensable for glucose
deprivation induced autophagy in mouse embryonic fibroblasts (Cheong et al., 2011). It
might be possible that also in human primary macrophages autophagy induction can
precede via an mTOR- and accordingly ULK-1-independent mechanism. Moreover,
ULK-1-independent autophagy in hMDM might be explained by the functional
compensation by the structural related protein ULK-2. ULK-1 and ULK-2 redundancy is
cell type specific, as ULK-2 can not compensate for ULK-1 in HEK293 cells and
cerebellar granule neurons but is sufficient for autophagy induction in mouse
embryonic fibroblasts (Chan et al., 2007; Kundu et al., 2008; Lee and Tournier, 2014).
Comprehensively, further experiments need to be performed to rule out if the kinase
activity of ULK-1 is compensated by ULK-2 in hMDM or if an ULK-independent
mechanism for autophagy induction exists. A simultaneous knockdown of ULK-1 and
ULK-2 will clarify if protein compensation occurs. Furthermore, if autophagy can
proceed in ULK-1/2 knockdown cells, analyzing Beclin-1 phosphorylation will provide a
hint for other kinases than ULK being involved in autophagy induction.

Assessing the role of Beclin-1 knockdown for autophagy induction, we could show that,
similar to ULK-1 knockdown, LC3 conversion could still take place. In contrast to these
data, Beclin-1-dependent autophagy induction with Rapamycin was shown in primary
cortical neurons and murine bone marrow-derived macrophages (Grishchuk et al.,
2011; Martinez et al., 2011). On the other hand and in line with our data are the results
by Li et al., demonstrating that Beclin-1 is critical for starvation induced but not for
Rapamycin induced autophagy in murine macrophages (RAW 264.7) (Li et al., 2013).
Furthermore, other autophagy inducers could also be shown to induce LC3 conversion
in a Beclin-1 independent manner in various cell types (Gao et al., 2010; Smith et al.,
2010; Tian et al.,, 2010). Interestingly, Gossypol induces autophagy in a Beclin-1
dependent way in HelLa cells and in a Beclin-1 independent way in MCF-7 cells (Gao et
al., 2010). Hence we suggest that autophagy induction in human primary macrophages
is independent of Beclin-1.

By comparing two different macrophage phenotypes we observed that hMDM-2 were
more susceptible for autophagy induction compared to hMDM-1. The physiological

function of alternatively activated macrophages is the uptake of apoptotic or necrotic
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cells and tissue repair functions and thus, possessing a higher phagocytic capacity,
hMDM-2 might be of greater importance for maintaining homeostasis (Mosser and
Edwards, 2008). In line with our data, a recently published study also indicates the
autophagic sequestration pathway to be highly dependent on the investigated cell type
and can even vary by applying different stimuli (Gomez-Sanchez et al., 2015).

Taken together, our data as well as the mentioned observations by other groups
highlight the distinct regulation of autophagy in dependence of the used model systems
and applied stimuli. Specifically, several autophagy-related proteins were demonstrated
to be more stable in human primary cells compared to cell lines. Additionally,
autophagic sequestration is ULK-1-dependent in HEK293 cells but ULK-1 is
dispensable for autophagy induction in hMDM. Our results suggest that even in
different phenotypes of macrophages, autophagy is differentially regulated as hMDM-2
possess higher autophagy inducibility and are not sensitive to LY294002 treatment.

4.3 Impact of autophagy on antigen presentation using the model

antigen Tetanus Toxoid

The adaptive immune response is orchestrated by the processing and presentation of
peptides on MHC molecules for the recognition by specific T cells (Munz, 2016a). For a
long time, the endocytotic uptake and lysosomal degradation pathway was suspected
to be responsible for the processing and presentation of exogenous antigens on
MHC-1I molecules (Roche and Furuta, 2015). The presentation of cytosolic antigens on
MHC-II revealed the participation of the autophagic sequestration process to be
involved in the priming of a CD4" T cell response (Nimmerjahn et al., 2003; Dengjel et
al., 2005). Jagannath and colleagues could nicely demonstrate that starvation or
Rapamycin induced autophagy enhances the efficacy of BCG vaccine by increasing
peptide processing and presentation of cytosolic secreted Ag85B (Jagannath et al.,
2009).

To analyze if autophagy in hMDM is involved in antigen processing, we used the recall
antigen Tetanus Toxoid to initiate an adaptive immune response as German blood
donors are commonly vaccinated against Tetanus. As expected from literature, we
demonstrated the onset of a detectable T cell proliferation upon antigen processing and
presentation by macrophages to T cells (Nielsen et al., 2010). In line with other studies,
the proliferating T cells were shown to exhibit a CD4" phenotype, indicating peptide
presentation via MHC-II molecules (Barbey et al., 2007; Cellerai et al., 2007). To
investigate the role of autophagy in this MHC-II mediated antigen presentation, we
induced autophagy by AZD8055 or inhibited it by siRNA knockdown of ULK-1. Neither

the induction of autophagy nor the inhibition could be shown to influence the Tetanus
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Toxoid specific T cell proliferation. The inactivation process of Tetanus Toxin by
formaldehyde to generate the toxoid vaccine prevents the binding to gangliosides on
motoneurons leading to the loss of its toxic effects. Hence, TT might be taken up by
antigen presenting cells by endocytosis or pinocytosis without specific receptor
engagement or by receptor-mediated phagocytosis (Kamphorst et al., 2010; Roche and
Furuta, 2015). Consequently, the expendability of autophagy is probably due to the
uptake process and intracellular localization of Tetanus Toxoid in an endosome making
it inaccessible for autophagic targeting. Focusing on the latter uptake mechanism,
specific receptor triggering initiating LC3-associated phagocytosis can modify
endocytosis and degradation of extracellular material for MHC-II presentation (Munz,
2016a). The requirement of the LAP degradation process was shown in murine
dendritic cells lacking ATG5 as CD4" T cell priming was strongly impaired, especially
the processing and presentation of phagocytosed antigens containing Toll-like receptor
stimuli (Blander and Medzhitov, 2006; Lee et al., 2010). According to these studies, the
modulation of the conventional autophagy process by AZD8055 and ULK-1 might be
“too upstream” as only the autophagy proteins downstream of mTOR and ULK-1 are
required for LAP. As we did not further rule out the intracellular localization of Tetanus
Toxoid, we can only assume that it is taken up in a compartment resulting in antigen
processing independent on conventional autophagy. To clarify the participation of
receptor-mediated LAP, a modulation downstream of mTOR such as an ATG5
knockdown, needs to be done.

Interestingly, T cell proliferation in response to co-cultivation of CD14" isolated
monocytes (used for knockdown experiments) with PBLs was in general elevated
compared to macrophages generated by plastic adherence. As CD14 is a surface
pattern recognition receptor for LPS and a co-receptor for TLR2, the applied isolation
method leads to macrophage activation prior to co-cultivation with autologous PBLs
(Dobrovolskaia and Vogel, 2002). In line with this, CD14-dependent isolation of human
monocytes results in enhanced phagocytic activity of Listeria monocytogenes (Neu et
al., 2013).

4.4 Priming of an adaptive immune response by hMDM-1 vs. hMDM-2

Interestingly, direct comparison of the T cell response induced by hMDM-1 and
hMDM-2 revealed anti-inflammatory macrophages to be superior in priming lymphocyte
proliferation. Controversially, it is known from literature that monocytes differentiated by
GM-CSF, inducing a pro-inflammatory phenotype, have a higher T cell stimulatory
capacity (Xu et al.,, 2013). Looking for a possible explanation, we examined the

expression of T cell activation marker on the surface of both phenotypes.
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Oversimplified, neglecting environmental signs such as cytokines, activation of naive
CD4 T cells requires two distinct signals. On the one hand the ligation of a specific T
cell receptor with a peptide bound to MHC class Il and on the other hand a co-
stimulatory signal which is not antigen specific (Janeway and Bottomly, 1994). In
addition to antigen presentation, co-stimulation by CD80/CD86 or CD40 on antigen
presenting cells binding to CD28 or CD40L respectively on T cells is essential for the
induction of an adaptive immune response (Fujii et al.,, 2004; Murphy et al., 2012).
Concerning the co-stimulatory molecules CD40 and CD86, we were not able to detect
different expression patterns between hMDM-1 and hMDM-2. In accordance with
previous studies, CD80 was proven to be a specific marker for GM-CSF generated
macrophages (Ambarus et al., 2012). Although being indispensable for T cell
activation, co-stimulatory molecules themselves could not induce any responses in T
cells (Janeway and Bottomly, 1994). Consequently, the antigen-specific MHC signal
accompanied by any co-stimulatory molecule might be limiting to induce more or less T
cell activation (Germain, 1994). Indeed, we found MHC-II to be higher expressed on
M-CSF generated macrophages (hMDM-2), which is in line with phenotyping by
Verreck and colleagues (Verreck et al., 2006).

In addition to surface staining of MHC and co-stimulatory molecules using flow
cytometry, we analyzed hMDM-1 and hMDM-2 by proteome analysis using Mass
Spectrometry to identify additional immunomodulatory molecules. Focusing on
upregulated proteins in hMDM-1 compared to hMDM-2, we found the Calcineurin-
binding protein cabin-1 to be higher expressed. The Calcineurin-binding protein cabin-1
was shown to serve as a negative regulator of T cell receptor signaling via the inhibition
of calcineurin (Sun et al.,, 1998). Furthermore, being in line with the increased
microbicidal capacity of pro-inflammatory macrophages, the V-type proton ATPase
subunit B and the SNARE protein VAMPS8 are upregulated.

Concerning hMDM-2, more immunomodulatory involved proteins were shown to be
upregulated compared to hMDM-1, namely CD163, Legumain, L-amino-acid oxidase,
CPVL, Sialoadhesin and Galectin-10. As expected, the scavenger receptor cysteine-
rich type 1 protein M130, also named CD163, was found to be higher expressed in
hMDM-2. After shedding, the soluble form (sCD163) may play an important role in anti-
inflammatory responses (Verreck et al., 2006; Moestrup and Mgller, 2009). Focusing
on proteins supporting antigen processing, Legumain was shown to be higher
expressed in hMDM-2. It is found in lysosomes where its cysteine endopeptidase
activity contributes to antigen processing for MHC-II presentation (Dall and
Brandstetter, 2016). In addition, the L-amino-acid oxidase was shown by similarity to
have a potential role in lysosomal antigen processing and presentation (Mason et al.,

2004). CPVL, a probable serine carboxypeptidase, might be involved in the digestion of
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phagocytosed patrticles in the lysosome, trimming of peptides for antigen presentation
and the participation in an inflammatory protease cascade (Mahoney et al.,, 2001).
Being in line with the higher phagocytic capacity of hMDM-2, Sialoadhesin was
upregulated acting as endocytic receptor mediating clathrin-dependent endocytosis
and providing sialic-acid dependent binding to lymphocytes (van den Berg et al., 1992;
Vanderheijden et al., 2003; O'Neill et al., 2013). On the other hand, Galectin-10
regulates immune responses through the recognition of cell-surface glycans and is
essential for the anergy and suppressive function of CD25 positive regulatory T cells
(Kubach et al., 2007).

In conclusion, by comparing the two macrophage phenotypes, hMDM-2 were shown to
have a higher expression profile of proteins being involved in antigen processing and
presentation such as peptidases and MHC-II. Most likely, this makes them superior to
hMDM-1 in priming an adaptive immune response. This assumption will be verified in
following experiments by specific modulation of the identified targets such as MHC-II
blocking experiments or inhibition (e.g. by specific protein down regulation) of the
identified peptidases.

4.5 Influence of GP63 on infectivity, adaptive immunity and host cell

autophagy

GP63 is a main surface protein of Leishmania parasites and described as virulence
factor mediating attraction of and adhesion to macrophages, avoiding innate immune
killing mechanisms and providing an enhanced intracellular parasite survival.
Previously published data indicate a clear link between GP63 expression and infectivity
or binding to macrophages (Kweider et al., 1987; Liu and Chang, 1992; Ahmed et al.,
1998; Brittingham et al., 1999; Thiakaki et al., 2006). Kweider et al. used monoclonal
IgM antibodies against L. braziliensis to block surface proteins leading to reduced
percentage of infected MFs of about 25% and reduced intracellular survival (Kweider et
al., 1987). In the studies of Liu et al., L. amazonensis was passaged for more than 3
years resulting in the loss of GP63 and hence reduced infectivity whereas
overexpression of GP63 in those parasites could restore the binding to a murine
macrophage cell line (Liu and Chang, 1992). In contrast to these data, we could not
observe an altered infection rate of GP63-deficient parasites by infection of hMDM with
Lm SD WT, Lm SD KO and Lm SD KO+GP63. In line with our data are results
obtained by Joshi et al. using for the first time GP63 knockout parasites by targeted
gene deletion of GP63 in Lm Seidmann. GP63 knockout and wildtype parasites
showed similar early (1 h) and late (96 h) infection rates in mouse peritoneal MFs and

comparable differentiation in amastigotes. Furthermore, the KO parasites were able to
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induce lesion formation with an initial delay but unaltered disease progression in Balb/c
mice. Similar to our results, Joshi et al. concluded that the GP63 gene products 1-6 do
not play a role for the survival of Leishmania within macrophages (Joshi et al., 1998).
Since more than 25 years it is known, that the stimulation of PBMCs with crude
Leishmania sonicates induces a memory T cell response in previously unexposed
individuals (Kemp et al., 1991; Kemp et al., 1992). In accordance with these data, we
also observed a lymphocyte proliferative response using a slightly different setting by
prior incubation of hMDM with Leishmania and subsequent co-cultivation with PBLs
allowing antigen processing, presentation and recognition. By comparing Lm SD WT
and Lm SD GP63 KO parasites, no significant changes in the lymphocyte proliferative
response were observed. Opposing results were obtained by Matheoud et al.,
demonstrating immune evasion of Leishmania by the inhibition of cross-presentation
using direct cleavage of VAMP8 in a GP63-dependent manner (Matheoud et al., 2013).
Analogical immune suppressing effects were demonstrated by the direct binding of
GP63 to human primary NK cells leading to the inhibition of proliferation (Lieke et al.,
2008). In addition it was shown that GP63 of Lm and L. donovani was able to cleave
CD4 molecules on human T cells. However, in this study an artificial in vitro system
was used and the biological significance was critically discussed (Hey et al., 1994). In
line with our results, it was shown by various studies that GP63 seems to be no
immunodominant antigen as stimulation of PBMCs with purified GP63 was not able to
induce T cell proliferation in neither unexposed individuals nor any CL patient or cured
patient (Mendonca et al., 1991; KEMP et al., 1994; Gaafar et al., 1995). On the other
hand, immunization of mice with GP63 induces a significant level of protection
highlighting again the T cell dichotomy between mice and human (Handman and
Mitchell, 1985; Russell and Alexander, 1988). The unaltered infection rate and the
inability of the GP63 protein itself to induce T cell proliferation gives an explanation of
our results that GP63 seems to be neglectable for the induction of an adaptive immune
response in hMDM. To further analyze GP63 and its role as virulence factor, the
occurrence of an oxidative burst and hence impaired survival of GP63 KO parasites
need to be investigated.

GP63 is known to mediate a silent uptake in macrophages via CR3 and additionally
ensures survival by cleavage of macrophage signaling proteins (Gomez et al., 2009;
Isnard et al., 2012). Host signaling is altered as GP63 gets access to the macrophages’
cytoplasm through a process mediated in part by host lipid rafts enabling cleavage of
the autophagy modulator mTOR (Gomez et al., 2009; Jaramillo et al., 2011). To
investigate if mTOR cleavage has an impact on the macrophages’ autophagy
machinery, we analyzed autophagy modulation by LC3 conversion during infection with

GP63-deficient Lm and the respective controls. Infection of hMDM with Leishmania
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resulted in the induction of autophagy. The induction of autophagy in host
macrophages by Lm is in agreement with results of Cyrino et al. demonstrating L.
amazonensis to induce autophagy in Balb/c and C57BL/6 BMDM as well as in RAW
macrophages (Cyrino et al., 2012). Also the visceral leishmaniasis causing strain L.
donovani was recently shown to induce LC3-I to LC3-IlI conversion in THP-1 cells and
to modulate host cell autophagy in a Beclin-1-dependent manner (Singh et al., 2016).
We could not detect a GP63-mediated modulation of autophagy by analyzing LC3
lipidation. These results are in line with a recently published study in mice also
indicating LC3 levels by Western Blot to be unaffected upon infection with Lm SD WT
and Lm SD GP63 KO although by immunofluorescence they could show that the
presence of GP63 on promastigotes impaired the recruitment of LC3 to phagosomes
(Matte et al., 2016).

Taken together, these studies and our data indicate that the relevance of GP63 as
Leishmania virulence factor is strongly dependent on the experimental setup and
differs between mice and human. A role of GP63 on the hosts’ autophagy machinery
can not be completely ruled out. Overall levels of LC3 did not change, however the
intracellular distribution might be altered. Further research has to be performed
focusing on LC3 recruitment to parasite containing compartments assessed by

immunofluorescence, which might be improved using GP63 KO parasites.

4.6 LAP as immune evasion mechanism during Leishmania infection

Host-pathogen-interactions are a well-studied key dogma in infectious diseases but far
away from being fully understood. According to the “catch me if you can” principle, the
pathogen tries to inhibit host defense mechanisms or even subverts them for its own
benefit (Lennemann and Coyne, 2015). An evolutionary highly conserved cellular
response mechanism is the non-canonical autophagic process “LC3-associated
phagocytosis” (LAP), mediating rapid phagosomal acidification and enhanced killing of
engulfed microbes (Sanjuan et al., 2007). For several pathogens like Mycobacterium
tuberculosis, the autophagic sequestration process was shown to control infection
(Gutierrez et al., 2004). Whereas other microbes such as the bacteria Listeria
monocytogenes and Burkholderia pseudomallei evade LAP compartments and mutants
lacking proteins for phagosomal escape were trapped in phagosomes for enhanced
killing (Gong et al., 2011; Birmingham et al., 2014). For Lm we could already
demonstrate that the apoptotic parasites reside in single membrane, LC3"
compartments in host macrophages and the presence of apoptotic promastigotes in the
virulent inoculum causes the suppression of an adaptive immune response allowing

disease progression (van Zandbergen et al., 2006; Crauwels et al., 2015).
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Replacing apoptotic parasites by phosphatidylserine (PS) beads and zymosan led to
the formation of LC3" phagosomes and LC3 lipidation which is in line with previous
studies in RAW 264.7 and murine bone marrow-derived macrophages (Sanjuan et al.,
2007; Martinez et al., 2011). Co-incubation of hMDM with PS-beads and viable
Leishmania dampened the T cell response to the same degree as apoptotic
Leishmania did. In accordance with these results, Martinez et al. demonstrated that in
the absence of LAP the uptake of dead cells results in the secretion of pro-
inflammatory cytokines suggesting immune dampening effects for LAP-mediated
phagocytosis (Martinez et al., 2011). We demonstrated zymosan to significantly
suppress Leishmania induced T cell proliferation and hence resulting in enhanced
parasite survival as observed for co-infection of hMDM with viable and apoptotic
Leishmania. Treatment of hMDM with zymosan triggered a strong release of the pro-
inflammatory cytokine TNF-a and the anti-inflammatory cytokine IL-10. In agreement
with our results, Du and colleagues reported high secretion levels of TNF-a after 3 h
and high levels of IL-10 6 h post stimulation of macrophages with zymosan (Du et al.,
2006). The production of TNF-a leads to the recruitment of adaptive immune cells and
subsequent secretion of IL-10 suppresses macrophage activation and dampens the
immune response preventing autoimmunity (Arango Duque and Descoteaux, 2014).
Additionally, the immune dampening effects of zymaosan stimulation have been shown
in autoimmune disease models for diabetes and multiple sclerosis. Injection of
zymosan was able to delay diabetes onset by the expansion of PD-L1*, TGF-B*
macrophages and Foxp3® regulatory T cells in NOD mice (Burton et al., 2010).
Furthermore, zymosan regulates the cytokine secretion in dendritic cells and
macrophages resulting in immunological tolerance as the co-injection of zymosan and
OVA plus LPS suppresses the OVA-specific T cell response by APCs secreting IL-10
and TGF-B but lacking IL-6 (Dillon et al., 2006). Another mechanism indicating the
immune dampening effects of zymosan was reported by Yem demonstrating zymosan
treatment of macrophages to result in surface la antigen loss from many macrophages
leading to reduced T cell proliferation (Yem and Parmely, 1981).

Taken together, our data indicate, that the immune dampening effects of apoptotic
Leishmania in the virulent inoculum or their replacement by PS beads and zymosan
are probably due to anti-inflammatory cytokine secretion. Although zymosan induced
strong TNF-a secretion, it is likely that anti-inflammatory cytokines halt adaptive
immune activation as only a moderate T cell response was observed. To verify this
mechanism, further experiments such as analyzing TGF-B secretion, need to be
performed. The reduced T cell proliferation can be considered as immune evasion
mechanism used by Leishmania as it enables improved intracellular parasite survival

and differentiation in amastigotes.

111



Discussion

Focusing on intracellular mechanisms leading to LAP induction, Huang and colleagues
reported that activation and subsequent production of ROS by NOX2, a NADPH
oxidase expressed in macrophages, is TLR- or FcyR-dependent and triggers the
recruitment of LC3 to phagosomes (Huang et al., 2009; Scherz-Shouval and Elazar,
2011). Furthermore, the requirement of NOX2 for the induction of LAP but not for
conventional autophagy was demonstrated by Martinez et al. in murine bone marrow-
derived macrophages (Martinez et al., 2015). In agreement with the mentioned studies,
our data give a hint for ROS dependent LAP induction in hMDM. Leishmania
promastigotes that underwent an ROS-dependent death by treatment with
Staurosporine (Jochen Steinacker, data not shown; (Shimizu et al., 2004)) induced
enhanced LC3 lipidation compared to untreated parasites. Additionally, we inhibited the
macrophages’ NADPH oxidase which produces ROS at the phagosomal membrane.
We could only show a moderate reduction of LAP induction being probably due to poor
knockdown efficiency and residual activity of NOX2. Thus, we treated hMDM with
Diphenyleneiodonium (DPI), a chemical NOX2 inhibitor. Treatment with DPI
significantly inhibited LC3 lipidation upon stimulation of macrophages with zymosan
and strongly inhibited LC3 lipidation upon infection with Leishmania. These data are in
line with previously published results demonstrating the requirement of ROS for LC3
conversion during infection of BMDM with Leishmania (Matte et al., 2016). So far, our
data suggest that Leishmania specific T cell proliferation is independent on the
presence or production of ROS although further experiments blocking ROS production
in Leishmania are necessary to draw a clear statement. In following analyzes
Leishmania parasites will be treated with ROS scavengers such as N-acetylcysteine,
Tempol, Trolox, ebselen or a-tocopherol and upon infection of hMDM, LC3 conversion
and T cell proliferation will be assessed.

Looking for other mechanisms causing a reduced T cell proliferation we analyzed
lysosomal acidification which provides antigen degradation for presentation on MHC-II
molecules. We revealed apoptotic Leishmania and zymosan to enhance acidification in
hMDM whereas infection with viable Leishmania did not. In accordance with our data,
other reports show that viable Leishmania promastigotes are able to inhibit phagosome
maturation such as the fusion with endosomes and lysosomes (Desjardins and
Descoteaux, 1997). More recently, it was demonstrated that LPG of L. donovani
impairs the recruitment of Synaptotagmin V to phagosomes thereby leading to the
exclusion of the vesicular proton ATPase preventing phagosome acidification (Vinet et
al., 2009). Furthermore our data are supported by studies presenting, LAP-inducing
stimuli such as apoptotic cells or zymosan particles to accelerate phagosomal fusion
with lysosomes leading to the degradation of the engulfed particles (Sanjuan et al.,

2007; Florey et al., 2011; Martin et al., 2014). The influence of particle degradation by
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LAP on the onset of an immune response was demonstrated by Ma et al. in murine
macrophages and dendritic cells. In this study, LC3* phagosomes containing B-glucan
particles co-localize with MHC-II molecules leading to increasing T cell activation (Ma
et al.,, 2012). This finding is line with our data, that less immunogenic antigens of
apoptotic Leishmania and zymosan get faster degraded and presented to T cells
thereby suppressing the adaptive immune response. In contrast to the hypothesis of
better T cell priming by LAP, there are several studies indicating that exacerbated
antigen degradation is detrimental to antigen presentation to T cells and impairs cross
presentation (Accapezzato et al., 2005; Delamarre et al., 2005; Savina et al., 2006).
These studies suggest that limited lysosomal proteolysis favors antigen presentation by
keeping the balance between “some” degradation to generate antigenic peptides and
“not too much” degradation which would probably destroy potential T cell epitopes
(Delamarre et al., 2005; Savina et al., 2006). By a follow up study, Delamarre and
colleagues could show that the susceptibility of protein antigens to lysosomal
proteolysis is important for their immunogenicity in vivo. Less digestible antigen forms
were higher immunogenic inducing efficient T cell priming and antibody responses
(Delamarre et al., 2006). As we did not further investigate the effects of differential
lysosomal acidification upon infection with viable or apoptotic parasites or zymosan,
also the latter studies could be in line with our data. The exacerbated antigen
degradation upon infection with apoptotic Leishmania or zymosan might lead to less
efficient antigen presentation and T cell priming. Whereas upon infection with viable
parasites, impaired phagosomal acidification might provide longer antigen maintenance
for continuous presentation on MHC-II molecules resulting in a higher T cell
proliferation (Romao et al., 2013).

Using a more general approach to determine host factors involved in the regulation of
an immune response which are modulated by pathogen infection, proteome analysis of
hMDM compared to hMDM infected with Leishmania was done. Leishmania infection
resulted in the upregulation of indoleamine 2,3-dioxygenase 1 (IDO1) which is an L-
tryptophan-degrading enzyme catalyzing the first and rate-limiting step in the kynureine
pathway (Murakami et al., 2013). It is induced by IFN-y-dependent inflammatory
responses and serves as mechanism for antimicrobial resistance restricting growth of
intracellular pathogens such as Toxoplasma gondii (Pfefferkorn, 1984; Murray et al.,
1989). On the other hand, IDO1 was demonstrated to attenuate immune responses by
locally depleting tryptophan and hence preventing T cell proliferation (Munn et al.,
1999). Also in Leishmania infection, a role for IDO1 was shown. Leishmania-induced
IDO expression suppressed T cell stimulation by dendritic cells whereas IDO inhibition
enhanced local expression of pro-inflammatory cytokines and improved host immunity

(Makala et al., 2011; Donovan et al., 2012). Furthermore, Leishmania infection induced
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upregulation of MHC-I and downregulation of MHC-II. Our finding is in line with other
studies demonstrating that infection of macrophages with L. donovani leads to
transcriptional inhibition of MHC-II molecule genes (Kwan et al., 1992). Additionally, L.
amazonensis and L. mexicana amastigotes have been demonstrated to internalize and
proteolytically degrade MHC-II molecules which are associated with the
parasitophorous vacuole (Souza Leao et al., 1995; Antoine et al., 1999).

Taken together, the impact of Leishmania infection on immunomodulatory host cell
proteins is suggested to provide further insight in immune evasion mechanisms
exploited by the parasites. In following experiments the proteomic regulation will be
verified. Furthermore, by inhibition or down regulation of IDO and overexpression of
MHC-I1I their potential role as immune evasion target will be proven. We suggest that
knockdown of IDO1 or the addition of L-tryptophan to the culture medium of
macrophages will enhance pro-inflammatory cytokine secretion leading to increased T

cell proliferation and consequently impaired Leishmania survival.
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4.7 Concluding remarks

Taken together, our data provide a deeper insight in the autophagic process in human
primary macrophages being different from previously published data in other model
systems. We found autophagy modulation to be highly dependent on the applied
stimuli and detected differences between cell phenotypes. In contrast to other studies,
analyzing macrophage cell lines or mouse models, autophagy induction in human
primary macrophages was not dependent on ULK-1 and Beclin-1, indicating ULK-1 and
Beclin-1 independent pathways for autophagy induction or protein compensation by
ULK-2 in hMDM. These findings should be considered before extrapolating cell line
data for drug development in human applications.

These data highlight the importance of autophagy as immunomodulatory mechanism
requiring profounder investigation in human primary cells. Given the therapeutic
implications of autophagy in cancer, neurodegenerative as well as infectious diseases,
a better understanding will contribute in the development of safe and efficient
therapeutic interventions in humans.

Furthermore, we assume that the autophagy related process LAP, induced by
apoptotic Leishmania, might be an immune evasion mechanism by dampening the
adaptive immune response and promoting parasite survival. Additionally, by proteome
analysis of hMDM infected with Leishmania we identified the upregulation of IDO1 and
the downregulation of MHC-II as additional immune evasion strategies which will
provide further insight in the interaction of Leishmania and their host cell promoting

disease progression.
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Acronyms and Abbreviations

6 Acronyms and Abbreviations

°C Degree Celsius

pl Microliter

pM Micromolar

pm Micrometer

3-MA 3-Methyladenine

AF Aggregation factor

APC Antigen presenting cell

APS Ammoniumpersulfat

ATG Autophagy related

BCG Bacille Calmette-Guérin

BMDM Bone marrow derived macrophages
BSA Bovine serum albumin

C3 Complement component 3

CD Cluster of differentiation

cDNA Complementary DNA

CFSE 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
CL Cutaneous leishmaniasis

CLIP Class-Il associated invariant chain peptide
CLR C-type lectin receptors

cm Centimeter

CR Complement receptor

CT Cycle threshold

DIC Differential interference contrast
DMSO Dimethylsulfoxid

DNA Deoxyribonucleic acid

dNTP Deoxy-nucleotide tri-phosphate

DPI Diphenyleneiodonium

DTT Dithiothreitol

ECL Enhanced chemiluminescence

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked Immunosorbent Assay
EtOH Ethanol

FACS Fluorescence activated cell sorting
FCS Fetal Calf Serum

FIP200 Focal adhesion kinase-interacting protein of 200 kDa
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Acronyms and Abbreviations

FnR
FSC
fwd

g

g
GAPDH

GFP
GM-CSF

GP

GP63

h

HCI

HEPES

HIV

HLA-DM
hMDM
hMDM-1 (M1)
hMDM-2 (M2)
HRP

IC

iC3b

IDO1

IF

IFN-a

kDa
CPVL
KO

LAMP
LAP
LC3
LC3-
LC3-I

Fibronectin receptor

Forward scatter

Forward

Gramm

Gravitational force
Glycerinaldehyd-3-phosphat-Dehydrogenase
Green fluorescent protein

Granulocyte macrophage colony-stimulating factor
Glycoprotein

Glycoprotein of 63 kDa

Hour/s

Hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Human immunodeficiency virus

Human leukocyte antigen DM

Human monocyte derived macrophage
Pro-inflammatory human monocyte derived macrophage
Anti-inflammatory human monocyte derived macrophage
Horseradish peroxidase

Immune complex

Inactive complement component 3b

Indoleamine 2,3-dioxygenase 1
Immunofluorescence

Interferon a

Interferon y

Immunoglobulin

Invariant chain

Interleukin

Knockdown

Kilo Dalton

Carboxypeptidase, vitellogenic like

Knockout

Leishmania

Lysosomal-associated membrane protein
LC3-associated phagocytosis
Microtubule-associated protein 1A/1B-light chain 3
Cytosolic form of LC3

Lipidated, membrane bound form of LC3
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Acronyms and Abbreviations

LCF Leishmania chemotactic factor

Lm Leishmania major

log. phase Logarithmic phase

LPG Lipophosphoglycan

LPS Lipopolysaccharide

mA Milliampere

MACS Magnetic activated cell sorting

MCL Mucocutaneous leishmaniasis
M-CSF Macrophage colony-stimulating factor
MEF Mouse embryonic fibroblasts

MF Macrophage

MFI Mean fluorescence intensity

MHC Major histocompatibility complex
MIIC MHC class Il compartments

min Minute/s

MIP-183 Macrophage inflammatory protein-13
mi Milliliter

mM Millimolar

mm Millimeter

MOl Multiplicity of infection

MR Mannose receptor

MRNA Messenger Ribonucleic Acid

mTOR mammalian target of Rapamycin
NaCl Sodium chloride

NADPH Nicotinamide adenine dinucleotide phosphate
NaN; Sodium azide

NaOH Sodium hydroxide

ng Nanogramm

NK Natural killer

NLR Nucleotide-binding oligomerization domain-like receptors
NO Nitric oxide

NOD Non-obese diabetic

NOX2 NADPH oxidase isoform 2

NT Non target

OVA Ovalbumin

p.i. Post infection

PAGE Polyacrylamide Gel Electrophoresis
PAMP Pathogen-associated molecular pattern
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Acronyms and Abbreviations

PBLs
PBMCs
PBS

PE

PFA

Py

PI3K
PI3P
PKC
PKDL
PMN

PS
gRT-PCR
rev
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