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Abstract

Abstract

Leishmaniasis is a neglected tropical disease caused by protozoan parasites of the Leishmania (L.)
genus. The parasite has a digenetic life cycle with a promastigote form in the phlebotomine sand fly
and an amastigote form in the mammalian host. Upon inoculation of Leishmania ssp. into the
mammalian host skin during a sandfly’s blood meal, the parasite infects human macrophages, its
definite host cell. In order to sustain and propagate infections, the parasites have to complete cycles
of exit from its host cells and re-infection of previously uninfected cells. Recent in vivo studies reported
pro-inflammatory monocytes as replicative niche of L. major and showed prolonged expression of IL-
1B at the infection site, indicating an activation of the NLRP3 inflammasome. Therefore, | hypothesized
that L. major infection activates the human NLRP3 inflammasome and promotes parasite spreading
via its downstream effector mechanism pyroptosis. To overcome limitations associated with the use
of reverse genetic methods in human primary macrophages, | characterized the transdifferentiating
cell line BLaER1 as a model for L. major infection. | found that Leishmania can infect, activate, and
develop in BLaER1 macrophages similar as they can do in primary human macrophages. Utilizing this
infection model, BLaER1 cells were used to investigate the role of the human inflammasome in the
innate immune response to L. major. NLRP3 inflammasome activation by L. major was confirmed and
found to be dependent on phagolysosomal ROS production and presence of LPG on the parasite
surface. In contrast to murine macrophages, infection-dependent inflammasome activation in BLaER1
did not result in parasite restriction. To elucidate the role of pyroptosis in the spread of L. major
parasites to new host cells, | first found that BLaER1 GSDMD”" cells, which carry a deletion of the pore-
forming protein gasdermin D, are more resistant to pyroptotic cell death and, concomitantly, display
a strongly delayed release of intracellular parasite. Using this knockout in a co-incubation assay in
comparison with wild type BLaER1 cells, | demonstrate that impairment of the pyroptosis pathway
leads to lower rates of parasite spread to new host cells, thus, implicating pyroptotic cell death as a
possible exit mechanism of L. major in pro-inflammatory microenvironments. In summary, this thesis
showed that BLaER1 cells are a promising cell line model for investigation of host-pathogen
interactions of human macrophages and L. major. Moreover, it discovered species-specific differences
in the NLRP3 inflammasome response, which are highly relevant for the development of
inflammasome-targeting drugs. Furthermore, it makes a strong case for the investigation of pro-

inflammatory forms of cell death in the pathogenesis of leishmaniasis.
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Zusammenfassung

Zusammenfassung

Leishmaniose ist eine vernachldssigte Tropenkrankheit, die von protozoischen Parasiten der Gattung
Leishmania (L.) verursacht wird. Der Parasit hat einen digenetischen Lebenszyklus mit einer
promastigoten Form im Sandmiickenvektor und einer amastigoten Form im Saugetierwirt. Der Biss der
infizierten Sandmiicke Ubertragt die Promastigoten in die Haut des Wirtes. Die Parasiten infizieren hier
Makrophagen als finale Wirtszelle. Um die Infektion aufrecht zu erhalten und zu verbreiten, missen
Leishmanien Zyklen von Wirtszellaustritt und Neuinfektion durchlaufen. In vivo Studien haben gezeigt,
dass L. major pro-inflammatorische Monozyten als Reservoir zur Replikation nutzt. Dies geht mit einer
anhaltenden Expression von IL-1B einher, was auf eine Aktivierung des NLRP3 Inflammasoms
hindeutet. Daher lautete meine Hypothese, dass auch das humane NLRP3 Inflammasom durch eine
Leishmanieninfektion aktiviert wird und durch seinen Downstream-Mechanismus, Pyroptose zur
Ausbreitung von Parasiten auf neue Wirtszellen beitragt. Um die Probleme, die mit einer genetischen
Verdnderung von primaren humanen Makrophagen (hMDM) verbunden sind, zu umgehen, habe ich
die transdifferenzierende Zelllinie BLaER1 auf ihre Eignung als Modell fiir die Infektion von
Makrophagen mit L. major untersucht. L. major infizierte, aktivierte und replizierte in BLaER1 Zellen
dhnlich wie in hMDM. Ich benutzte dieses Infektionsmodell, um die Aktivierung des humanen
Inflammasoms durch L. major zu charakterisieren. L. major aktivierte das humane NLRP3 Inflammasom
in Abhangigkeit von der Produktion phagolysosomaler reaktiver Sauerstoffspezies (ROS) und der
Prasenz von LPG auf der Parasitenoberfliche. Im Gegensatz zu murinen Makrophagen flihrte die
Inflammasomaktivierung nicht zu einer Restriktion der intrazelluldren Parasiten. Um die Rolle der
Pyroptose als Mechanismus der Ausbreitung on L. major aufzuklaren, stellte ich zunachst fest, dass
BLaER1 GSDMD”" Zellen eine erhdhte Pyroptoseresistenz im Vergleich zu BLaER1 Zellen besitzen und
damit einhergehend eine stark verzégerte Parasitenfreisetzung aufweisen. Durch den Einsatz dieser
Zelllinie in einem Koinkubationsexperiment, konnte ich zeigen, dass Beeintrachtigung des
Pyroptosesignalwegs zu einer verminderten Parasitenausbreitung auf neue Wirtszellen flihrte. Dies
bestatigt, dass Pyroptose ein moglicher Austrittsmechanismus von L. major in pro-inflammatorischen
Mikroumgebungen ist. Insgesamt hat diese Arbeit gezeigt, dass BLaER1 ein vielversprechendes
Zelllinienmodel fir die Erforschung von Wirts-Pathogen-interaktionen von h(MDM und L. major ist. Die,
in dieser Arbeit demonstrierten, speziesspezifischen Unterschiede in der NLRP3 Inflammasomantwort
sind bedeutend fir die Entwicklung von Inflammasom-spezifischen Medikamenten. Darliber hinaus,
zeigen die Ergebnisse, dass eine Erforschung pro-inflammatorischer Zelltodformen in der Pathogenese

der Leishmaniose noétig ist.
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1 Introduction

1 Introduction

1.1 Leishmaniasis

Leishmaniasis is a neglected tropical disease caused by protozoan parasites of the Leishmania genus,
which are transmitted by the bite of phlebotomine sandflies [1]. The disease is highly poverty-related
as almost 90 % of all affected people live of less than two US dollar (USD) per day [2]. This problem is
further compounded by the fact that several poverty-associated circumstances, e.g. malnutrition and
poor housing and sanitary conditions, not only increase the exposure to the vector, and, thus, the risk
of becoming infected, but also aggravate the outcome of the disease [3]. Based on clinical symptoms
three main forms of leishmaniasis are distinguished ( Figure 1), visceral leishmaniasis, mucocutaneous

leishmaniasis and cutaneous leishmaniasis [3,4].

Figure 1: Clinical manifestations of leishmaniasis.

Three main forms of leishmaniasis are distinguished based on the clinical symptoms. (A-C) cutaneous leishmaniasis causes
ulceration of the skin. It occurs in three forms, localized cutaneous leishmaniasis is the most common form of the disease
with a single localized lesion at the bite site (A), diffuse cutaneous leishmaniasis is a rare anergic form of the disease with
multiple lesions spread across the body (B), and mucocutaneous leishmaniasis affects mucosal surfaces and leads to tissue
destruction at nose and mouth (C). (D and E) Visceral leishmaniasis is the most severe form of the disease and leads to weight
loss and spleno- and hepatomegaly (D). After visceral leishmaniasis some patients suffer from post-kala-azar dermal
leishmaniasis, which manifests as diffuse nodules across the body (E). Images A-C are adapted from Torres-Guerrero et al. [5],
images D and E are adapted from Griensven and Diro [6] .
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Visceral leishmaniasis (VL) or kala-azar ( Figure 1D) is the also most severe form of the disease with a
case-fatality-rate of 95 % when left untreated [3]. The clinical symptoms of VL are fever, spleno- and
hepatomegaly, progressive anemia, pancytopenia and hyperglobulinemia [4]. Because of this strong
depletion of immune cells, VL is often accompanied by opportunistic infections, which are believed to
be the primary cause of death among patients [4]. After one to two years post recovery, approximately
10 % of patients develop non-ulcerative cutaneous lesions termed post kala-azar dermal leishmaniasis
(PKDL) that require long and costly treatment ( Figure 1E) [4]. Most of the 50,000 to 90,000 annual

cases occur in Brazil and India and are caused by L. chagasi and L. donovani [4].

The mucocutaneous leishmaniasis (MCL) affects the mucosa of the naso-oral and pharyngeal cavities (
Figure 1C). The clinical symptoms break out years after the resolution of the initial cutaneous form of
the disease and consist of metastatic lesions that lead to disfigurement of the face and greatly reduce
the quality of life of the patient [4]. MCL predominantly occurs in South and Central America and is

caused by L. braziliensis [4].

Cutaneous leishmaniasis (CL) is the most benign form of the disease, but with 600,000 to one million
cases per year [3] also the most abundant form of the disease ( Figure 1A). After a variable incubation
time of few days up to several months, a skin lesion manifests at the site of the sandfly bite [4].
Through influx of macrophages the lesion develops into a granuloma and self-heals usually within six

months [1,7].

1.2 L. major

The geographical distribution of Leishmania species has been classically divided into Old-World and
New-World species [4,2,8]. Among the Old-World species of Leishmania L. major is one of the most
frequent causative agents of cutaneous leishmaniasis that is endemic in North Africa, the Middle East

and Northern Asia [4].

1.2.1 L. major life cycle

Like all parasites of the genus Leishmania L. major has a digenetic life cycle with a flagellated
promastigote form in the sand fly vector and an aflagellated amastigote form in the human host (
Figure 2) [8]. Besides the flagellum, two other major morphological differences between
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promastigotes and amastigotes are the cell shape and the cell size. While promastigotes have an
elongated cell body with a length of 6-11 um depending on the exact stage of the life cycle, amastigotes
have an ovoid cell shape with a diameter of 2-3 um [8,9]. So far. these morphological changes are also

the only undisputed indicators of the parasite life cycle stage [8,10].
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Figure 2: Life cycle of pathogenic Leishmania ssp.

Infectious metacyclic promastigotes are regurgitated during the blood meal of a female phlebotomine sandfly. Metacyclic
promastigotes are taken up directly by macrophages, or transiently infect neutrophils and are ultimately taken up inside
neutrophil apoptotic bodies by macrophages through efferocytosis. Inside of the human macrophage parasites transform to
amastigotes and multiply within the phagolysosome. The infection is spread and maintained by infection of other
macrophages. The life cycle is completed when infected macrophages are taken up by a female phlebotomine sandfly during
a blood meal. Inside of the phlebotomine midgut amastigotes transform to procyclic promastigotes and eventually migrate
to the stomodeal valve. Here procyclic promastigotes transform to metacyclic promastigotes. Image adapted from
Wikipedia.com [11].

The life cycle begins with the inoculation of the mammalian host by the bite of an infected
phlebotomine sand fly. During the blood meal the sand fly regurgitates a mixture of viable and dead
metacyclic parasites, sand fly saliva and Leishmania proteophosphoglycans into the host [4,12]. After
inoculation, metacyclic are rapidly phagocytosed by tissue resident macrophages, or by neutrophils.
Mechanistically, this uptake can be facilitated by a plethora of redundant receptors and recognized
parasite surface molecules, that are comprehensively reviewed elsewhere [13—-16]. After 48 hto 72 h,

the neutrophils undergo apoptosis and parasites are taken up within the neutrophilic apoptotic bodies
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by their definite host cell, the macrophage, by efferocytosis. (“Trojan horse strategy”) [17,18]. After
taking residence within the phagolysosome of the macrophage, parasites start to transform into the
intracellular amastigote form [4,8,12]. The life cycle of the parasite is completed when amastigotes are
ingested by a sand fly during a blood meal [12,19]. While the establishment of the initial infection has
been well understood, the spread of the amastigotes to new host cells has remained enigmatic.
Frequently speculated to be a passive process mediated by mechanical stress of increasing numbers
of intracellular amastigotes [12,20,21], more recent studies have shown, that macrophages can sustain
extremely high parasite burdens [22]. Additionally, it has been shown that dendritic cells (DC), which
are refractory to promastigote infection [23,24] become an important subset of infected cells, as early
as five days post infection [25]. This points towards parasite spread as a more active and regulated
process, a paradigm shift, which is also taking place in research on multiple other intracellular

pathogens[26].

1.3 Macrophages

Macrophages were first described in 1883 by the Russian immunologist Ellie Metchnikoff during his
studies of the larvae of starfish which lack an adaptive immune response [27,28]. This makes
macrophages the oldest precisely identified cell of the immune system, predating the distinction of
lymphocytes into B and T cells in the 1960s by almost 100 years [29]. While phagocytosis was initially
believed to be a process predominantly involved in tissue homeostasis and nutrient acquisition,
Metchnikoff proposed phagocytosis as an effector mechanism against pathogens, pioneering not only
the concept of cell-mediated immunity, but also the concept of innate immunity [27]. Macrophages
were initially believed to be a simple phagocytic effector cell, like neutrophils, that extravasates into
inflamed tissues [30]. This view changed with the discovery of tissue-resident macrophages in healthy
tissues [29-31], and was expanded by the finding of Mills et al. that macrophages from C57BL/6 mice
and BALB/C mice directed the T cell response towards a Th1 response or a Th2 response, respectively,
upon activation with either IFN-y or LPS (classical activation) or IL-4 (alternative activation) [32,33].
Because these differences were attributed to differences in the arginine metabolism of the mouse
strains, this capability was believed to be an intrinsic characteristic of different macrophages subsets
[32]. Analogous to the name of the different subsets of T cells they induced, Mills termed these
macrophages M1 and M2 macrophages [32]. M1 macrophages were characterized by secretion of IL-
12, TNF-a, IL-1B, IL-18 and IL-23 and induction of oxidative burst, while M2 macrophages were
characterized by increased mannose receptor activity and secretion of TGF-B and IL-10 [32,34] .

Additionally, M2 polarization has been associated with tissue remodeling and maintenance of
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homeostasis in a variety of tissues [30,34,35]. While this skew in macrophage metabolism and T cell
response was later found to be a property of the genetic backgrounds of these mice strains, and Mills
proposed nomenclature was largely overturned, the terms M1 and M2 persist as the extremes of pro-
inflammatory and anti-inflammatory macrophage activation, respectively [36,37]. The nomenclature
has remained a subject of controversial debate ever since (reviewed in [36]. The clear identification of
macrophage subsets is further complicated by their high plasticity and capability to polarize depending
on the signals of the respective microenvironment i.e., switch from a pro-inflammatory to an anti-
inflammatory phenotype, or assume the phenotype of the tissue-specific resident macrophages

[36,38-41].

Along with the identification of multiple tissue-resident macrophage (TRM) populations, advances in
the understanding of pattern recognition receptors have further changed the view on macrophages
and highlighted their role as an important sentinel cell in healthy tissues [27,29][29,27]. Macrophages
express a large variety of toll-like receptors (TLRs), RIG-like receptors (RLRs) and NOD-like receptors
(NLRs) [29]. Notably, macrophages are the only cell type that expresses all known TLRs i.e., TLR1-9, and
can therefore sense a broad range of pathogen-associated molecular patterns (PAMPs) that consists
of lipomannans, lipoproteins, lipoteichoic acids, cell wall B-glucans, double- and single-stranded RNA
flagellin, LPS and bacterial DNA [29]. Furthermore, macrophages express the RLRs STING, MDA-5 and
RIG-1, that sense viral RNA and DNA in the cytoplasm [29]. Finally, macrophages also express NLRs,
like NLRP3, NLRP1, pyrin, and AIM-2 [29,42,43]. Interestingly, several NLRs have been shown to detect
damage-associated molecular pattern (DAMPs), like K* efflux, reactive oxygen species (ROS), or
aberrant cytoskeleton dynamics rather than PAMPs [43,44]. Therefore, NLRs play an important role in
inflammatory conditions in absence of infection and have been identified to contribute to several
chronic inflammatory diseases [43,44]. In summary, the understanding of macrophages has evolved
from simple phagocytes to a highly plastic, sophisticated signal transducer cell that shapes the immune
response and is involved in a plethora of processes of tissue remodeling, homeostasis, and

metabolism.

1.3.1 Role of macrophages in immunity to Leishmania

As mentioned above, the investigation of macrophage and T cell polarization are linked, because these
concepts were first discovered in the murine infection models for L. major infection [32,33,45]. The
role of macrophages in leishmaniasis is particularly manifold, because macrophages are not only

responsible for directing the immune response as an important signal transducer, but also act as
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replicative niche for parasites and important effector cell in the resolution of the disease [46]. Upon
inoculation of the mammalian host, parasites are rapidly taken up by tissue-resident macrophages and
neutrophils during the first 24 h of the infection [19,46,25]. The tissue-resident macrophages were
shown to express an anti-inflammatory i.e., M2-like phenotype (CD11b*Ly6C/™CD64*CD206*) [25,46].
Notably, these cells do not induce oxidative burst nor the production of nitric oxide (NO) upon infection
with L. major and are, therefore a promising replicative niche for the parasite [46,47]. In the following
acute phase of the infection (up to 3 weeks post infection), monocytes are recruited via the cytokines
CCL2, MCP-1, CXCL9 and CXCL10 and pro-inflammatory monocytes and monocyte-derived DCs become
important host cells [48,49]. In the murine system, these pro-inflammatory monocytes were identified
by their CD11b*Ly6C*CCR2*CX3CR1*CD64*CD24"™" marker profile and monocyte-derived DCs by their
CD11c*Ly6C*'CCR2*F4/80* phenotype [48-50]. Interestingly, these cells have been identified as an
important replicative niche by employing a photoconvertible fluorescent protein, despite the pro-
inflammatory polarization of these cells and their production of leishmanicidal effectors like NO [48—
50]. This somewhat paradoxical finding can be explained by the IFN-y dependent secretion of the
monocyte-recruiting MCP-1, CXCL9 and CXCL10 [48,49]. Hence, the Tn1 response via IL-12 secretion
and subsequent production of IFN-y compensates the activation of leishmanicidal effector
mechanisms, and concomitant parasite restriction, by the augmentation of the host cell reservoir by
recruitment of pro-inflammatory monocytes [48,50]. Staying true to the plasticity of the cell type, a
subset of the recruited monocytes re-polarizes to an anti-inflammatory phenotype characterized by

Arg1*MHCII*PDL2* [48].

While the induction of a leishmanicidal Thl response seems to be initially compensated by the
recruitment of monocytes, infiltration of CD4", IFN-y producing Tn1 cells and the subsequent activation
of macrophages for intracellular killing of parasites ultimately resolves the infection [46]. The
activation of macrophages by these T cells, however, remains enigmatic. First, macrophages cannot be
sufficiently activated by IFN-y alone in the absence of Th1 cells, suggesting cell-cell-contact, but the
activating effect of T cells has been shown to extend to bystander cells [51-54]. Furthermore,
activation by T cells does not seem to activate different effector mechanisms than the ones already

active during innate immunity, which fail to resolve the infection in that phase [52-54].

1.3.2 Differences between human and murine macrophages
To a large extend the great understanding of the dynamics of the early L. major infection can be

attributed to the advances in intravital microscopy and flow cytometry. However, it is openly
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acknowledged in the field that all these findings were made in the murine system and do not
necessarily translate to human cutaneous leishmaniasis [46]. The reasons for this are the manifold
differences between the human and the murine immune system. A multifaceted review of multiple
differences can be found in [55]. In accordance with the focus of my thesis, | will focus on the
differences between murine and human macrophages and their importance for cutaneous

leishmaniasis.

The most important difference, and subject of ongoing controversy, is the production of nitric oxide
by the enzyme inducible nitric oxide synthase (iNOS), mediated by the transcription factors NFkB and
AP-1, in response to pro-inflammatory activation by IFN-y in vivo or LPS+IFN-y in vitro [56]. Upon
activation, iNOS metabolizes the amino acid L-arginine to L-citrulline and the reactive effector
molecule NO, in a tetrahydrobiopterin (H4B) dependent way [56,57]. While this pathway has been well
characterized and can be reliably induced in murine monocytes and macrophages, results from human
cells have been inconsistent (reviewed in [58-60,57,55,61]). Aside from the debate around presence
of absence of this pathway, it is well established that iNOS-mediated NO production is a prominent
effector mechanism of the murine innate immunity, while it does not have this function in human
monocytes and macrophages [19,59,61]. The latter employ the production of reactive oxygen species
(ROS) via the NAPDH oxidase enzyme complex [29]. The resulting redundancy of effector mechanisms
in mice compared to the focus on ROS in human cells leads to profound phenotypical differences
between humans and mice. One example is the redundancy of the Nos2 (iNOS) and the Nox2 (NADPH
oxidase) gene in mice, that allows Nox2”" mice to control intracellular parasites as long as Nos2 is still
functional [19,62]. Another example is the weak or absent phenotype of chronic granulatomous
disease mouse models i.e., mice with knocked out components of ROS producing NADPH oxidase
complex, while this disease leads to high susceptibility to bacterial infections in humans [62,63]. On

the other hand, no disease associated with a non-functional NOS2 gene is known in humans [64].

Since macrophages are the primary host cells of L. major, important initiators of the immune response
and also important effector cells in the later stages of the disease, the different effector mechanisms
affect several aspects of metabolism, parasite restriction and disease phenotypes between the two
species. First, murine macrophages regulate their arginine metabolism based on pro- or anti-
inflammatory activation [32,34,61]. Upon pro-inflammatory activation murine macrophages display
strong iNOS activity, which depletes L-arginine and generates NO, which in turn stimulates IL-12

secretion inducing a Th1 response [32,46,65]. Upon anti-inflammatory activation, murine macrophages
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display a strong arginase-1 activity, which converts L-arginine to L-ornithine, which is in turn converted
to polyamines [61]. Polyamines are assumed to play a role in tissue repair, an important anti-
inflammatory macrophages function, but also support the intracellular growth of L. major parasites
[40,66]. This differential regulation of arginine metabolism is not observed in human macrophages,
which display neither strong iNOS activity upon pro-inflammatory activation nor arginase-1 activity
upon anti-inflammatory activation [61,67]. Second, the production of NO has an impact on the ATP
metabolism of murine macrophages, because of the high affinity of NO for the Fe-S cluster at the
center of most enzymes involved in the oxidative phosphorylation [56,67]. Hence, upon pro-
inflammatory activation murine macrophages switch their ATP metabolism towards glycolysis, a
property that has not been observed for human macrophages [67]. Because Leishmania infection take
place in tissues with already reduced oxygen concentrations and hypoxia-induced transcription factors
like hypoxia-inducible factor 1a (HIF-1a) and vascular endothelial growth factor A (VEGF-A), this
metabolic difference is likely to lead to differential gene regulation of human and murine macrophages
during Leishmania infection [46]. Third, it is well established that NO is a far more potent effector
against several intracellular pathogens, especially Mycobacteria and Leishmania species, than ROS
[59,62,64]. A consequence of this is that mice are highly resistant against these human pathogens e.g.,
L. major infections are resolved up to six times faster by commonly used C57BL/6 mice than by human

patients[7,68].

Regarding the role of mouse models, it should furthermore be noted that the investigation of L. major
infections is dominated by the use of two mouse strains, the C57BL/6 strain and the BALB/c strain
[36,37]. These mice strongly differ in their arginine metabolism and T cell response. C57BL/6 have high
iNOS activity and skew towards Tn1 responses while BALB/c have strong arginase-1 activity and skew
towards Tn2 responses BALB/c [32,33,36,37]. These traits are not only strongly conserved in the genetic
backgrounds of the strains and largely refractory to experimental interventions but they also lead to
vastly different outcomes of L. major infection. As mentioned earlier, C57BL/6 resolve the infection
very fast while BALB/c mice are unable to control the infection, develop a visceral leishmaniasis and
ultimately succumb to the infection [69]. Since the BALB/c disease phenotype does not correspond to
the one of human patients, which would be a hallmark of a good animal model [70], the use of this

strain is increasingly depreciated in the field.

In summary, human macrophages differ greatly from their murine counterparts in regard to

metabolism (L-arginine depletion, polyamine synthesis) and predominantly employed effector
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mechanism (ROS compared to NO and ROS in murine macrophages), which both have a huge impact
on the outcome of L. major infection. Additionally, these commonly used mice strains skew strongly
towards a beneficial Thl or detrimental Th2 response, while T cell polarization in humans is more

heterogenous [4,40] (summarized in Table 1).

Table 1: Differences of human and murine hosts in leishmaniasis
The table list phenotypical differences between humans and the two most frequently used mouse strains in L. major research.

I N N R

sensitivity to low [71,72] low [71,72] high [71,72]
endotoxin

disease phenotype CL [69] VL [69] CL [4,7]

time until disease approx. 3 months [69,68] fatal disease [69] approx. 18 months [7,68]
resolution

T-cell response Thl bias [32,33] Th2 bias [32,33] heterogenous [4]

arginine iNOS >> arginase-1 arginase-1 >>iNOS low to absent activity of both
metabolism [32] [32] enzymes in
monocytes/macrophages
[67,73,74]
antimicrobial ROS, NO and antimicrobial ROS, NO and ROS, LL-37
effector peptides [29] antimicrobial peptides [74,75]
mechanism [29]
ATP metabolism glycolysis glycolysis oxidative phosphorylation
during [67] [67] [67]

inflammation

1.3.3 Genome editing in macrophages

Considering the differences between murine and human macrophages and their implications for the
investigation of leishmaniasis, the question arises why most studies are still conducted in the mouse
model. One of the reasons for this is that, while over the years a sophisticated toolkit of reverse genetic
methods and reporters was built for mouse models [70,76], the methods for genome editing in primary
human macrophages are limited [77]. One reason for this is the previously mentioned role of
macrophages as signal transducing cell with a vast repertoire of pattern recognition receptors (PRRs),
which sense both PAMPs and DAMPs. Because most genetic methods rely on the introduction of either
DNA or RNA into the cell, an activation of the endosomal TLRs 3, 7, 8 and 9, as well as the cytosolic
nucleic acid receptors RIG-1, STING and MDA-5 are possible [29,78]. Furthermore, if the introduction
into the cell is facilitated by a method that causes membrane damage e.g., electroporation, DAMP
sensing receptors like inflammasomes can also be activated. Since macrophages express PRRs for
foreign nucleic acids even in the nucleus, the problem is persisting even after successful delivery of

DNA into this compartment [29,79]. The result of this are high off-target effects, presumably due to
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pro-inflammatory activation of the macrophages and poor viability. Because Cas9-based approaches
for genome editing do not address the problem of PRR activation, the advent of this technology did
not revolutionize the field of primary human macrophage research to the same extend as it did for
example the modification of primary human T cells [80—82]. However, several recent studies showed,
that modification of freshly isolated monocytes with Cas9-containing ribonucleotide-protein
complexes (RNP) and using the subsequent differentiation to macrophages as a rest period can be
employed to address this problem [83,84]. An unresolved limitation of these methods is the
quiescence of macrophages that requires repeated modification by RNPs of every batch of
macrophages that is used for experimentation. The resulting macrophages are a mixture of
successfully transduced macrophages with varying shares of partial and complete knockouts and
untransduced macrophages with wild type expression of the protein of interest. This means that the
efficiency of every batch of modified macrophages needs to be determined on DNA and protein level.
In summary, there is currently no way to generate knockouts in primary human macrophages. While
it is technically not a knockout approach, it should be noted, that lentiviral transduction of stable short
hairpin RNA (shRNA) has also been successfully used to generate of knock-downs in primary human
macrophages [85,86]. However, this method is also hampered by the quiescence of macrophages and
largely affected by the same drawbacks as the previously described RNP-based method. In conclusion,
these approaches are not only laborious and costly, but also include two additional sources of variance,
RNP or lentiviral vector preparation, and transduction efficiency into the experiment. Therefore, both

approaches rarely used despite their technical feasibility.

1.3.4 Macrophage cell lines and associated problems

An alternative approach to conduct reverse genomic studies in human macrophages is the use of
human macrophage cell lines. To understand how the use of cell lines overcomes the difficulties
associated with genetic methods in human macrophages, it needs to be emphasized that these cell
lines are not really macrophages or monocytes, but resemble myeloblasts i.e., a granulocyte-monocyte
precursor cell type in between of stem cells and mature monocytes [87,88]. The reason for this is that
cell lines were commonly isolated from human cancer patients and, so far, no monocyte or
macrophage cancer cells have been observed in humans [88]. While the exact reason for this remains
unknown, it is believed that the strong quiescent nature of these cells is not easily overcome by genetic
alterations that lead to cancer in other cell types [89]. Due to their immature state, these cells do not
yet express the vast PRR repertoire of mature monocytes or macrophages [87], hence, can be

genetically altered without the causing activation as described earlier for macrophages.
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However, this immature state is also one of the great disadvantages of these cell lines, as it requires
differentiation to a monocyte or macrophage phenotype before experimentation. This is most
commonly achieved by stimulation with phorbol-12-myristate-13-acetate (PMA) or vitamin D3. Both
substances are activators of protein kinase C signaling, which is involved in a plethora of cellular
processes including inflammatory response, cell differentiation, gene expression and cell proliferation
[90,91]. In accordance with this unspecific stimulus for the differentiation, the resulting phenotype of
the most commonly used cell line THP-1 varies greatly depending on the chosen chemical,

concentration, and rest period post stimulation [92—95].

Finally, all commonly used macrophage cell lines have been shown to display deficiencies in expression
and or functionality of PRRs [90,96,97]. For example, U937 cells showed considerable differences in
the NFkB signaling upon LPS stimulation [97] and THP-1 cells are not only very insensitive to LPS

stimulation in general, but also show deficiencies in the NLRP3 inflammasome pathway [77,96].

1.4 BLaER1 cell line

In recent years, BLaER1 cells have emerged as a possible alternative to the commonly used human
macrophage cell lines. BLaER1 was created from the B cell acute lymphoblastic leukemia (B-ALL) cell
line RCH-ACV [98] by transduction with a lentiviral construct consisting of a fusion protein of the
transcription factor CEBPa and an estrogen receptor (ER), an internal ribosome entry side (IRES) and
an eGFP protein (entire construct: CEBPaER-IRES-eGFP) [99]. Upon treatment with the ER agonist B-
estradiol the master regulator of myeloid cell differentiation CEBPa is translocated to the nucleus and

initiates the transdifferentiation of the undifferentiated pre-B BLaER1 cells to a macrophage-like

BLaER1 pre-B-cell state BLaER1 macrophage state
B-estradiol (C/EBPa activation)
M-CSF
IL-3
C/EBPa-ER-
IRES-GFP >
7 days

quiescent
adherent
phagocytic
inflammasome-competent

Figure 3: BLaER1 differentiation scheme.

BLaER1 cells can be transdifferentiated to a macrophage-like phenotype by treatment with B-estradiol. The compound binds
to the CEBP/aER fusion protein and translocates it to the nucleus. After seven days of B-estradiol treatment BLaER1 cells
assume a macrophage-like phenotype i.e., become adherent, quiescent, phagocytic, and express a vast repertoire of PRRs
including the NLRP3 inflammasome.
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phenotype (Figure 3) [99,100]. The resulting transdifferentiated BLaER1 cells increase in size, mostly
by increasing their cytoplasm, start to express monocyte/macrophage surface markers like CD11b and
CD14, become adherent, quiescent, and phagocytic [99,100]. Additionally, transdifferentiated BLaER1
cells assume a transcriptome that closely resembles the transcriptome of M-CSF derived macrophages
[99]. This transcription factor-based differentiation procedure is better defined and more reproducible
than the PKC agonist-based differentiation of commonly used human macrophage cell lines mentioned

earlier.

BLaER1 cells can be genetically modified in the undifferentiated pre-B cell form using Cas9-based
approaches and then be transdifferentiated into a macrophage-like phenotype with the desired
genetic alteration for experimentation [77,101]. While this approach is not fundamentally different
from the strategy discussed earlier for other human macrophage cell lines, it should be noted that the
transcription factor-based transdifferentiation process eliminates the risk of accidentally
differentiating cells during genome editing by activation of PRRs — a risk, which at least hypothetically

exists in THP-1, U937 and Mono Ma6é cells.

Although BLaER1 cells were originally generated to explore terminal differentiation as a therapy for
leukemia [89,99], subsequent studies demonstrated that BLaER1 cells are a promising model cell line
for innate immunity research [78,101,102]. Unlike other macrophage cell lines, BLaER1 cells have a
high sensitivity for LPS, closely resembling primary human macrophages [77,99], and a fully functional
NLRP3 inflammasome [77]. Furthermore, the expression of functional, endosomal TLRs has been

demonstrated [100,101].

1.5 NLRP3 inflammasome

NOD-like receptors are PRRs that recognize PAMPs and DAMPs in the cytoplasm [44]. There are 23 NLR
family proteins in humans and 34 in mice, of which many have been reported to form inflammasomes
[102,103]. Inflammasomes are multimeric protein complexes that consist of a cytosolic PRR (usually
an NLR), an adapter protein and an effector caspase [103]. In case of the NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome, NLRP3 acts as cytosolic sensor protein, the apoptosis-
associated speck-like protein (ASC) as an adapter protein, and caspase-1 acts as the effector caspase
[44,104]. The NLRP3 protein consists of three domains, a carboxy-terminal leucine-rich repeat (LRR)

domain that recognizes a vast range of PAMPS (viral RNA, LPS, bacterial cell wall components) and
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DAMPS (ATP, aluminum hydroxide, uric acid crystals, B-amyloid peptide), a nucleotide-binding
oligomerization domain (NOD or NACHT), and an amino-terminal pyrin (PYD) domain [44,103]. Upon
sensing of a PAMP or DAMP via the LRR domain, NLRP3 oligomerizes at the NOD domain, which allows
the PYD domain of each NLRP3 monomer to recruit the adapter protein ASC [29]. ASC is a bipartite
protein, consisting of an amino-terminal PYD domain and a carboxy-terminal caspase recruitment
domain (CARD) domain [29] and is recruited to oligomerized NLRP3 via PYD-PYD interaction, forming
polymeric ASC filaments [29]. Recruitment to NLRP3 induces a conformational change in ASC, which
allows the recruitment of pro-caspase-1 via CARD-CARD interaction, forming discrete, outward
branching pro-caspase-1 filaments [29]. Upon oligomerization of pro-caspase-1, it autocleaves its
autoinhibitory domains, producing active caspase-1 [29]. These NLRP3 inflammasome complexes
become very large and can incorporate the entire NLRP3, ASC and caspase-1 proteins of a cell (“ASC-
speck formation”) which can be visualized by electron microscopy [29]. Active caspase-1 then cleaves
pro-IL-1B, pro-IL-18, releasing the active cytokines IL-1p and IL18 [29,44]. Further, upon cleavage by
caspase-1, the amino-terminal fragment of the protein gasdermin D (GSDMD) inserts into the cell

membrane, forming a non-selective pore that facilitates the secretion of IL-1p and IL-18 [105,106].

Due to the large amount of detected PAMPs and DAMPs and the complex activation process, it is not
surprising that multiple pathways for the activation of the NLRP3 inflammasome have been described.
Currently, three routes of activation, the canonical pathway, the non-canonical pathway, and the

alternative pathway, have been identified (Figure 4) [44,77].
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Figure 4: The NLRP3 inflammasome can be activated by three different pathways.

The first pathway is the canonical activation of the NLRP3 inflammasome, which is a two-step process. First, priming by TLR
signaling, NLR (not depicted) or cytokine receptors activates NFkB and transcriptionally upregulates NLRP3 and pro-IL-1p.
Second, detection of DAMP, like mitochondrial ROS or DNA, lysosomal contents or ion efflux are sensed by NLRP3, which
oligomerizes by NOD-NOD interactions and recruits adapter protein ASC by interaction of PYD domains. The resulting ASC
filaments recruit pro-caspase-1 by CARD-CARD interaction, which leads to autoactivation of caspase-1. Active caspase-1
converts pro-IL-1B and pro-IL-18 (not shown) to IL-1B and IL-18. Additionally, caspase-1 cleaves GSDMD, whose N-terminal
fragment forms a pore in the cell membrane, which releases cytokines and initiates pyroptosis. The second pathway is the
non-canonical activation of the NLRP3 inflammasome. Here, cytosolic LPS is directly recognized by caspase-11 or human
orthologs caspase-4/5 (not shown). This leads to oligomerization of caspase-4/5/11, which cleaves GSDMD and activates
NLRP3 through K* efflux. The third pathway is the alternative activation by prolonged TLR4 signaling. Signaling through TLR4-
MyD88 transcriptionally primes the NLRP3 inflammasome by activation of NFkB, while signaling through TLR4-TRIF activates
NLRP3 dependent on RIPK1-FADD-caspase-8 signaling.

The canonical activation of the NLRP3 inflammasome commonly described as a two-step process. The
priming step is characterized by stimulation of TLRs (TLR4, TLR2 or TRL7/8), NLRs (NOD1 and NOD2) or
cytokine receptors (IL-1 receptor, TNF-a-receptor). Each of these priming stimuli leads to activation of
the pro-inflammatory transcription factor NFkB, which induces the upregulation of the not
constitutively expressed inflammasome components NLRP3 and pro-IL-1B [102,107-109]. After
priming, the NLRP3 inflammasome is activated by of one of the multiple PAMPs or DAMPs

[44,102,103,107-109]. While it remains to be determined whether NLRP3 interacts with any of these
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ligands directly, and some molecular patterns are still controversial (reviewed in [103]), currently
accepted cellular alterations leading to NLRP3 inflammasome activation are (1): K* efflux or Ca®* influx
caused by cell membrane injury, pore-forming proteins (GSDMD), or ionophors (P2X7 activated by
extracellular ATP, nigericin) [109-112], (ll): Mitochondrial dysfunction detected by release of ROS or
mitochondrial DNA (mtDNA) [113,114] and (lll): Lysosomal rupture detected by release of ROS,
lysosomal proteins of the cathepsin family and H* [115-120].

The second pathway of inflammasome activation is the non-canonical activation mediated by cytosolic
LPS [103]. Cytosolic LPS binds directly to the CARD domain of murine caspase-11 or its human orthologs
caspase-4 and caspase-5, which induces oligomerization [121-123]. Oligomerized caspase-4/5/11 akin
to caspase-1 autoactivate by autocleavage and subsequently, process GSDMD and pannexin-1, which
transports ATP to the extracellular space [123-125]. Here, ATP activates the K* ionophore P2X7 and
the K* efflux caused by P2X7 and the GSDMD pore cause this pathway to converge with the canonical
pathway [106,109,123]. Unlike the canonical inflammasome activation, the necessity of a priming step
is species-specific and depends on whether the cytosolic sensor caspase is constitutively expressed,
which is the case for caspase-4 in human cells, or whether the sensor caspase is upregulated upon pro-

inflammatory stimulation, which is the case for murine caspase-11 [122,123].

The last and most recently discovered pathway of NLRP3 inflammasome activation is the alternative
activation by extracellular LPS [77]. In human macrophages, prolonged TLR4 activation by LPS leads to
upregulation of pro-IL-1f as described for the canonical pathway. However, while the TLR4 signaling
using the intracellular signaling protein Myd88 leads to the NFkB-mediated priming, signaling via TRIF
and RIPK1-FADD-caspase-8 leads to activation of NLRP3 by a yet unknown mechanism [77]. Alternative
inflammasome activation results in secretion of IL-1f3, but does not show any classical signs of NLRP3

activation like pyroptosis, dependency on K* efflux or formation of ASC speckles [77].

The activation of the NLRP3 inflammasome leads to the secretion of IL-1B and IL-18, which mediate
several important effector functions [104]. ]. IL-18 has been identified as an important mediator of IL-
12 and IFN-y production in bacterial and fungal infections, which are required for induction of Thl
T cells and activation of macrophages for intracellular pathogen killing. Hence, caspase-1 deficiency
leads to an impaired Th1 response and reduced parasite clearance in infected mice [104,126,127]. IL-1B

is a potent endogenous pyrogen and involved in several aspects of the innate and adaptive Immune
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response [29,104,126,128,129]. IL-1B is a strong activator of lymphocytes i.e., T cells and B cells, and
greatly enhances the CD4+ T cell response [126,129]. Furthermore, IL-1B activates endothelial cells
and attracts neutrophils, thus, playing a crucial role in neutrophil recruitment [104,130]. Additionally,
IL-1B has been shown to be a potent activator of NO in murine macrophages on par with IFN-y [128].
Considering the potent activation of intracellular pathogen killing in macrophages and the strong
induction of Thl T cell responses, it is not surprising that inflammasome activation promotes host

protection against a wide range of intracellular pathogens [131].

For the sake of completion it should by mentioned that the beneficial role of the NLRP3 inflammasome
in the host response to intracellular pathogens is in strong contrast to its deleterious role in many
autoimmune diseases, in which sensing of DAMPs contributes to inflammation (reviewed in [132,133].
However, this aspect of the NLRP3 inflammasome is out of the scope of this thesis and thus, omitted

here.

1.5.1 Pyroptosis

Pyroptosis is a form of pro-inflammatory programmed cell death induced by NLRP3 inflammasome
activation [44]. Morphological characteristics of pyroptotic cells are chromatin condensation, an intact
nucleus, cellular swelling, and membrane rupture [44]. Pyroptosis occurs when a strong activation of
the NLRP3 inflammasome produces a large number of GSDMD pores that cannot be controlled by the
membrane repair capabilities of the cell [44]. The non-selective GSDMD pores release active IL-1p and
IL-18 to the extracellular space but also allow the influx of fluid, leading to cell swelling and ultimately
cell rupture [44,106,134]. Lysed cells release all soluble cellular contents into the extracellular space,
among them IL-1pB, IL-18 and many other cytokines, lactate dehydrogenase (LDH) and DAMPs like ATP
[44]. This results in a strong pro-inflammatory activation of bystander cells, which are primed for
pyroptosis and recruitment of new effector cells. Thus, pyroptosis can be considered as a powerful
pro-inflammatory amplification loop of the innate immune system [104]. So far, no NLRP3
inflammasome-specific effector mechanisms beyond the effects of IL-1p and IL-18 have been reported
[134] and therefore, the anti-microbial effects mediated by pyroptosis correspond to the ones of IL-1

and IL-18 described in 1.5.
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1.5.2 Differences between human and murine inflammasome

As for macrophages, there are several species-specific differences between the human and the murine
NLRP3 inflammasome — some of which have already been mentioned earlier. The most important
differences lie in the activation pathways of the NLRP3 inflammasome. First, the alternative activation
pathway by prolonged LPS-mediated TLR4 signaling is absent in mice [77]. Together with the much
higher LPS sensitivity of human cells compared to murine cells, that ranges from 250-fold if assessed
based on IL-6 secretion [71] to more than 1000-fold based on IL-1B [135], it can be assumed that the
NLRP3 inflammasome is more easily activated under physiological conditions in humans than in mice.
Second, while in mice, inflammasome activation via the canonical and non-canonical pathway is a two-
step process, this is not the case for human cells in which the non-canonical pathway can be activated
in a one-step process due to the constitutive expression of caspase-4 [123]. Since the non-canonical
pathway directly converges into the canonical pathway [44] and the alternative inflammasome
activation produces active caspase-1 [77], thus, theoretically retains the ability to trigger K* efflux by

cleavage of GSDMD, the two-step dogma de facto does not apply to human cells.

Another very important difference is the activation of iNOS by IL-1R signaling, that induces a potent
restriction of intracellular pathogens in mice [128]. As described in 1.3.2, this effector mechanism is
not activated in human macrophages and | am unaware of any reports describing a similar effect i.e.,

an IL-1R-mediated oxidative burst, for human cells.

1.5.3 NLRP3 inflammasome in leishmaniasis

It has been known for a long time that macrophages secrete IL-1 in response to Leishmania spp.
infection [136]. However, it took almost twenty years to show that this cytokine response was
mediated by the activation of the NLRP3 inflammasome [128]. Lima-Junior et al. showed that the
NLRP3 inflammasome activation by L. amazonensis is dependent on caspase-1, NLRP3 and ASC and
causes a pronounced parasite restriction in vitro and in vivo by induction of iNOS via IL-1R signaling
[128]. Activation of the NLRP3 inflammasome by Leishmania ssp. was subsequently confirmed by
several other studies [130,137,138]. The exact mechanism of NLRP3 inflammasome activation by
Leishmania is not completely understood but so far, two main branches of activation have been
identified (Figure 5) [139,140]. The first branch of activation uses the canonical pathway of
inflammasome activation and involves signaling via C-type lectin receptors (CLR) Dectin-1 and
mannose receptor (MR) as second stimulus [137,141]. CLR activation leads to phosphorylation of the

spleen tyrosine kinase (Syk) which is required for phosphorylation of the p47 subunit of the NAPDH
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oxidase and subsequent assembly of the NAPDH oxidase enzyme complex resulting in ROS production
[137,141]. Accordingly, inhibition of ROS with apocynin or DPI for the first two hours of infection with
promastigotes or the first hour of infection with amastigotes abrogated NLRP3 inflammasome
activation [141]. While the release of arachnidonic acid from the phospholipids of the inner membrane
leaflet has been reported as an intermediate signal transducer between mannose receptor activation
and p47 phosphorylation, arachnidonic acid release seems to be dispensable for NLRP3 inflammasome
activation, because inhibition of the cPLA2 enzyme responsible for arachnidonic acid release leads only
partially impairs IL-1B secretion and signaling via Dectin-1 does not involve it at all [137]. The second
branch of inflammasome activation uses the non-canonical signaling pathway and involves
lipophosphoglycan (LPG) signaling via the cytosolic LPS sensors caspase-11 (murine) or caspase-4/5

(human). However, unlike LPS, LPG does not bind to these caspases directly [142].
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Figure 5: NLRP3 inflammasome activation by Leishmania ssp.

The illustration shows the two main branches of Leishmania-mediated NLRP3 inflammasome activation. First, Phagocytosis
through a mannose-receptor like Dectin-1 or mannose receptor leads to phosphorylation of Syk, which is required for
phosphorylation of p47 subunit of the NADPH oxidase complex. Phagolysosomal ROS produced by NADPH oxidase, then,
activates NLRP3. The second branch is the detection of cytosolic LPG by caspase-4/5/11. Unlike detection of cytosolic LPS,
LPG is not bound directly by caspase-4/5/11. All shown pathways and corresponding citations are described in detail in the
text.
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While the parasite restriction in vitro and the better control of the infection observed for L.
amazonensis and L. infantum in vivo were well in line with the protective role of the NLRP3
inflammasome reported for other intracellular pathogens [128,131,134,137,141], the results for L.
major remain unclear. The reason for this are the biases of the used mouse models mentioned earlier
(see 1.3.2). Studies with inflammasome-deficient C57BL/6 mice showed that L. major does activate the
murine NLRP3 inflammasome similar to L. amazonensis, but the inflammasome activation was
dispensable for efficient clearance of the infection [128]. NLRP3 inflammasome activation in BALB/C
mice, on the other hand, did not only not lead to iNOS-mediated NO production but did also promote
a Th2 response in a IL-18 dependent way, exacerbating the disease phenotype [65,143]. Interestingly,
the NLRP3 inflammasome plays a crucial role in the maintenance of tissue-resident macrophages
(TRMs) by IL-1B-mediated induction of group 2 innate lymphoid cells (ILC2s). ILC2s produce IL-4, IL-5
and IL-13 and have been shown to be important for the maintenance of eosinophilic granulocytes and
TRMs [144,145]. Hence, IL-1B secretion and therefore, presence of the NLRP3 inflammasome is
required for the non-healing phenotype of the L. major Seidman strain [145,146]. Additionally,
continued recruitment of neutrophils by IL-1B is assumed to be responsible for the observed tissue

damage [145].

The role of the NRLP3 inflammasome in human leishmaniasis remains unclear because to date, very
few studies addressing this signaling pathway have been conducted. The scarce existing data showed
that genes of the NLRP3 inflammasome pathway are upregulated during L. braziliensis infection [147],
and that the serum level of IL-1PB is negatively correlated with the severity of CL [148]. Conversely, the
IL-1B secretion of L. mexicana-infected patients was higher for diffuse cutaneous leishmaniasis
patients than for localized cutaneous leishmaniasis patients [149]. However, diffuse cutaneous
leishmaniasis is a very rare manifestation of CL that is associated with a defective immune response
and should not be considered as more severe phenotype of localized cutaneous leishmaniasis [150—
152]. In summary, the scarce data from human leishmaniasis patients points towards a protective role

of the NLRP3 inflammasome.
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2 Hypotheses and aims

The course of cutaneous leishmaniasis is well understood and many aspects of the disease: from the
initial establishment of the infection over the replicative niche during acute infection to the
immunological processes and effector mechanisms that lead to its resolution. However, most of this
knowledge has been obtained from mouse models and does not translate well to the human patient
due to species-specific differences. This is particularly true for the NLRP3 inflammasome — a key player
of the innate immune response against intracellular parasites, for which several species-specific
differences compound with strain-specific traits of commonly used mouse models. Hence, there is a
dire need for mechanistic research of cutaneous leishmaniasis in the human system. So far, this type
of research has been impaired by the lack of reverse genetic methods for human macrophages. The
project that led to this thesis aims to overcome this problem by using a transdifferentiating human
macrophage cell line to characterize the role of the NLRP3 inflammasome in human cutaneous

leishmaniasis.

Therefore, the main hypothesis of this project is:

The human NLRP3 inflammasome plays a role in the innate immune response against L. major, which

contributes to the spread of the infection to new host cells by inducing pyroptotic cell death.

This hypothesis leads to the following aims:

1. Investigation of the potential of the BLaER1 cell line to be used as an infection model for the
infection of primary human macrophages with L. major.

2. Characterization of the pathogen- or damage-associated molecular pattern that lead to
L. major mediated activation of the NLRP3 inflammasome

3. Determination of NLRP3 inflammasome mediated parasite restriction and investigation of the
leishmanicidal effector mechanism downstream of NLRP3 inflammasome activation

4. Elucidation of the role of pyroptotic cell death in the cell-to-cell spread of L. major parasites

34



2 Hypotheses and aims

1. Infection model 2. NLRP3 inflammasome activation
parasite burden —
- infection rate > Y Mw;s;mﬂ«;m
internahzat\on. K effiux
\ 1
\\ life cycle NADPH oxidase
AN \ stage | ©.®
- Pro-IL-1p
cytokines ) (fﬁ
3 o0
IL-1p
4. Cell-to-cell spread 3. Parasite restriction

BLaER1 GSDMD”

VT ]
6: :
[ j Effector mechanism
\ N ROS?

T~ NO?
//l \; ——» co-incubation Pm. secondary
. —\ induction infections?
) S\
e

b }

BLaER;rEGFP’ \

Figure 6: Schematic depiction of the aims of this thesis.

The role of the human NLRP3 inflammasome in the innate immune response against L. major was investigated in this thesis.
(1. Infection model) To allow the use of reverse genetic methods, the BLaER1 cell line (purple) was tested as a model for GM-
CSF-derived (green) and M-CSF-derived hMDM s (blue), by comparison across several important parameters of the L. major
infection. (2. NLRP3 inflammasome activation) Using inflammasome-deficient knockout BLaER1 cell lines, the L. major-
mediated inflammasome activation was tested for its dependency on phagolysosomal ROS production and LPG. (3. Parasite
restriction) The effect of NLRP3 inflammasome activation on parasite restriction was investigated. (4. Cell-to-cell spread)
Finally, pyroptosis was investigated as a possible mechanism of the cell-to-cell spread of L. major in co-incubation assays of
eGFP-deficient BLaER1 cell lines (ochre) and eGFP-expressing BLaER1 cell lines (green).
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3.1 Materials

3.1.1 List of devices

Device Manufacturer

CASY’ Cell Counter Model TT
centrifuge 5430 and 5430R
centrifuge J2-MC
centrifuge Megafuge 40R with BlOLiner swinging bucket
rotor and buckets (75003670, 75003668)
CLARIOstar Plus microplate reader
ECL and fluorescence imager Chemostar
electrophoresis chamber for SDS-PAGE mini-Protean
Tetra cell
FACSymphony A3 Cell Analyzer
Gel Doc XR+
Live-7 confocal microscope
LSR Fortessa
LSR Il SORP
MACS Chill Rack
MACS multistand
microscope AxioVert Al
microscope Primo Star
MidiMACS Magnet
MidiMACS separator
Mini centrifuge Sprout
Nalgene Mr. Frosty freezing container
Neubauer counting chamber improved, depth 0.1mm
Neubauer counting chamber improved, depth 0.02 mm
Operetta high content microplate imager
pH meter PB -11
power supply ‘PowerPac HC’
semi-dry transfer unit OWL HEP-1

spectrophotometer NanoDrop 2000c
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Roche Innovatis AG
Eppendorf
Beckman Coulter

Thermo Fisher Scientific

BMG Labtech
Intas

Bio-Rad

BD Bioscience
Bio-Rad
Carl Zeiss Microscopy
BD Bioscience
BD Bioscience
Miltenyi Biotec
Miltenyi Biotec
Carl Zeiss Microscopy
Carl Zeiss Microscopy
Miltenyi Biotec
Miltenyi Biotec
Biozym Scientific GmbH
Thermo Fisher Scientific
VWR
VWR
Perkin Elmer
Sartorius
Bio-Rad
Thermo Fisher Scientific

Thermo Fisher Scientific
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TCS SP8 confocal fluorescence microscope

thermal cycler S-1000

Thermomixer comfort with thermoblock

3.1.2 List of consumables

Leica Microsystems
Bio-Rad

Eppendorf

Consumable Manufacturer

CASY tubes
cell culture flasks with filter (25cm?and 75cm?)
cell culture plates (6 well F-bottom, 24 well F-
bottom, 48 well F-bottom, 96 well F/U/ V-
bottom), sterile
cell scraper (S, M), sterile
chamber slides (8-well, 12-well with
removable gasket), sterile
conical tubes, 15ml, 50ml
Cryo.s Freezing Tube, 2 ml, round bottom
electroporation cuvettes (2 mm)
FACS micronic tubes, 1.4 ml, U-bottom
FACS tube, 5 ml
MACS column, LS
microcentrifuge tubes (1.5ml, 2ml)
microplate, pclear 96 well, F-bottom, black
pipette filter tips (0.5-10ul, 10-200pl, 100-
1000pl)
pipette tips SurPhob SafeSeal (0.1-10pl, 10-
200pl, 100-1000ul)
polyvinylidene difluoride (PVDF) membrane

serological pipettes, sterile (5ml, 10ml, 25ml)

3.1.3 List of kits
Kit
CD14 MicroBead Kit, human
DNeasy Blood & Tissue Kit

OLS OMNI Life Science
Sarstedt

Sarstedt

Sarstedt
Ibidi

Greiner Bio-One
Greiner Bio-One
VWR
Micronic
BD labware
Miltenyi Biotec
Eppendorf
Greiner Bio-One

Nerbe plus

Biozym Scientific GmbH

GE Healthcare

Greiner Bio-One

Manufacturer
Miltenyi Biotec
Qiagen
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FLICA 660 caspase-1 assay kit Immunochemistry Technologies
human B cell nucleofection kit Lonza
human IL-10 DuoSet ELISA R&D Systems
human IL-12 ELISA MAX deluxe Biolegend
human IL-1B ELISA MAX deluxe Biolegend
human TNF-a DuoSet ELISA R&D Systems
Im Prom-Il Reverse transcription system Promega
MESA Blue qPCR MasterMix Plus Eurogentec
nitric oxide generation kit Biotium
nitric oxide (total) detection kit Enzo Life Science Inc.
NucleoBond Xtra Maxi Kit Macherey-Nagel
Qiaprep Spin Miniprep Kit Qiagen
RNeasy Plus Mini Kit Qiagen
Wizard SV Gel and PCR clean-up system Promega
3.1.4 Media
Medium Composition Manufacturer
amastigote medium RPMI-1640 RPMI-1640 from Sigma Aldrich,
10 % (v/v) see 3.1.7 for manufacturers of
3 mM L-glutamine supplement

100 U/mL penicillin
100 pg/mL streptomycin
pH 5.5

sterile filtered

BLaER1 DMEM medium DMEM high glucose DMEM high glucose from Sigma
10 % (v/v) FCS Aldrich,
2 mM L-glutamine see 3.1.7 for manufacturers of
100 U/mL penicillin supplement

100 pg/mL streptomycin
10 mM HEPES buffer

BLaER1 medium RPMI 1640 RPMI-1640 from Sigma Aldrich,
10 % (v/v) FCS see 3.1.7 for manufacturers of
2 mM L-glutamine supplement
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100 U/mL penicillin
100 pg/mL streptomycin
10 mM HEPES buffer
liquid medium Medium 199 M199 from Gibco, see 3.1.7 for
10 % (v/v) FCS manufacturers of supplement
100 U/mL penicillin
100 pg/mL streptomycin
20 mM HEPES buffer
100 uM adenine
0.05 % hemin (w/v)
0.041 % biotin (w/v)

leishmania medium RPMI 1640 RPMI-1640 from Sigma Aldrich,
5% (v/v) FCS see 3.1.7 for manufacturers of
2 mM L-glutamine supplement

100 U/mL penicillin
100 pg/mL streptomycin
10 mM HEPES buffer

50 uM B-mercaptoethanol

complete medium RPMI 1640 RPMI-1640 from Sigma Aldrich,
10 % (v/v) FCS see 3.1.7 for manufacturers of
2 mM L-glutamine supplement

100 U/mL penicillin
100 pg/mL streptomycin
10 mM HEPES buffer
50 uM B-mercaptoethanol
Novy-Nicolle-McNeal agar 16% rabbit blood
defibrinated
16 % PBS
3.44 % brain heart infusion
agar (400 ml of 5.2 % stock
solution)
66.2 U/mL penicillin
66.2 pg/mL streptomycin
LB medium 2. 5% LB bouillon (Miller) Paul-Ehrlich-Institut
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aqua bidest.

LBamp agar plates 3.7 % LB agar Paul-Ehrlich-Institut
100 ug/mL ampicillin
aqua bidest.
SOC medium 2.66 % SOB-medium Paul-Ehrlich-Institut
20 mM D-glucose

aqua bidest.

3.1.5 Buffers and solutions
All buffers and solutions that were made by the central laboratory of the Paul-Ehrlich-Institut were
listed with “Paul-Ehrlich-Institut” as manufacturer. All buffers that were prepared by myself were listed

with the manufacturer column left blank.

Buffer

10 % SDS

ammoniumchloride solution

blocking buffer (microscopy,

flow cytometry)

blocking buffer (Western blot)

blotting buffer

Coomassie fixing solution

Coomassie staining solution

40

Composition Manufacturer

10 % (w/v) SDS Paul-Ehrlich-Institut
aqua bidest.
0.15 M ammoniumchloride Paul-Ehrlich-Institut
aqua bidest.
PBS pH 7.1
10% (v/v) FCS
10% (v/v) human AB serum
TBS/T
5% (w/v) milk powder
50 mM Tris Paul-Ehrlich-Institut
40 mM glycin
0.0375% SDS (w/v)
2.5% methanol (v/v)
aqua bidest.
H,O
20 % (v/v) methanol
1 % (v/v) glacial acetic acid
H,O
20 % (v/v) methanol

20 % (v/v) Rotiblue
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Coomassie washing solution H,0
25 % (v/v) methanol
CutSmart buffer (10x) 500 mM potassium acetate
200 mM Tris-acetate
100 mM magnesium
acetate
1 mg/ml recombinant
albumin
pH 7.9
PBS, pH 7.4

0.1 % (w/v) BSA

cytokine storage buffer

sterile filtered

electrophoresis running buffer 125 mM Tris
(5x) 1.25 M glycine
0.5% (w/v) SDS
aqua bidest.
FACS Clean aqua

hypochloric acid
concentration not
disclosed)
sodium hydroxide
(concentration not
disclosed)
FACS Flow (Sheath Solution) PBS
0.1 % (v/v) sodium azide
FACS Rinse no ingredients disclosed
fixing solution PBS, pH 7.1
4 % (v/v) formaldehyde
Lammli buffer (6x) aqua bidest.

500 mM Tris-HCl pH 6.8
38% glycerol (v/v)
10% SDS (w/v)

600 mM DTT

0.01% bromophenol blue

New England Biolabs

Paul-Ehrlich-Institut

BD Biosciences, Heidelberg, GER

Paul-Ehrlich-Institut

BD Biosciences, Heidelberg, GER

Paul-Ehrlich-Institut
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MACS buffer 0.5% BSA (w/v) Paul-Ehrlich-Institut
0.5 mM EDTA
PBS pH 7.2
NEB buffer r3.1 (10x) 1000 mM NacCl New England Biolabs

500 mM Tris-HCl
100 mM MgCI2

1 mg/ml recombinant

Albumin
pH 7.9
1x PBS without Ca?* and Mg?**,  136.9 mM sodium chloride Paul-Ehrlich-Institut
pH 7.1 (used for all 2.68 mM potassium
experiments except for ELISA) chloride

1.47 mM potassium
dihydrogen orthophosphate
8.1 mM sodium dihydrogen

phosphate
aqua bidest.
1x PBS without Ca?* and Mg?*,  136.9 mM sodium chloride Paul-Ehrlich-Institut
pH 7.4 (used for ELISA) 2.68 mM potassium
chloride

1.47 mM potassium
dihydrogen orthophosphate
8.1 mM sodium dihydrogen
phosphate
aqua bidest.
permeabilization buffer PBS, pH 7.1
0.1 % (v/v) Triton-X 100
reagent diluent PBS,pH 7.4
1 % (w/v) BSA
sterile filtered
Ringer solution 147 mM NacCl B. Braun Melsungen AG
4 mM KCl
2.2 mM CaCl,

aqua bidest.
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RNA loading dye (5x)

staining buffer

TAE buffer (20x)

TBS/T buffer

Tris-HC1 0.5 M, pH 6.8

Tris-HCI 1.5 M, pH 8.8

Trypsin

washing buffer (ELISA)

washing-buffer (PBMC

isolation)

5% (v/v) B-mercaptoethanol
0.02 % (w/v) bromphenol
blue
30 % (v/v) glycerol
10 % (w/v) SDS
Tris-HCl

PBS pH 7.1
1% (v/v) FCS

1% (v/v) human
AB Serum
0.8 M Tris-HCl pH 8.0
20 mM EDTA
2.25 % acetic acid
aqua bidest.
1 x TBS buffer
0.5% Tween 20 (v/v)
0.5 M Tris(hydroxymethyl)-
aminomethane
aqua bidest.
pH adusted to 6.8 with HCI
1.5 M Tris(hydroxymethyl)-
aminomethane
aqua bidest.
pH adusted to 8.8 with HCI
PBS, pH 7.1
1% (v/v) EDTA
0.05 % (w/v) trypsin
PBS, pH 7.4
0.05 % (v/v) Tween-20
1x PBS without Ca** and

Mg?* pH 7.1

prepared in lab by unkown

experimentator

Paul-Ehrlich-Institut

Paul-Ehrlich-Institut

Paul-Ehrlich-Institut

Paul-Ehrlich-Institut

Paul-Ehrlich-Institut
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10% (v/v) complete
medium
Zimmerman buffer 132 mM NacCl
8 mM KCl

8 mM Na,HPO4
1.5 mM KH,PO4
0.5 mM MgAc,
90 uM CaOAc;

aqua bidest.

pH 7.0

sterile filtered

3.1.6 Antibodies and dyes

All listed antibodies were monoclonal unless indicated otherwise.

Manufacturer

Antibody or Isotype Flurochrome Host Concentration
dye species [1l/10° cells]
Alexa- - - 1 pg/ml
Fluor405 -
Alexa- - - 1 pg/ml
Fluor647 -
annexin V Alexa - 1
- Fluor647
caspase-4 IgG unconjugated rabbit 0.568 pg/ml
caspase-5 lgG1k unconjugated mouse 1 pg/mi
CD115 IgG1k PE rat 2.5
CD116 IgG1k PE mouse 5
CD11b IgG1k PE mouse 3
CD124 1gG2a,K PerCP-Cy5.5 mouse 2.5
CcDh14 1gG2a,k Pacific Blue mouse 4
CD163 Brilliant mouse 5
lgG1k Violet 421
CD18 IgG1k APC/Fire mouse 5
CD19 IgG1k PerCP-Cy5.5 mouse 5
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Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
AbCam
Biozol
Biolegend
Biolegend
BD Pharmingen
Biolegend
Biolegend
Biolegend

Biolegend
Biolegend
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CD206
IgG1k
CD209 1gG2b,k
cD83 lgG1k
CD86 IgG2b
CellTracker
DeepRed -

CFMDA

CFSE

DAPI -
DHE -
HLA-ABC lgG2a,k

HLA-DR
1gG2a,k

phalloidin

polyclonal a-
Lm serum -
polyclonal a-

Lm serum

propidium
iodide -
wheat germ
agglutinin
CF568 -
Zombie aqua -

a-mouse

a-mouse IgG
a-rabbit

IgG

Brilliant
Violet 711
APC
APC
APC

PerCP-Cy5.5
Brilliant
Violet 421
Alexa-

Fluor488

unconjugated

unconjugated

Alexa-
Fluor568
HRP
Alexa-

Fluor647

mouse

mouse

mouse

mouse

mouse

mouse

mouse

rabbit

donkey

goat

chicken

5 Biolegend
20 BD Pharmingen
20 BD Pharmingen
5 Biolegend
0.5 uM Thermo Fisher
Scientific
5 uM Thermo Fisher
Scientific
1 ug/ml Thermo Fisher
Scientific
300 nM
5uM AAT Bioquest
5 Biolegend
5 Biolegend
50 nM Thermo Fisher
Scientific
1 pg/ml
1 pg/ml Uwe Ritter,
University
Regensburg
500 ng/ml Bio-Rad
2.5 pg/ml Biotium
1:1000 dilution Biolegend
2.5 pg/ml Thermo Fisher
Scientific
1 pug/ml Cell Signaling
2.5 pg/ml Thermo Fisher

Scientific
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a-rabbit IgG HRP goat 1 ug/mi Cell Signaling

3.1.7 Reagents

Reagent Manufacturer

123count eBeads, counting Beads Thermo Fisher Scientific
2-Propanol VWR
acrylamide/ bisacrylamide solution 30% Roth
agarose, LE Biozym Scientific
ammonium chloride (0.15 M) Pau-Ehrlich-Institute
ammonium persulfate (APS) SERVA Electrophoresis
apocynin Sigma Aldrich
aqua bidest. Paul-Ehrlich-Institute
blasticidin InvivoGen
bovine serum albumin (BSA) Applichem
bromophenol blue Merck
CASYclean OLS OMNI Life Sciences
CASYton OLS OMNI Life Sciences
DEPC-treated aqua bidest Paul-Ehrlich-Institute
Difco Brain Heart Infusion Agar Becton Dickenson
dimethyl sulfoxide (DMSO) AppliChem
diphenylene iodonium chloride (DPI) Sigma Aldrich
ethanol (EtOH, 96%) Paul-Ehrlich-Institute

ethidium bromide
fetal calf serum (FCS) Sigma-Aldrich, Steinheim, GER
formaldehyde (37 %)

GeneRuler 100 bp plus DNA ladder Thermo Fisher Scientific
GeneRuler 1 kb plus DNA ladder Thermo Fisher Scientific
hemin Sigma-Aldrich
HEPES, 1 M Merck
High-purity water Paul-Ehrlich-Institute
Histopaque 1.077 g/ml Sigma-Aldrich
human interferon-y (IFN-y) Sigma-Aldrich
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human recombinant granulocyte macrophage
colony stimulation factor (GM-CSF), Leukine®
human recombinant macrophage colony
stimulating factor (M-CSF)
human serum type AB
hydrochloric acid 37%
hygromycin
L-glutamine, 200 mM
lipopolysaccharide from Escherichia coli
Luminata Forte Western HRP substrate
medium 199
menadione
methanol (MeOH)
Mowiol mounting medium
nigericin
nourseothricin
NOX VI
PageRuler Plus prestained protein ladder, 10
to 250 kDa
penicillin, 10000 U/ml/ streptomycin, 10
mg/ml
poly-D-lysine, 0.1 mg/ml
poly-L-ornithine, 0.1 mg/ml
puromycin
rabbit blood, defibrinated
recombinant human IL-3
purified Cas9-NLS protein
Resiquimod (R848) Vaccigrade
RNase AWAY
Roswell Park Memorial Institute (RPMI) 1640
medium
skim-milk powder
sodium dodecyl sulfate (SDS)
TEMED (tetramethylethylendiamine)

Bayer Healthcare Pharmaceutical

R&D Systems

Sigma-Aldrich
Roth
InvivoGen
Biochrom
Sigma Aldrich
Merck
Gibco
Sigma Aldrich
Paul-Ehrlich-Institute
Sigma-Aldrich
Biomol
Jena Bioscience
Sigma Aldrich

Thermo Fisher Scientific

Biochrom

Gibco

Sigma-Aldrich

InvivoGen

Elocin-Lab or Paul-Ehrlich-Institute

PeproTech
Horizon Discovery
InvivoGen
VWR
Sigma-Aldrich

EDEKA
Merck
Roth
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TriTrack DNA loading dye (6x) Thermo Fisher Scientific
Ultracomp eBeads compensation beads Thermo Fisher Scientific
ZVAD-FMK InvivoGen
B-mercaptoethanol Sigma-Aldrich
3.1.8 Primers
Target Orientation Sequence
NMT forward CCGTCGACTGTGATTGGGAA
reverse GTGAATGCGCCACGATCAAA
SHERP forward GAC GCT CTG CCCTTC ACATAC
reverse TCT CTCAGCTCT CGG ATCTTGTC
ABC forward CGG GTT TGT CTT TCA GTC GT
transporter everse CAC CAG AGA GCA TTG ATG GA
homologue
GAPDH forward CCCCACACACATGCACTTACC
reverse TTGCCAAGTTGCCTGTCCTT
HPRT1 forward CCT GGC GTC GTG ATT AGT GA
reverse CGA GCA AGA CGT TCA GTC CT
iNOS forward AGGATCCAGTGGTCCAACCT
reverse GTGATGGCCGACCTGATGTT
Hnrnpab forward GGCCGTGTCATTGACCCTAA
reverse TCAATCTCCCCAAACTCGCC

DsRed with forward GCTGGTTGCAGCGGCCGTGTCGGTCGACGCTGGCGCCTCTATGGCATCCACC
overhangs GAGGACG
for Gibson reverse GGCCGCCTAGTGGTGGTGATGGTGGTGGGTACCCTTAAGGCTACAGGAACA

assembly GGTGGTGGCGG
SAT forward GAAGATTTCGGTGATCCCTGAGCAG
18S-rRNA (L. forward GGCTACCGTTTC GGCTTTTG
major) reverse CTCTCTCTCCCT CCCGCC
blasticidin forward GCCGCATCTTCACTGGTGTCAA
reverse TCGGCTGTCCATCACTGTCCT
LPG1 CDS forward CGGGCACAGAGA CCTTCGAAG
reverse GACATCATCAGG GAACCACTTCGC
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LPG1 3’-UTR reverse GCTGCCGCAAGG AGAGAGG
LPG1 HR forward GTGTATCCTTTTC TAGCCAAACCAG TGCCGGTATAAT GCAGACCTGCTG C
reverse CGTCGCAATGGC CAGCGAGAGCGT GTGCCGCCAATT TGAGAGACCTGT GC
LPG1 5'- forward GAAATTAATACGA CTCACTATAGGT GCTCTCTGGTTC GACTAAGGTTTTA
sgRNA GAGCTAGAAATAG C
LPG1 3'- forward GAAATTAATACGA CTCACTATAGGTT CTGGTCGGGAGT AATGCAGTTTTAG
sgRNA AGCTAGAAATAGC
sgRNA reverse AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAAC
scaffold TTGCTATTTCTAGCTCTAAAAC
3.1.9 Plasmids
Plasmid Insert Backbone Resistance marker Origin
pLEXSY-sat.21 - pLEXSY-sat.21 nourseothricin Jena
Bioscience
pPLEXSY-DsRed- DsRed express pLEXSY-sat.21 nourseothricin This thesis
sat2.1
pSSU-DsRed DsRed express pSSU-eGFP hygromycin Paul-Ehrlich-
Institut
pTPuro - B6162 puromycin kind gift of
Tom Beneke

(university of

Oxford)
pTBlast - B6162 blasticidin kind gift of
Tom Beneke
(university of
Oxford)
pCAGGS-Redstar Redstar pCAGGS - kind gift of
Moritz
Schussler
(Paul-Ehrlich-
Institut)
The red fluorescent protein in encoded all plasmids except for pCAGGS-RedStar, and expressed by all

L. major strains with stable genomic integration of linearized plasmid fragments is DsRed-express. The
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protein will be referred to as “DsRed” throughout this thesis for convenience and spatial constrains in

figures.

3.1.10 Enzymes

NEBuilder® HiFi DNA Assembly Master Mix (2x) New England Biolabs
Nhel New England Biolabs
PWO MasterMix (2x) Roche
Swal New England Biolabs
Xbal New England Biolabs

3.1.11 Single guide RNAs

Target Sequence of DNA target Manufacturer

eGFP GGCTGAAGCACTGCACGCCGT Horizon Discovery
Casp4 CCTTAAGTGGCTTTTTTCTG Horizon Discovery
Casp5 GTCCTGGAGAGACCGCACAA Horizon Discovery

All sgRNAs were dissolved in nuclease-free aqua bidest. (DEPC-treated) at a concentration of 200 uM
in according with the manufacturer’s protocol. After addition of nuclease-free aqua bidest., sgRNAs
were incubated with shaking for 30 min at room temperature. Afterwards, 5 pl aliquots were prepared

in sterile, nuclease-free 200 pl micro-reaction tubes and stored at -80 °C until use.

3.1.12 Human cell lines

BLaER1 Kind gift of Holger Heine (Research Center
Borstel)

BLaER1 eGFP™ Kind gift of Holger Heine (Research Center
Borstel)

BLaER1 Casp1” Kind gift of Holger Heine (Research Center
Borstel)

BLaER1 NLRP3" Kind gift of Holger Heine (Research Center
Borstel)
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BLaER1 GSDMD™”- Kind gift of Holger Heine (Research Center
Borstel)
BLaER1 Casp4”- created from BIaER1 in this thesis
BLaER1 Casp57- created from BIaER1 in this thesis
BLaER1 GSDMD” x eGFP”- created from BlaER1 GSDMD”" in this thesis

3.1.13 Primary human cells
Peripheral blood mononuclear cells (PBMCs) were isolated from blood of healthy human donors

obtained from the DRK-Blutspendedienst Hessen GmbH.

3.1.14 Primary murine cells
Murine bone-marrow cells were isolated in the lab of Zoe Waibler (Paul-Ehrlich-Institut) from a single

B6.SJL-Ptprc®/B6-Cd45.1 mouse.

3.1.15 Leishmania strains
The L. major isolate MHOM/IL/81/FEBNI strain was isolated from a skin biopsy of an Israeli patient and

will be referred to as wild type in this work. All strains in this thesis were derived from this isolate

unless indicated otherwise.

Strain Genetic modification antibiotic
resistance
L. major - - Skin biopsy of Israeli
patient
L. major DsRed Stable expression of hygromycin (20 Generated by Sabine
DsRed ug/mil) Forster at Paul-Ehrlich-

Institute, Langen

L. major T7/Cas9 Stable expression of hygromycin (30 kind gift of Antonio
Cas9 endonuclease and ug/ml) Jiménez Ruiz
T7 RNA polymerase (Universidad de Alcal3)
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L. major T7/Cas9 Stable expression of hygromycin (30 Generated from L.
DsRed Cas9 endonuclease and pg/ml), major T7/Cas9 in this
T7 RNA polymerase nourseothricin (100 thesis
and DsRed pg/mil)
L. major T7/Cas9 Stable expression of hygromycin (30 Generated from L.
DsRed LPG17- Cas9 endonuclease and pg/mil), major T7/Cas9 DsRed in
T7 RNA polymerase nourseothricin (100 this thesis

and DsRed; Knocked- ug/ml), blasticidin
out LPG1 gene (10 pg/ml)

3.1.16 Bacteria strains

All transformations were performed using chemically competent E. coli TOP10 Prime cells.

3.1.17 Software

Software Manufacturer

CellProfiler v4.2.1 Broad Institute
Citavi v6.12.0.0 Swiss Academic Software
FACSDiva v9.0.1 BD Biosciences
Flowlo v10.7.1 BD Biosciences

Imagel (Fiji distribution) [153]
Image Lab v6.0.1.34 Bio-Rad
Inkscape v1.2.0 The Inkscape Project
LablmagelD Intas
LAS X v3.5.19976.5 Leica Microsystems
Mars v4.01 R2 BMG Labtech
Office package v2016 and v2019 Microsoft
Prism v9.2.0.332 GraphPad Software Inc.
Rv4.2.1 R Foundation
SnapGene v6.0 GSL Biotech LLC
ZenBlue v1.1.1 Carl Zeiss Microscopy

52



3 Material and methods

3.2 Methods

3.2.1 Cell culture

All cell culture methods were conducted under sterile conditions under a laminar flow workbench
using sterile consumables and autoclaved or sterile filtered buffers, media, and reagents. Primary
human cells and human cell lines were incubated at 37 °C, 5 % CO,. Centrifugation steps were
performed at 143 g for 8 min at room temperature for primary human cells and primary murine cells
and 100 g for 10 min at room temperature for human cell lines. All used L. major strains were incubated
at 27 °C, 5 % CO; in promastigote form and at 33 °C, 5 % CO, in amastigote form. Centrifugation steps
for all parasite strains were performed at 2400 g for 8 min at room temperature, irrespective of the
life cycle stage of the parasite. All deviations from these experimental conditions are specifically

indicated in the method descriptions.

3.2.1.1 Coating of cell culture consumables

Since BLaER1 cells are not as adherent as primary human macrophages, all experiments with
transdifferentiated BLaER1 (tdBLaER1) cells were performed in cell culture consumables coated with
either poly-D-lysine (PDL) or poly-L-ornithine (PLO) to minimize cell loss. This does not apply for the
experiments shown in figure 10, 11 and 13-16 as these experiments were performed before this

improvement was implemented.

Coating with PDL was performed by incubating each well of the respective consumable with
0.05 mg/ml PDL solution at room temperature for 1 h followed by three washing steps with PBS
(pH 7.1). Coating with PLO was performed by incubating each well of the respective consumable with
0.05 mg/ml PLO solution at 37 °C, 5 % CO> for 2 h followed by three washing steps with aqua bidest.

The volumes of coating and washing solution for each consumable are listed in Table 2.

Table 2: Summary of coating and washing volumes used for different tissue culture consumables.

consumable coating volume [ul] washing volume [pl]
96-well plate 50 100
12-well plate 550 1,000
12-well chamber slide 240 300
8-well chamber slide 300 300
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3.2.1.2 Cell counting

Undifferentiated, transdifferentiated BLaER1 cells, murine bone-marrow cells and bone-marrow-
derived macrophages were stained with Trypan blue to exclude dead cells and subsequently, counted
in a Neubauer counting chamber with a depth of 0.1 mm. Four large squares of the counting chamber

were counted and the cell density was calculated as follows:

cells sum of counted cells . .
— = ! ” * dilution factor = 10* (1)

Alternatively, BLaER1 cells were counted by flow cytometry using a high-throughput sampler (HTS).
For this, 10 pl of cell suspension were transferred to a 96-well U bottom plate and adjusted to a volume
of 100 pl with MACS buffer. Then, 30 pl of each sample were acquired at a flow rate of 1 pl/s. After

quality control gating (see 3.2.4.2) the number of viable cells was calculated as follows:

viable cells _ sum of counted cells
mi - 30 ul

* 1000 ul * 10 (2)

Peripheral blood mononuclear cells (PBMCs), monocytes and primary monocyte-derived macrophages
were counted using a CASY cell counter TT with a 150 um capillary. For this, 10 ml of CASYton buffer
were transferred to a CASY tube and mixed with 10 pl of cell suspension (dilution factor: 1,000). The
cell suspension was measured in triplicate and cell density and size were determined based on
electrical impedance of the cell. Cell viability and cell aggregation of were automatically calculated
based on program-specific cell sizes and size distributions. The automatic consideration of cell

aggregation was manually reversed by dividing the viable cell density by the aggregation factor.

L. major parasites, irrespective of life cycle stage, were counted in an improved Neubauer counting
chamber with a depth of 0.02 mm. Viable and dead parasites were distinguished based on cell
morphology and motility. Viable cells display an elongated cell body and visible flagellar beating,
whereas dead parasites show a small round cell body and no flagellar beating. Two small squares of

each of the four large squares was counted and the cell density was calculated as follows:
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parasites _ sum of counted parasitesyiaple+dead « 16 * dilution factor %5 % 104 (3)
ml 8

3.2.1.3 BLaER1 cells
To improve the readability of this section, BLaER1 cells and BLaER1 knockout cell lines are summarized
as BLaER1. All experimental procedures described for BLaER1 cells, were performed identically for all

BLaER1 knockout cell lines unless indicated otherwise.

BLaER1 cells were cultivated in T-75 flasks in 20 ml of BLaER1 medium (BM) and split two to three times
per week to maintain a cell density of 1*10°-4*10° cells/ml. For this, the entire cell suspension was
harvested and transferred to a fresh 50 ml falcon tube. Cells were counted, spun down and
re-suspended in fresh BM. Cells were seeded into T-75 flasks for further cultivation or used for
transdifferentiation. Because a subset of BLaER1 cells adheres to the flask bottom over time, the T-75

flask was replaced every three passages.

3.2.1.3.1 Freezing and thawing of BLaER1 cells

To generate cryo-stocks of BLaER1 cells, cells from low passages were spun down, re-suspended BM
supplemented with 20 % FCS and 10 % DMSO at densities of 2-6*10° cells/ml and transferred to
freezing tubes. Cells were subsequently, frozen in a - 80 °C freezer using a Mr. Frosty freezing container

for 24 h. Afterwards, cells were stored in liquid nitrogen until use.

BLaER1 cell lines were not used beyond passage 28 and instead, a fresh aliquot of the respective cell
line from a low passage was thawed. For this, the cells were removed from the liquid nitrogen and
quickly thawed in a 37 °C water bath. Cells were transferred to a 50 ml falcon tube and 19 ml of medium
were carefully added over the course of 3 min to lower the DMSO concentration without cell rupture.
Cells were spun down, re-suspended in 5 ml of fresh BM and seeded into a T-25 flask. After two to five
days of expansion, the cell suspension was transferred to a T-75 flask and the volume was adjusted to

20 ml with fresh BM.
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3.2.1.4 Transdifferentiation

For transdifferentiation in 6-well plates, BLaER1 cells were adjusted to a density of 3.33*10° cells per
ml with BM and, subsequently supplemented with 10 ng/ml rhiL-3, 10 ng/ml M-CSF and 200 nM B-
estradiol. 3 ml of cell suspension per well were seeded into a 6-well plate and incubated for seven
days. At day two and day five, 1.5 ml of supernatant were carefully aspirated from each well and 1.5 ml
of fresh BM supplemented with 10 ng/ml rhiL-3, 10 ng/ml M-CSF and 200 nM B-estradiol (tdBM) were
added. At day seven, the supernatant was discarded and 1 ml of fresh BM was added to each well.
Cells were detached by pipetting up and down with a 1,000 ul automatic pipette, transferred to a
conical tube and counted. For the analysis of the influence of M-CSF differentiation on the cytokine
production of transdifferentiated BLaER1 cells, BLaER1 cells were transdifferentiated as described

above, but with 20 ng/ml GM-CSF instead of 10 ng/m| M-CSF.

For transdifferentiation in 96-well plates, BLaER1 cells were adjusted to a density of 5*10° cells per ml
with BM and, subsequently supplemented with 10 ng/ml rhiL-3, 10 ng/ml| M-CSF and 400 nM B-
estradiol. 100 pl of cell suspension per well were seeded into a PLO-coated 96-well plate and incubated
for seven days. At day two and day five, the supernatant was discarded from each well and 100 pl of
fresh BM supplemented with 10 ng/ml rhiL-3, 10 ng/ml M-CSF and 400 nM B-estradiol were added. At
day seven, cells in three non-edge wells were detached by pipetting up and down with a 1000 pl
automatic pipette, pooled in a micro-reaction tube and counted to determine the number of

transdifferentiated BLaER1 (tdBLaER1) cells per well.

For experiments in which the NO concentration of supernatants was measured, BLaER1 cells were
transdifferentiated in BLaER1 DMEM medium (BM-DMEM) by (l): Spinning down the cells, and re-
suspending them in BM-DMEM supplemented with transdifferentiation cytokines (tdBM-DMEM) and
only using BM-DMEM medium thereafter, (Il): Using tdBM-DMEM for the second medium change and
only using BM-DMEM medium thereafter, or (ll1): Discard tdBM after transdifferentiation and perform
cell harvest in BM-DMEM medium.

Transdifferentiation efficiency of BLaER1 cell lines was regularly tested by flow cytometric analysis of

CD19, CD11b and CD14 expression (see 3.2.4.2) as described in [99].
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3.2.1.5 PBMC isolation from buffy coat

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy donors
(obtained from German Red Cross blood donation service, Frankfurt am Main) by density gradient
centrifugation. For this, blood cell concentrated was adjusted with PBS to a volume of 100 ml, and each
25 ml of diluted buffy coat were carefully layered on top 15 ml of leukocyte separation medium in a
50 ml falcon tube. Samples were centrifuged at 1057 g for 30 minutes at room temperature, with
reduced acceleration and deceleration. After centrifugation, the interphase was carefully aspirated
and washed once with washing buffer. Cells were then spun down and residual erythrocytes re-
suspended in 0.15 M ammonium chloride solution to lyse residual erythrocytes. After 10 minutes, lysis
was stopped by addition of 40 ml washing buffer. Cells were spun down, re-suspended in complete

medium (CM) and counted.

3.2.1.6 Isolation of monocytes from PBMCs

Monocytes were isolated from PBMCs by adherence to tissue cultured plastic surfaces. 1.5*108 PBMCs
were seeded into a T-75 flask and the volume adjusted to 20 ml with CM supplemented with 1 % heat-
inactivated human serum. After 1 hour of incubation, the supernatant was discarded to separate the

non-adherent fraction of the PBMCs from the adherent monocytes.

3.2.1.7 Monocyte differentiation to macrophages

Monocytes were differentiated to macrophages by adding 20 ml of fresh CM supplemented with either
30 ng/ml GM-CSF or 45 ng/ml of M-CSF to generate GM-CSF-derived or M-CSF-derived macrophages,
respectively. After seven days of incubation the medium replaced with 10 ml of fresh CM. Afterwards,
macrophages were harvested by incubating flasks on ice for 30 minutes to loosen their adherence to
the plastic and, then, detached using a cell scraper. The cell suspension was transferred to a conical

tube and the macrophages were counted.

3.2.1.8 Differentiation of bone-marrow cells to bone-marrow-derived macrophages

For differentiation to bone-marrow-derived macrophages, 3.61*10’ Bone-marrow cells were seeded
into a T-75 flask in 15 ml BM supplemented with an additional 10 % of FCS and 40 ng/ml of M-CSF.
After two days of incubation, 7 ml of the medium were transferred to a conical tube and centrifuged
to precipitate any non-adherent or weakly adherent cells. The supernatant was discarded, the cells

were re-suspended in 7 ml of fresh BM supplemented with additional 10 % of FCS and 40 ng/ml of M-
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CSF and transferred back to the T-75 flask. After five days of incubation, 10 ml of medium were
replaced with 10 ml of fresh BM supplemented with additional 10 % of FCS and 40 ng/ml of M-CSF.
After seven days of incubation the medium replaced with 10 ml of fresh CM. After seven days of
incubation, differentiated bone-marrow-derived macrophages were harvested as described for
primary human macrophages, counted, and seeded into 6-well plates at a density of 3.5%10° cells per

well.

3.2.1.9 Preparation of blood agar plates

Autoclaved brain heart infusion agar stock solution was cooled to approx. 55 °C and mixed with PBS
preheated to 42 °C in a sterile petri dish with constant stirring by a magnet stirrer. Defibrinated rabbit
blood was preheated to 37 °C and added to the mixture of brain heart infusion agar and PBS once it
cooled down to approx. 45 °C. After addition of penicillin/streptomycin solution, the resulting Novy-
MacNeal-Nicolle (NNN) blood agar was transferred to 96-well plates, by pipetting 50 ul into each well
in a 45 ° angle with an automatic multichannel pipette. Plates were sealed in autoclave bags and stored

at 4 °C until use.

3.2.1.10 Leishmania culture

L. major wild type promastigotes were cultured in a bi-phasic system comprised of a liquid phase of
leishmania medium (LM) and a solid phase NNN blood agar. Parasites were grown in 100 pl LM per
well in 96-well blood agar plates. After seven to eight days of incubation, stationary-phase parasites
were harvested, counted, and re-seeded into a fresh blood agar plate at a cell density of 1¥*10%/ml. L.
major strains expressing a fluorescent protein, a T7 RNA polymerase-Cas9 construct or with knocked

out genes were cultured in LM supplemented with antibiotics as described in section 3.1.14.

3.2.1.11 Generation of axenic amastigotes

Cell suspension from 16 wells of logarithmic-phase (day three to four) L. major promastigote culture
was transferred to a T-75 flask, adjusted to a volume of 20 ml with liquid medium and supplemented
with an additional 10 % FCS. Genetically modified L. major strains were supplemented with their
respective antibiotic during this step. Parasites were incubated for three days, spun down and washed
in amastigote medium (AAM) three times, finally, re-suspended in 10 ml of AAM. Parasites were
counted, adjusted to a cell density of 2-5*107/ml, and seeded into a 24-well plate. After incubation for

7-14 days at 32 °C, the successful transformation of promastigotes to axenic amastigotes was visually
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confirmed at an inverse light microscope. The supernatant was discarded to remove dead parasites
and residual promastigotes and 1 ml of AAM was added to each well. Afterwards, axenic amastigotes
were detached from the well bottom by pipetting up and down with a 1,000 ul pipette, transferred to
a falcon tube and counted. If the share of residual promastigotes was smaller than 10 %, axenic

amastigotes were used for experimentation.

3.2.1.11.1 Freezing and thawing of Leishmania

To generate cryo-stocks of all used L. major strains, axenic promastigotes were spun down, re-
suspended in LM, counted, and adjusted to a cell density of 1*10%/ml. Axenic amastigotes were
subsequently, seeded into a 96-well NNN blood agar plate and incubated as described for the
cultivation of promastigotes. After seven days of incubation, transformation of axenic amastigotes to
promastigotes was confirmed visually at an inverse light microscope and the entire parasite
suspension, termed P-A-P, was harvested and counted. Parasites were spun down, re-suspended in
LM supplemented with 40 % FCS and 10 % DMSO at densities of 1-5*107 cells/ml and transferred to
freezing tubes. Parasites were, subsequently, frozen in a - 80 °C freezer using a Mr. Frosty freezing

container for 24 h. Afterwards, cryo-stocks were stored in liquid nitrogen until use.

L. major promastigotes were discarded after eight passages in NNN blood agar plates and a fresh P-A-P
aliquot of the respective strain was thawed. For this, the parasites were removed from the liquid
nitrogen and quickly thawed in a 37 °C water bath. Parasites were transferred to a 50 ml falcon tube
and 19 ml of medium were carefully added over the course of 3 min to lower the DMSO concentration
without cell rupture. Parasites were spun down, re-suspended in 5 ml of fresh LM and seeded into a
96-well NNN blood agar plate. L. major strains expressing a fluorescent protein, a T7 RNA polymerase-
Cas9 construct or with knocked out genes were cultured in LM supplemented with antibiotics as

described in section 3.1.14.

3.2.2 Infection experiments and cell labeling
All infections of hMDMs or tdBLaER1 cells were performed for 3 h at 37 °C, 5% CO,, if not stated
otherwise. All incubations were done at 37 °C, 5 % CO; for the indicated time period unless stated

otherwise.
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For the acquisition of z-stack by confocal immunofluorescence microscopy 2*10° tdBLaER1 cells, GM-
CSF-derived macrophages and M-CSF-derived macrophages were seeded into a 12-well chamber slide
with removable gasket. Cells were incubated for 1 h at 37 °C, 5 % CO; to allow adhesion. Meanwhile,
stationary-phase L. major wild type promastigotes were harvested and counted. The supernatant was
discarded and cells were infected at a multiplicity of infection (MOI) of 10. Extracellular parasites were
removed by washing twice with PBS. Infected cells were either stained directly or further incubated
for up to 96 h at 37 °C, 5 % CO.. For all other immunofluorescence microscopic experiments, 1.5-2*10°
tdBLaER1 cells per well were seeded into PDL-coated 8-well chamber slides, but otherwise treated as

described above. The MOI was reduced to 5 for live cell imaging.

For the determination of infection rate and parasite burden by flow cytometry 5*10° tdBLaER1 cells,
GM-CSF-derived macrophages and M-CSF-derived macrophages were seeded into a 12-well plate. Cells
were incubated for 1 h at 37 °C, 5 % CO, to allow adhesion. Meanwhile, stationary-phase L. major and
L. major DsRed promastigotes were harvested and counted and labeled with AlexaFluor647-NHS ester
(see 3.2.2.1). The supernatant of the tdBLaER1 cells, GM-CSF-derived macrophages and M-CSF-derived
macrophages was discarded and cells were infected at a MOI of 10. Extracellular parasites were
removed by washing twice with BM. Afterwards, cells were either harvested directly for analysis or

further incubated at 37 °C, 5 % CO, for up to 96 h.

For all other flow cytometric experiments 1*10° tdBLaER1 cells or hMDMs per well were seeded into
PDL coated 96-well plates and incubated for 1 h to allow cell adhesion. Stationary-phase L. major and
L. major DsRed, L. major T7/Cas9 DsRed or L. major T7/Cas9 DsRed LPG17 promastigotes were
harvested and counted. In experiments, which included the measurement of ROS production, L. major
parasites were additionally labeled with AlexaFluor405-NHS ester. TdBLaER1 cells were infected at a
MOI of 10 and parasites were centrifuged onto the cell layer at 339 g for 4 min to synchronize the
infection. After incubation, extracellular parasites were removed by washing twice with BM.
Afterwards, cells were either harvested directly for analysis or further incubated at 37 °C, 5 % CO, for

up to 96 h.

For the determination of the parasite burden of tdBLaER1 cells by high-throughput microscopy (HTM),
L. major parasites were labeled with CFSE and infection time was reduced to 2 h. TdBLaER1 cells were

counterstained with wheat germ agglutinin (WGA)-CF568.
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For the determination of TNF-a and IL-10 secretion, 1*10° tdBLaER1 cells GM-CSF-derived
macrophages or M-CSF-derived macrophages were seeded into a 96-well plate. Cells were incubated
at 37 °C, 5 % CO; to allow adhesion. Logarithmic- or stationary-phase L. major promastigotes were
harvested and counted. The supernatant was discarded and cells were infected at a MOI of 5.
Supernatants were collected at 24 h post infection and transferred to a fresh 96-well V-bottom plate.

Supernatants were stored at -80 °C until analysis.

For gene expression experiments, 1*10° tdBLaER1 cells, GM-CSF-derived macrophages and M-CSF-
derived macrophages were seeded into a micro-reaction tube. Logarithmic- and stationary-phase
L. major promastigotes were harvested and counted. Cells were pelleted by centrifugation of the
micro-reaction tube at 500 g for 5 min. The supernatant was discarded and cells were taken up in fresh
BM (uninfected control), parasite suspension (log. - and stat.-phase) at a MOI of 10 or BM containing
100 ng/ml LPS (positive control). Extracellular parasites were removed by washing twice. For this, cells

were spun down and re-suspended in BM. After 24 h, RNA was isolated as described below.

For co-incubation experiments by high throughput microscopy, tdBLaER1 cells and tdBLaER1 GSDMD”
cells were transdifferentiated in PLO-coated 96-well plates and labeled with CFMDA (see 3.2.2.2) prior
to infection. Afterwards, cells were infected with stationary-phase L. major DsRed promastigotes at an
MOI of 5 or axenic L. major DsRed amastigotes at a MOI of 2 as described for flow cytometric
experiments. Cells were washed twice with BM to remove extracellular parasites and incubated
overnight. Fresh tdBLaER1 GSDMD”" cells were harvested from a 6-well plate, labeled with CellTracker
DeepRed, and adjusted to a cell density of 1*10° cells/ml. The supernatant of tdBLaER1 cells was
discarded and co-incubation with tdBLaER1 GSDMD”" cells was started by addition of 100 pl of cell
suspension to each well. After 1 h of co-incubation, pyroptosis was induced as described in 3.2.3.2. For
co-incubation  experiments by flow cytometry 0.25%10° tdBLaER1 eGFP”" and
tdBLaER1 GSDMD”" x eGFP”- were seeded into PDL-coated 12 well plates and infected by stationary-
phase L. major DsRed at an MOI of 5 or by axenic L. major DsRed amastigotes at an MOI of 2.
Extracellular parasites were washed off by an exchange of BM and addition of fresh medium. After 1 h
of incubation, uninfected tdBLaER1 GSDMD”" were harvested from a 6-well plate and 0.25*10° cells
per well were added to the infected samples. After 18 h of co-incubation, pyroptosis was induced as

described in 3.2.3.2.
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The infection conditions of all experiments are summarized in Table 3. The table includes fluorescent
labelling of parasites and cells with NHS esters, but not other stainings performed downstream of the

infection but prior to analysis.
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Table 3: Summary of experimental conditions of infection experiments.
Summary of infection experiments described in section 3.2.2. The table lists the different experiments performed with infected cells, the figures they appear in, and an array of the most
important parameters of infection experiments with Leishmania, which were varied between experiments.

experiment figures seeded well format MOl time of infection parasite straint+ fluorescent wash
cells labeling steps
z-stacks by confocal 10, 11 2*10° 12-well chamber 10 3h wt - 2
fluorescence slide
microscopy
12 1*10° 96-well 10 2h wt CFSE 2
HTM
infection rate and 13, 14 5*10° 12-well 10 3h DsRed AF647 2

parasite burden by
flow cytometry (12
well)

15 1*10°8 1.5 ml micro- 5 3h wt - 2
gene expression reaction tube
0

16 1*10° 96-well 5 3h wt -

infection rate and 17, 18, 24, 1*10° 96-well 10 3h DsRed, - 2
parasite burden (96 28-30, 32-36 T7/Cas9, DsRed
well) T7/Cas9 LPG17-
20-22,31 1¥10° 96-well 10 3h wt AF405 2
flow cytometryt
fluorescence 19, 39 1.5- 8-well chamber 5,10 3h DsRed - 2
microscopy 2.0*%10° slide
42,43, 45 1*10° 96-well 5 (PRO), 2 3h DsRed CMFDA (cells), 2
Co-incubation assays (AMA) CellTracker DR
(HTM) (cells)
Co-incubation assays 47 2.5*%10° 12-well 5 (PRO), 2 3h DsRed - 2
(flow cytometry) (AMA)

tSome experiments contained multiple readouts, thus, some figures are listed multiple times.
t1 All parasites are L. major strains, hence, only the genetic modification or lack thereof (wt) was specified
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3.2.2.1 Labeling of parasites with succinimidyl ester dyes

Up to 1*108 parasites at a time were labeled with Alexa-Fluor647/405-NHS ester of CFSE. For this,
parasites were spun down at and re-suspended in 6 ml the respective dye diluted in PBS. Parasites
were incubated for 10 min at 27 °C, 5 % CO,. Afterwards, the volume was adjusted to 12 ml with PBS
and the parasites were spun down. Labeled parasites were re-suspended in BM or CM and used for

infection experiments.

3.2.2.2 Labeling of cells with succinimidyl ester dyes

TdBLaER1 cells were labeled with CMFDA directly in the 96-well plate. For this the supernatant was
discarded and 100 pl of CMFDA diluted in PBS was added to each well. Cells were incubated for 10 min
and the dye was subsequently discarded. Residual dye was quenched by addition of 100 ul of fresh BM

to each well.

Labeling of tdBLaER1 cells with Cell Tracker DeepRed was performed in a 15 ml falcon tube. Cells were
spun down, re-suspended in 6 ml Cell Tracker DeepRed diluted in PBS and incubated for 10 min.
Afterwards, the volume was adjusted to 12 ml with PBS cells were spun down and re-suspended in

fresh BM to quench residual dye.

3.2.3 Stimulation with immunomodulators, induction of pyroptosis and NO treatment

3.3.3.1 Priming of the NLRP3 inflammasome

In experiments that measured the activation of the NLRP3 inflammasome by IL-1p secretion, cells were
transcriptionally primed by stimulation with 200 ng/ml LPS or 500 nM R848 for 15 h prior to infection.
If the production of ROS was analyzed concomitantly with NLRP3 inflammasome activation, control
cells were additionally treated with ROS inhibitors apocynin, diphenylene iodonium chloride (DPI) or

NOX VIl for 1 h in between of priming and infection.

3.2.3.2 Pyroptotic cell death
In all experiments that analyzed the susceptibility of tdBLaER1 cells to pyroptosis by flow cytometry,
or measured the effect of pyroptotic cell death on parasite release and secondary infection rate by

HTM or flow cytometry, pyroptosis was induced by transcriptional priming with 200 ng/ml LPS for 3 h
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45 min followed by activation of the NLRP3 inflammasome by treatment with 4 uM nigericin for up to

8 h.

To determine the activation of the NLRP3 inflammasome by live cell fluorescence microscopy, or flow
cytometry tdBLaER1 cells were stimulated with 500 ng/ml LPS followed by activation of the NLRP3
inflammasome by addition of 20 uM nigericin. Negative control samples were additionally treated with

50 uM of pan-caspase inhibitor Z-VAD for 1 h prior to NLRP3 inflammasome activation.

3.2.3.3 NO treatment

To investigate the role of NO as an effector mechanism, tdBLaER1 cells were treated with 10 uM,
20 uM, 40 uM or 80 uM of the NO-generating compounds DEA-NONOate, SNI-1 or SNAP. All stocks
were prepared in DMSO since compounds release NO in watery solutions. To minimize the addition of
DMSO to the cells, stocks were prepared at a concentration of 100x of the final concentration.
Compounds were added up to four times to the cells, the first addition was performed immediately
after the extracellular parasites were washed off (1x NO), the second addition was done 18.5 h post
infection (2x NO), the third addition was performed at 42.5 h post infection (3x NO) and the final

addition was done at 66.5 h post infection (4x NO).

3.2.3.4 Pro-inflammatory stimulation of human and murine cells
To investigate the effect of pro-inflammatory activation on the restriction of intracellular parasites,
BLaER1 cells or GM-BLaER1 cells were treated with either a combination of LPS (200 ng/ml) and IFN-y

(50 ng/ml) or IFN-y (50 ng/ml) alone for 24 h prior to infection.

To generate a positive control for the determination of iINOS expression by qRT-PCR, murine bone-
marrow-derived macrophages were treated with combination of LPS (500 ng/ml) and IFN-y (50 ng/ml)

for 24 h prior to cell harvest and subsequent RNA isolation.

65



3 Material and methods

3.2.4 Analysis methods
3.2.4.1 Microscopy

3.2.4.1.1 Confocal fluorescence microscopy

To confirm the presence of intracellular parasites, infected cells in 12-well chamber slides, were fixed
with 4 % PFA for 10 min at room temperature and, then, washed twice with PBS. Afterwards, cells
were permeabilized with permeabilization buffer for 15 min at room temperature and washed twice
with PBS. Next, unspecific protein binding sites were blocked with blocking buffer for 30 min at room
temperature. The blocking buffer was discarded and cells were stained with rabbit anti-Lm serum in
antibody staining buffer for 30 min at room temperature. Cells were washed twice with PBS and
incubated with secondary antibody mix (antibody staining buffer containing DAPI, phalloidin-
AlexaFluor488, chicken anti-rabbit-AlexaFluor647) for 30 min at room temperature. Cells were washed
twice with PBS and the supernatant was discarded. The removable gasket was removed and the
chamber slide left to dry in the dark at room temperature until the residual PBS was dried. Cells were
mounted with 50 ul Mowiol and a coverslip was placed on top of the mounting medium. After the
Mowiol had dried, the coverslip edges were sealed with nail polish. Samples were stored at 4 °Cin the
dark until analysis. Confocal fluorescence microscopy was performed using a Leica SP8 confocal
microscope at a 63x magnification. The height of the z-dimension was manually determined by shifting
the focus plane up and down until no fluorescent signal was visible anymore. The number of z-planes
was subsequently calculated by dividing the height of the z-dimension by the pixel size of the image to
achieve a xyz-image stack with square voxels. The z-stacks were analyzed using the ImagelJ software
and the “Volume Viewer” plug in. First, z-stacks were scaled and converted to a composite image.
Then, a maximum projection was generated of every image-stack using the z-project command. Then,
stacks were loaded into the volume viewer plugin and infected cells were examined in the yz-plane for
parasites, which were surrounded by cytoskeleton staining and. Images of these yz-planes were saved

in as a new image file. Maximum projections were annotated with a scale bar and saved.

3.2.4.1.2 Live cell imaging
Caspase-1 activity and the pyroptosis-dependent release of parasites from their host cell were
analyzed by live-microscopy. Live-cell imaging was performed employing a Zeiss Live-7 confocal

microscope using a 40x maghnification.
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For the determination of caspase-1 activity, cells were stained with FLICA 660 caspase-1 assay kit
according to the manufacturer’s instructions. In brief, FLICA working solution was added to the cells at
a final dilution of 1:60 at 1 h before the experimental endpoint. Cells were washed thrice with cellular
wash buffer (supplied), the supernatant was discarded, and 200 ul of fresh BM were added to each

well. Cells were imaged immediately.

For the pyroptosis-dependent parasite release, samples were pre-warmed to 37 °C in the incubation
chamber of the live-cell microscope, which was adjusted to 37 °C, 5 % CO,. Then, cells were primed
with LPS for 3 h 45 min. The priming step was imaged to control the maintenance of the focus plain
over time and during position changes. If necessary, these settings were adjusted immediately after
induction of pyroptotic cell death. After addition of nigericin, cells were imaged for up to 8 h in
2.5-minute intervals. Videos were important as xyzct-stack to Fiji and exit events manually counted

and annotated.

3.2.4.1.3 High throughput microscopy

For quantitative microscopic analyses with high sample sizes, infected cells were imaged in an Operetta
high-throughput microplate imager. Raw image files were imported into the CellProfiler software and
analyzed with experiment-specific image analysis pipelines (explained in experiment subsection;
Illustration and example images in (Figure 41). Afterwards, parameters of interest were extracted from
the output spreadsheets and relevant indices, like infection rate or parasite burden, were calculated
using R. Tidied data and calculated indices were exported as excel files and loaded into GraphPad Prism

for statistical analysis.

3.2.4.1.3.1 Parasite burden

Since both parasites and host cells were fluorescently labeled with NHS esters prior to infection and
fixation, no additional staining was required for this experiment. Therefore, cells were fixed for 10 min
at room temperature with 4 % PFA, washed twice with PBS and finally 100 pl of PBS per well were
added to the fixed cell layer for analysis. Four wells per experimental condition and 25 spots per well
were imaged. The image analysis started with smoothing of WGA-CF568 signal using the “Smooth”
module and a median filter, followed by identification of the individual cells by the
“IdentifyPrimaryObject” module. Next, CFSE signal of the parasites was enhanced using the

“EnhanceOrSuppressFeatures” module treating Leishmania as speckles, followed by identification of
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parasites by the “ldentifyPrimaryObject” module. Intracellular parasites were identified by relating
parasites and cells with “RelateObjects”, creating the subset “intracellular parasites” as child object of
cells. Then, infected cells were identified by filtering cells by a minimum child object count of 1, using
“FilterObjects”.  Finally, measurements were exported as spreadsheets using the
“ExportToSpreadsheet” module and RGB images overlayed with object outlines were exported using

the modules “GrayToColor”, “OverlayOutlines” and “Savelmages”.

3.2.4.1.3.2 Number of extracellular parasites

To determine the role of pyroptosis as a mechanism of parasite release from its host cell, the number
of extracellular parasites after pyroptosis induction was analyzed by fluorescent microscopy. Cells
were fixed with 4 % PFA for 10 min at room temperature and, then, washed twice with PBS. Afterwards,
cells were permeabilized with permeabilization buffer for 15 min at room temperature and washed
twice with PBS. Next, unspecific protein binding sites were blocked with blocking buffer for 30 min at
room temperature. The blocking buffer was discarded and cells were stained with mouse anti-Lm
serum in antibody staining buffer for 30 min at room temperature. Cells were washed twice with PBS
and incubated with secondary antibody mix (antibody staining buffer containing DAPI, anti-mouse-
AlexaFluor568) for 30 min at room temperature. Cells were washed twice with PBS and the
supernatant was discarded. Finally, the cell layer was overlayed with 200 pl of PBS for imaging. One
well per experimental condition and 80 spots per well were imaged. For image analysis, the nuclei of
cells based on the DAPI signal were identified using “IdentifyPrimaryObject” module. Next, individual
cells were seeded from the nuclei using “IdentifySecondaryObject” module. Signal enhancement,
parasite identification and determination of intracellular parasites and infected cells was done as
described for 3.2.4.1.3.1. Then, identified parasites were masked using the “intracellular parasite”
subset and the remaining parasites were considered to be extracellular and termed “extracellular
parasites”. Finally, measurements were exported as spreadsheets using the “ExportToSpreadsheet”
module and RGB images overlayed with object outlines were exported using the modules

“GrayToColor”, “OverlayOutlines” and “Savelmages”.

3.2.4.1.3.3 Co-incubation

To determine the role of pyroptosis as a mechanism of parasite spread to new host cells, the secondary
infection rate in a co-incubation assay after pyroptosis induction was analyzed by fluorescent
microscopy. Staining was performed as described for 3.2.4.1.3.2, but DAPI was not included in the

secondary antibody mix. One well per experimental condition and 80 spots per well were imaged. The
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images analysis was mostly performed as described for 3.2.4.1.3.2. Divergently, the primary infected
cells (CMFDA-labeled) and the co-incubated cells (Cell Tracker Deep Red) were identified in two
separate “IdentifyPrimaryObject” modules. Furthermore, the parasite subset from the penultimate
step was not termed “extracellular parasites, but “residual parasites” and used for the identification
of secondary infected cells using the “RelateObjects” and “FilterObjects” modules. Finally, overlayed

RGB images and results in spreadsheet format were exported as described above.

3.2.4.2 Flow cytometry

Immunophenotype, infection rate, parasite burden, caspase-1 activity and production of ROS of
hMDMs and BLaER1 cells were determined by flow cytometry. All centrifugation steps during flow
cytometric sample preparation were performed at 339 g, 4 min at 4 °C and all incubation steps were
done at 4 °C in the dark. For immunophenotyping and all experiments involving an extracellular
antibody staining, cells were detached by pipetting up and down (tdBLaER1 cells) or by scraping of the
cells after incubation on ice for 30 min (hMDMs) For all other experiments cells were detached by
trypsinizing with pre-warmed trypsin-EDTA (0.025 %) for up to 10 min at 37 °C, 5 % CO,. Trypsinizing
was stopped by addition of the threefold volume of BM or CM. Irrespective of harvesting method, cells
were transferred to a 96-well V-bottom plate, spun down and re-suspended in MACS buffer. If the
sample volume was too large for an immediate transfer to a 96-well V-bottom plate, samples were
transferred to a 1.5 ml micro-reaction tube instead, spun down, re-suspended in MACS buffer and,
then, transferred to a 96-well V-bottom plate. For the assessment of infection rate and parasite
burden, without additional stainings, no further sample preparation was required and cells were
directly analyzed at this point. For additional extracellular antibody staining, cells were spun down and
blocked for 30 min in blocking buffer. Next, cells were spun down and re-suspended in antibody
staining solution with antibodies against surface protein of interest. Antibody staining solution was
prepared in staining buffer for all experiments in which eGFP expression of BLaER1 cells was used as
viability marker, or were prepared in PBS containing the viability dye Zombie aqua for all experiments
with hMDMs or BLaER1 eGFP”" strains that required a viability staining. Cells were incubated for
30 min, spun down and washed twice with MACS buffer. If cells were not analyzed immediately, they
were fixed with 4 % PFA for 10 min, washed once with MACS buffer, spun down and re-suspended in

MACS buffer. Cells were stored at 4 °C, dark until analysis.
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3.2.4.2.2 Caspase-1 activity
Flow cytometry analysis of caspase-1 activity, cells were treated with FLICA 660 caspase-1 assay kit
according to the manufacturer’s instructions as described in 3.2.3.1.2. Divergently, cells were re-

suspended in MACS buffer for flow cytometric analysis as a last preparation step.

3.2.4.2.3 ROS measurement

To quantify the production of ROS, tdBLaER1 cells were stained with DHE. For this, DHE working stocks
were prepared in BM and added to the cells 30 min before the experimental endpoint i.e., cell harvest
and sample preparation. Geometric mean fluorescence intensity values (MFIs) of viable cells were
normalized between an untreated sample as negative control and a positive control treated with 1 mM
menadione 1 h before the experimental endpoint. Normalization was performed for each independent

experiment prior to statistical analysis.

3.2.4.3 Enzyme-linked immunosorbent assay (ELISA)

Supernatants of samples were transferred to a 96-well V-bottom plate, spun down at 2400 g for 8 min
at room temperature to remove cell debris and residual parasites and transferred to a fresh 96-well
plate. Supernatants were stored at -80 °C until analysis. For analysis, supernatants were thawed on ice
and analyzed with human TNF-a, human IL-10, human IL-1B or human IL-12p70 kits according to the
manufacturer’s instructions. Concentrations were calculated based on a standard curve generated by
performing a 4-parameter logistic regression (4PL) of the standard dilutions in Graphpad Prism (TNF-a

and IL-10) or Mars (IL-1B and IL-12p70). Non-detected values were set to 0 to allow statistical testing.

3.2.4.4 Griess assay

Successful treatment with NO-generating compounds was validated by determination of NO
concentrations of cell culture supernatants. Supernatants were collected, processed, and stored as
described in 3.2.4.3. For analysis, samples were thawed on ice and NO concentrations were
determined using the Nitric oxide (total) detection kit according to the manufacturer’s instructions.

Concentrations were calculated based on a standard curve generated by performing a 4PL in Mars.
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3.2.5 Molecular biology methods

3.2.5.1 Generation of knockout cell lines using ribonucleotide-protein complexes

BLaER1 cells were split 1:10 two days prior to nucleofection to avoid cell stress caused by high cell
densities and to improve viability throughout the knockout generation. After two days, BLaER1 cells
were harvested, counted, spun down and re-suspended in freshly prepared, supplemented
nucleofection solution (nucleofector solution + 18 % of supplement; from Lonza human B cell kit).
Ribonucleotide-protein complexes (RNPs) were prepared in sterile, nuclease-free 200 pl micro-
reaction tubes by mixing 3 ul of nuclease-free aqua bidest., 1 ul of sgRNA against target gene and 1 pl
of 40 uM Cas9 NLS protein. Complexing of Cas9 NLS protein and sgRNA was achieved by incubation at
37 °C for 15 min in thermocycler. The resulting RNP solution was transferred into an electroporation
cuvette (Lonza human B cell kit). Then, 100 pl of cell suspension were added to each cuvette, carefully
mixed by flicking the cuvette and electroporated in a nucleofector using the program U-015 (human
B cells). A mock nucleofection without RNPs, an RNP complexion control consisting of an sgRNA against
eGFP and a nucleofection control consisting of 2.5 pg of CAGGS-RedStar plasmid were included in each
experiment. After nucleofection, 400 ul of fresh BM were added to each cuvette and the sealed
cuvettes were incubated for 10 min to allow cells to recover. Afterwards, cells were transferred to a
1.5 ml micro-reaction tube spun down at 500 g for 5 min at room temperature and re-suspended in
100 pl of fresh BM. For the cultivation of the nucleofected cell populations, 50 pl of fresh pre-warmed
BM per well was added to a 96-well plate and each sample was distributed to two wells, resulting in a

final volume of 100 pl per well.

After 24 hours of incubation, 20 pl of mock-nucleofected control and plasmid-nucleofected control
were harvested, spun down and re-suspended in 200 pl of MACS buffer. Successful nucleofection was
subsequently checked by flow cytometric analysis of RedStar expression using mock-transfected cells
as a gating control. If an eGFP BLaER1 cell line was used, eGFP was replaced as a viability marker by
addition of 2 ug/ml of propidium iodide (Pl) one minute before sample acquisition. After confirmation
of the successful nucleofection, a limiting dilution was performed by harvesting one well per sample
and transferring the cell suspension to a fresh 50 ml falcon tube. The volume was adjusted to 5 ml with
BM, the cell suspension was counted and adjusted to a density of 5 cells/ml with BM. 100 pl of cell
suspension per well were seeded in two to four 96-well plates per target (0.5 cells per well) and

incubated for 21 days.
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After six days of incubation, the successful complexion of the RNPs was validated by flow cytometric
analysis of the eGFP knockout efficiency. For this, the RNP complexion control was harvested, spun
down at 500 g for 5 min at room temperature and re-suspended in 200 ul of MACS buffer. Cells were
analyzed by flow cytometry using BLaER1 eGFP" cells and BLaER1 cells as negative and positive gating
control, respectively. To exclude dead cells, all samples were stained with 2 pg/ml Pl one minute before
sample acquisition. RNP complexion was deemed successful if a large share of cells from the
complexion control shifted from the eGFP* gate to either the eGFP™ gate or the eGFP™ i.e., the gate

covering the relative fluorescence intensities in between the eGFP- gate and the eGFP* gate.

After 21 days of incubation, grown single clones were identified at an inverted microscope and counted
by flow cytometry. Single clones were transdifferentiated in 96-well plates and, subsequently analyzed

for the expression of the protein of interest by western blot.

3.2.5.2 Gibson Assembly

The LEXSY-DsRed-sat2.1 plasmid was generated by Gibson assembly from pLEXSY-sat2.1 backbone. To
generate the vector fragment, pLEXSY-sat2.1 was digested with the restriction enzymes Nhel and Xbal
for 3 h at 37 °C followed by enzyme inactivation at 80 °C for 20 min. The digestion reaction was mixed

in a 1.5 ml micro-reaction tube on ice as follows:

pLEXSY-sat2.1 15 pg

CutSmart buffer (10x) 5 ul

Xbal 1 pl (= 20 units)
Nhel 1 pl (= 20 units)
H20 ad. 50 ul

The insert was generated by long primer PCR using primers with 40 bp 5’-overhangs homologous to
the 5’ and 3’ regions of the vector. These primers were designed using the Gibson assembly tool of the

SnapGene software. The PCR reaction was mixed on ice in 200 ul micro-reaction tubes as follows:
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pSSU-DsRed

PWO Master mix (2x)
DsRed fwd

DsRed rev

H,O

1 ul (=15 ng)
10l

1ul

1ul

ad. 20 ul

PCR was performed in a thermocycler using the following program:

Step 1: 95 °C
Step 2: 95 °C
Step 3: 58 °C
Step 4: 72°C

3 min

30s

30s

I1min30s

Repetition of steps 2-4 for 29 cycles

Step 5: 72°C

Step 6: 4°C

10 min

indefinite

Linearization of the plasmid and PCR of the insert were controlled by agarose gel electrophoresis of

restriction digest and PCR reaction mix. Linearized vector and PCR product were used for Gibson

assembly without purification. For this, the following reaction mix was prepared on ice and incubated

for1 h at50 °C:

NEBuilder Hifi DNA assembly master mix (2x)

restriction digest
PCR reaction

H.0

10 ul
1 ul (=200 ng)
2 ul

ad. 20 pl

Gibson assembly reaction was stored at 4 °C until transformation.
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3.2.5.3 Transformation

Chemically competent E. coli were thawed on ice for up to 20 min. Then, 50 ul of bacteria suspension
were transferred to a fresh 1.5 ml micro-reaction vessel and 2 pl of Gibson assembly reaction were
added. The bacteria suspension was carefully mixed by flicking the tube and incubated on ice for
20 min. Afterwards, heat shock was performed by incubation at 37 °C for 2 min followed by incubation
on ice for another 2 min. Subsequently, 750 pl of pre-warmed SOC medium was added to the cells and
the cells were incubated at 37 °C for 40 min. Afterwards, 10 ul, 100 ul or 300 ul of bacteria suspension
were plated on a LBamp agar plate under a laminar flow workbench. Plates were allowed to dry for up

to 5 min, followed by incubation overnight at 37 °C.

3.2.5.4 Stable integration by homologous recombination

For stable integration of DsRed into the 18S-rRNA locus of Leishmania parasites, 15 pug of pLEXSY-
DsRed-sat2.1 were digested with 3 ul Swal (= 30 units) using NEB buffer 3.1 as described for Gibson
assembly. Successful excision of the integrating fragment was checked by agarose gel electrophoresis
and the reaction mix was subsequently sterilized in a thermocycler by incubation at 95 °C for 5 min
and stored at 4 °C until use. 1*107 logarithmic-phase L. major T7/Cas9 promastigotes were harvested,
counted, spun down and re-suspended in Zimmerman buffer. Afterwards, cells were spun down and
re-suspended in 200 pl of Zimmerman buffer and transferred to an electroporation cuvette. 16 pl of
restriction digest (= 4.8 ug) were added to the cuvette. Afterwards, the parasite suspension was
carefully mixed by flicking the cuvette and parasites were electroporated in a nucleofector using the
program X-001. Parasites were transferred to a T-25 flask and 5 ml of fresh LM were added. Parasites
were incubated overnight for recovery. Next, the parasite culture was supplemented with 10 % FCS
and 100 ug/ml nourseothricin, seeded into a 96-well blood agar plate, and incubated for 21 days. After
antibiotic selection, viable parasite populations were picked, counted, spun down and re-suspended
in LM supplemented with 100 pg/ml nourseothricin at a density of 2*10° parasites/ml. A limiting
dilution was performed by transferring 100 ul of parasites suspension into the first column (well IDs
A1-H1) of a fresh 96-well blood agar plate. One row was used for each parasite population. Next, 20 pl
of parasite suspension were transferred to the second column (well IDs A2-H2) and the volume was
adjusted to 100 pl with LM supplemented with 100 pg/ml nourseothricin, resulting in a fivefold
dilution. This process was repeated across all remaining columns of the 96-well plate. Finally, the
volume of all wells was adjusted to 100 pl with LM supplemented with 100 pg/ml nourseothricin. After
another 21 days of incubation, viable parasites from wells, which mathematically contained a single or

less parasites, were considered single clones and expanded.

74



3 Material and methods

Successful integration of the linearized plasmid fragment was confirmed by two PCRs, one with a
forward primer binding the 5’UTR of the 18s-rRNA locus (SSU fwd) and a reverse primer binding the
3’-UTR of the 18s-rRNA locus (SSU rev), and another with a forward primer binding in coding sequence
of the nourseothricin resistance gene SAT (SAT fwd) and a reverse primer binding the 3’-UTR of the
18s-rRNA locus (SSU rev) (Figure 7). Finally, expression of DsRed was confirmed on protein level by

flow cytometric analysis of the parasites (Figure 8).

SAT+SSU
M wt B8 C10 D10

— ! . » = '
Zs0b T
1500 bp - - -

Figure 7: Confirmation of integration of DsRed into 18S-rRNA locus by PCR.

Integration of DsRed into 18S-rRNA locus was confirmed by PCR with a forward primer binding in the coding sequence of the
nourseothricin resistance gene and a reverse primer binding in the 3’-UTR of the 18S-rRNA locus (SAT+SSU). A product of
approximately 2.5 kbp as shown for single clones B8, C10 and D10 confirmed the integration of linearized plasmid fragment.
Wild type parasites were used as negative control.
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SSC-A
L

Lm T7/Cas9 dsred
B8

Lm dsred

Lm wt /

3
10 10 10 10 10
dsred

Figure 8: Confirmation of DsRed expression by flow cytometry.

(A) Gating strategy used for L. major promastigotes. Parasites were distinguished from cell debris and background noise in a
FSC vs. SSC plot, followed by a single cell gate. Wild type parasites were used as gating control for DsRed positivity and L.
major DsRed parasites are shown as positive control. (B) histogram of relative DsRed fluorescence intensities of L. major
wildtype, L. major DsRed and L. major T7/Cas9 DsRed clone BS.

3.2.5.5 Knockouts in Leishmania

Knockouts in Leishmania were done using the cloning-free Cas9-based approach published by Beneke
et al. [154]. The approach requires a T7/Cas9 expressing Leishmania strain, which is electroporated
with PCR products encoding a T7 promoter followed by an sgRNA either targeting the 5’-UTR upstream
of the gene of interest (GOI) or the 3’-UTR downstream of the gene of interest. The sgRNAs are
transcribed in vivo and subsequently, complex with the Cas9 protein and excise the GOI. A repair
cassette with an antibiotic resistance marker and 30 bp microhomology flanks homologous for the 5’-
and 3’-UTR of the GOI is generated by long primer PCR, as described for Gibson assembly, and

electroporated together with the sgRNA-encoding PCR products. The repair cassette is integrated into
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the genome by homologous recombination thereby replacing the GOI. Primers for the PCRs were

designed using the LeishGEdit tool (available at: http://www.leishgedit.net/Home.html).

Repair cassettes were generated by preparing the following PCR reaction mix on ice and running the

following program in a thermocycler:

PCR reaction mix

pTPuro / pTBlast 15 ng/ul 2 ul
PWO Master mix (2x) 10 pl
LPG1 5'-HR (20 uM) 2 ul
LPG1 3'-HR (20 uM) 2 ul
DMSO 0.6 ul
MgCl; (10 mM) 2.76 ul
H20 0.65 pl

PCR program:

Step 1: 94°C 5 min
Step 2: 94°C 30s

Step 3: 65°C 30s

Step 4: 72°C 2minl15s

Repetition of steps 2-4 for 39 cycles
Step 5: 72°C 7 min

Step 6: 4°C indefinite

PCR products encoding the T7 promoter followed by an sgRNA targeting either the 5-UTR or 3’-UTR
of the GOl were generated by preparing the following PCR reaction mix on ice and running the

following program in a thermocycler:
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PCR reaction mix

LPG1 5’-/ 3’-sgRNA primer (20 uM)
sgRNA scaffold (10 uM)

PWO Master mix (2x)

H20

PCR program:

Step 1: 98°C
Step 2: 98°C
Step 3: 60°C
Step 4: 72°C

Repetition of steps 2-4 for 34 cycles

Step 5: 4°C

All PCR products were sterilized by incubation in a thermocycler for 5 min at 95 °C and stored at 4 °C
until use. Logarithmic-phase L. major T7/Cas9 parasites were prepared for electroporation as
described in 3.2.5.4. 7.5 pl of both sgRNAs and either the puromycin- or blasticidin-encoding resistance
cassette were added to the parasite suspension in the electroporation cuvette. Afterwards,
electroporation, parasite recovery, antibiotic selection and limiting dilution were performed as
described in 3.2.5.4. Successful knockout of the GOl was confirmed by three PCRs, (I): A PCR with a
forward primer (5) and a reverse primer (6) binding inside of the coding sequence of the GOI, (ll): A
PCR with a forward primer (5) binding inside of the coding sequence and a reverse primer binding
inside of the GOI’s 3’-UTR (7), and (lll): A PCR with a forward primer binding inside of the coding
sequence of the blasticidin resistance gene Blast (B) and a reverse primer binding inside of the GOI’s

3’-UTR (7). Lastly, continued expression of DsRed was confirmed on protein level by flow cytometry.
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3.2.5.6 gRT-PCR

3.2.5.6.1 RNA isolation

To isolate RNA, 1*10° BLaER1 cells or hMDMs were spun down at 500 g for 5 min and washed once
with PBS (pH 7.4). Cells were pelleted again by centrifugation and RNA was isolated using a RNeasy
plus micro kit in accordance with the manufacturer’s instructions. To check the integrity of the isolated
RNA, 5 ul of RNA were mixed with 2 pl of 5x RNA loading dye and run on an agarose gel containing
40 ng/ml ethidium bromide. After electrophoresis, the gel was visualized using an image station. A
hallmark of intact RNA are two defined bands, representing 285 RNA and 18s RNA — the most abundant
RNA species in eukaryotic organisms. Therefore, if two sharp bands were recognizable on the imaged
gel, the RNA was considered intact. The concentration of all intact RNA samples was determined by
measurement of 2 pl RNA solution at Nanodrop. Afterwards, 0.5 pl of Ribolock RNase inhibitor
(ThermoFisher) was added to all RNA samples to prevent degradation. RNA samples were stored

at -80 °C until further analysis.

Divergently, RNA was isolated from 3.5*10° bone-marrow-derived macrophages, by discarding the
supernatant and directly adding lysis buffer (RLT, supplied in Qiagen RNeasy plus micro kit) to the well.

The rest of the RNA isolation was performed as described for BLaER1 cells and hMDMs.

3.2.5.6.2 cDNA synthesis

Synthesis of cDNA was performed using an ImProm-Il reverse transcription system kit according to the
manufacturer’s instructions. In brief, equal amounts of isolated RNA were mixed with random primers,
denatured at 70 °C for 5 min and cooled on ice for 5 min. Meanwhile, an RT-PCR reaction mix was
prepared on ice and added to the RNA-primer mix. RT-PCR was, then performed in a thermocycler. All

cDNA preparations were stored at -20 °C until further analysis.

3.2.5.6.3 qPCR

Quantitative PCR was performed using the MESA BLUE gPCR mastermix plus for SYBR assay kit in
accordance with the manufacturer’s instructions. All used primers are listed in 2.1.8.. Quantitative PCR
was performed in an LC480 lightcycler (Roche). Cycle threshold (Ct) values were calculated using the

LC480 software. Relative gene expression was calculated using the 222 method.
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3.2.6 Biochemical methods

3.2.6.1 SDS-PAGE

To confirm successful knockouts in BLaER1 cells, the protein expression was analyzed by SDS-PAGE and
subsequent Western blot. For this, 6*10%-2*10° transdifferentiated BLaER1 cells were spun down and
re-suspended in 40 ul of Lammli buffer and lysed by heating at 90 °C for 10 min. 20 ul of each sample
were loaded onto two 10 % SDS-polyacrylamide gels (Table 4). A pre-stained molecular weight marker
was loaded in a separate lane on each gel. Proteins were separated based on their molecular weight
by electrophoresis, first at 100 V for 20 min in the stacking gel, then at 120 V for 1.5 h in the separating

gel. One gel was used for Coomassie staining, the other one was used for Western blotting.

Table 4: Composition of a 10 % SDS-polyacrylamide gel with a thickness of 1.5 mm.
The table list the required volumes of all components required for a single 10 % SDS-polyacrylamide gel with a thickness of
1.5 mm, consisting of a stacking and a separating gel.

chemical stacking gel  separating gel
B 5 1.62 ml
Tris-HCI (1.5 - 1ml
M, pH 8.8)
Tris-HCI (0.5 0.5 ml -
M, pH 6.8)
polyacrylamide 250 pl 1.34 ml
(30 %)
SDS (10 %) 20 40 pl
APS (10 %) 20 pl 40 p
TEMED 5ul 8.3 ul

3.2.6.2 Coomassie staining

Coomassie staining was performed to verify that a sufficient number of cells has been harvested for
Western blot analysis and to rule out that the absence of protein of interest was due to successful
knockout of the GOI and not caused by loading of too small amounts of protein. Loading was
considered successful, if Coomassie staining revealed visible band patterns. Gels were rinsed once with
H,0, followed by fixation in Coomassie fixing solution for 1 h at room temperature with shaking. Next,
fixing solution was removed and the gels were stained in Coomassie staining solution for 2 h at room
temperature with shaking. Finally, the staining solution was removed and the gels were destained with

Coomassie washing solution overnight. Destained gels were visualized at a Gel Doc image station.
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3.2.6.3 Western blot

To analyze the expression of the protein of interest, proteins were transferred from the SDS-
polyacrylamide gel to a PVDF membrane by semi-dry blotting for 1.5 h at 1.5 mA per cm?2. The
membrane was blocked in blocking buffer for 1 h at room temperature with shaking. Next, the
membrane was incubated with the primary unconjugated antibody diluted in blocking buffer for 1 h
at room temperature with shaking or overnight at 4 °C with shaking. The membrane was washed thrice
with TBS/T buffer for 10 min at room temperature with shaking and, subsequently, incubated with the
HRP-conjugated secondary antibody diluted in blocking buffer for 1 h at room temperature with
shaking. The membrane was washed thrice with TBS/T buffer for 10 min at room temperature with
shaking, then, the membrane was incubated with HRP substrate for 1 min at room temperature and

chemiluminescence was detected by analysis with an ECL imager.

3.2.7 Statistical analysis and visualization

Statistical significance was determined by Two-Way-ANOVA for all comparisons of multiple
independent groups across multiple experimental conditions; by Dunnet’s multiple comparison test,
for all comparisons of multiple independent groups and experimental conditions with one
experimental condition serving as universal control; by multiple Mann-Whitney test for all
comparisons of multiple independent groups across multiple experimental conditions, if the data was
not normally distributed; and by unpaired t-tests for all comparisons of two independent groups. All
statistical tests were performed in GraphPad Prism as a two-sided test and a=0.05. P-values p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001 were considered to be statistically significant.

All bar plots, dot plots and histograms were created using GraphPad Prism; lolliplots were created in R
using the ggdotchart() function of the ggpubr package, which is dependent on ggplot2 package;
Representative histograms and scatter plots of flow cytometric data were created in Flowlo;
Microscopic images were created from raw image files in Fiji; Schematics and illustrations were created
in Biorender. Finally, all graphical elements were compiled to the final figure in Inkscape and further

annotated, if required.
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4 Results

4.1 BLaER1 as infection model for L. major infection of h(MDMSs

In the beginning of this work, BLaER1 cells were compared to GM-CSF-derived and M-CSF-derived
hMDMs to assess their suitability as a cell line model for the infection of hMDMs with L. major
parasites. For this, a flow cytometric comparison of the immunophenotype of undifferentiated BLaER1
(udBLaER1), transdifferentiated BLaER1 (tdBLaER1) and hMDMs was performed. Next, the
susceptibility of BLaER1 cells to L. major infection was analyzed, along with a morphologic comparison
to hMDMs by fluorescence microscopy Finally, several characteristics of the L. major infection were
compared by flow cytometry, gPCR, and ELISA, in order to proof that BLaER1 cells can be infected with
L. major, allow the intracellular differentiation to the amastigote stage and amastigote replication in

the phagolysosome.

4.1.1 Immunophenotyping of BLaER1 cells and hMDMs

To show that BLaER1 cells have a comparable expression of surface markers compared to hMDMs, the
immunophenotype of tdBLaER1, M-CSF-derived and GM-CSF-derived hMDMs was compared using
udBLaER1 as a control. Immunostained cells were analyzed by flow cytometry. CD19 was included in
the antibody panel as an important marker for the undifferentiated pre-B cell form of the BLaER1 cells.
In terms of transdifferentiation, it could be confirmed that tdBLaER1 cells lost the expression of CD19,
while acquiring a CD11b-positive and CD14-positive phenotype with 90 % of the cells being CD11b-
positive and 63 % of the cells being CD14-positive. (Figure 9A). Furthermore, tdBLaER1 became positive
in expression for CD163. CD206, CD86, HLA-ABC, CD116, CD115, HLA-DR and CD18, to a similar extend
as hMDMs. BLaER1 cells and hMDMs had a low to absent expression of CD83, CD209 and CD124. |
found a significantly smaller share of CD206 positive, CD18 positive and HLA-DR positive tdBLaER1 cells
compared to both GM-CSF-derived macrophages (62 % vs. 100 %, 52 % vs. 100 % and 47 % vs. 95 %,
respectively) and M-CSF-derived macrophages (62 % vs. 98 %, 52 % vs. 100 % and 47 % vs. 87 %,
respectively). In comparison to M-CSF-derived macrophages, a significantly smaller share of, CD163-
positive, CD14-positive, and CD116-positive tdBLaER1 cells was found, with tdBLaER1 cells being 68 %
positive for CD163, 63 % for CD14 and 60 % positive for CD116, compared to 95 % CD163 positivity,
97 % CD14 positivity and 90 % CD116 positivity for M-CSF-derived macrophages.

In addition to the percentage of cells positive for a certain marker, the level of expression by the
positive subsets of tdBLaER1 cells, GM-CSF-derived macrophages, and M-CSF-derived macrophages
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was also compared. TdBLaER1 cells showed a higher expression of CD115, CD19 and CD14 compared
to both GM-CSF-derived macrophages and M-CSF-derived macrophages and a higher expression of
CD163 and CD206 compared to GM-CSF-derived macrophages and M-CSF-derived macrophages,
respectively (Figure 9B). In summary, this data shows that tdBLaER1 cells acquire an
immunophenotype that corresponds well to hMDMs in both the frequency of marker-positive cells
and the expression level of the respective surface marker, and is slightly more comparable to the

immunophenotype of GM-CSF-derived macrophages.

83



4 Results

A ek dekdkek
- ** Jedek
*kk kK — —
1001 - . S » ek
- ® *k .
® *
751
™
= ® ]
® \ [ ®
g ®
o 507 ®
=
‘»
o
Q
251
04 ® °® ® ® ® | ,. ® ™ T. ® | |~ 4
o < > @ %) o) o @) © < w0 © e ©
- a a o b Q a8 @ pa o h a @] a
0O 0O [a) 0O 3 [a) 0O ] <
O © © O 0O O © < [§) (&) O © = ©
= I

surface marker
=3 GM-CSF derived macrophages =1 M-CSF derived macrophages B transdifferentiated BLaER1 E= undifferentiated BLaER1

*RRK Kkkk
30000 100000 mhiX® 50000 Jkkkk 30000 ﬁ 25000 * 6000
—
80000 40000 20000
20000 20000+ 4000
- - 60000 - 30000 T T 15000 -
= = = = = =
40000 20000 10000
10000 10000 2000
20000 10000 5000 T
0 0 0 = o 0 0
N -] P -] NN ) N o™ Sl N oo J AN g 8
PR FLSS £ @Q‘Fve* S EES & “?4“?«‘*‘ R «“P
o o7 & & o o7 & & o @ & & At e @ S
&N N &N & F N R N
o e e
15000 30000 15000 15000 30000 *kk 4000
—
3000
10000 20000 10000 10000 20000
[ [ [ e [ [
= = = = = = 2000
5000 10000 5000 5000 10000
1000
0 1] 0 0 0 0
B -] N o = N N8 Q N ah = N N8 Q N oM 8
& & ¢ & o & 2 & o & 2 & &
efef 4‘}«* -a"'&e‘?@ ‘-‘Qéq‘-'q* ej’ev& ”ﬁfﬁ g Q@ t;?q ‘i& efov& 4‘}«“9 ‘8?«’0\'& 4\:?«\!"
FEF FFHFE FEFY FEFE FEFY FEF
15000 15000
10000 10000
[ [
= =
5000 5000
0 0
W R R Aooh )
£ LSS FEEE
& oL F & o2 P
S F N &N

Figure 9: BLaER1 cells show a similar immunophenotype as M-CSF-derived and GM-CSF-derived macrophages.

(A and B) Immunophenotyping of undifferentiated BLaER1 cells (udBLaER1), transdifferentiated BLaER1 cells (tdBLaER1), M-
CSF-derived macrophages and GM-CSF derived macrophages. All cell types were stained with fluorochrome-conjugated
antibodies against surface markers of myeloid cell types and analyzed by flow cytometry. (A) Lolli-plot of the percentage of
positive cells for each marker. (B) MFI values of each marker as indicator of expression level. Significant comparisons
between tdBLaER1 cells and M-CSF-derived macrophages or GM-CSF-derived macrophages were annotated in the graphs.
N=3-4. Graphs depict mean values (A) or mean values +SD (B). Significance was determined using Two-Way-ANOVA.
* p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

84



4 Results

4.1.2 BLaER1 cells sustain L. major infection despite smaller cell size and cytoplasm

Since all experiments after the initial immunophenotyping will focus on the transdifferentiated
macrophage-like phenotype of BLaER1 cells, tdBLaER1 cells will be referred to as BLaER1 cells
throughout the rest of the section. If udBLaER1 cells are part of an experiment, the nomenclature from

4.1.1 will be used.

After confirmation of a similar immunophenotype and concomitant validation of the
transdifferentiation process, | sought to perform a morphological comparison of cell size and
cytoplasm area of BLaER1 cells and hMDMs and confirm the susceptibility of BLaER1 cells to L. major
infection. For this, BLaER1 cells hMDMs were infected with L. major promastigotes, stained with DAPI
and phalloidin - to determine cell size and cytoplasm size, and immunostained with rabbit a-L. major
(a-Lm) serum to visualize parasites Subsequently, infected cells were analyzed by confocal
fluorescence microscopy (Figure 10 and Figure 11). BLaER1 cells had a significantly smaller cell area
than M-CSF derived hMDMs at 3 h (149 pm? vs. 479 um?), 24 h (376 pm? vs. 485 um?) and 96 h post
infection (p.i.) (119 um? vs. 627 um?), and a smaller cell area than GM-CSF derived hMDMs at 3 h and
96 h p.i. (149 um? vs. 238 um?and 119 um? vs. 422 um?, respectively) (Figure 10A). Moreover, the cell
area of M-CSF-derived hMDMs was significantly larger than the one of GM-CSF-derived hMDMs at 24
h and 96 h. Interestingly, after an initial increase from 3 h p.i. to 24 h p.i., the cell area of BLaER1 cells
decreased again between 24 h and 96 h p.i., while the cell area of both types of hMDMs increased
consistently from 3 h to 96 h p.i.. Based on the measured cell area, the cell diameter was calculated
for each cell, assuming a round cell shape (Figure 10B). Since the cell diameter is a mathematical
transformation of the cell area, all observed differences in cell area apply equally to the cell diameter.
In BLaER1 cells, a significantly larger share of the cytoplasm was occupied by the nucleus compared to
GM-CSF derived and M-CSF derived hMDMs at 3 h, 24 h and 96 h p.i. (32.6 % vs. 17.0 % and 26.8 %,
35.0% vs. 11.6 % and 21.2 % and 45.7 % vs 14.8 % and 24.7 %, respectively) (Figure 10C).
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Figure 10: BLaER1 cells have a smaller cell diameter than hMDMs and a larger share of the cell is occupied by the
nucleus.

(A to C) BLaER1 cells, M-CSF-derived macrophages and GM-CSF-derived macrophages were infected with stationary-phase L.
major promastigotes at MOI 10 for up to 96 h. At indicated time points, cells were subjected to immunofluorescence staining
and z-stacks were acquired by confocal microscopy. Maximum projections of the DAPI channel (DNA) and the AlexaFluor488
channel (actin) of the confocal images were analyzed using the CellProfiler software. (A and B) the area occupied by the actin
staining was measured each cell to determine the mean cell area for each cell type at each time point (A). Assuming a round
cell shape, the mean cell diameter was calculated (B). (C) The mean area occupied by DNA staining per cell was determined
as described for the actin staining. The share of cell area occupied by the nucleus was then calculated by dividing the mean
area of DNA stain per cell by the mean cell area. N=1, with 6-22 cells per cell type and time point. Graphs show data
distribution as violin plots + median (line) and interquartile range (in between dotted lines). Significance was determined
using Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3h h

To distinguish intracellular parasites from parasites that only overlap with cells or parasites that are
associated to the cell membrane, we examined maximum projections of infected BLaER1 cells and both
types of hMDMs (Figure 11, upper panels) for presumed intracellular parasites. The enclosure of
parasites by the cytoskeleton of the host cell was, subsequently, confirmed by depiction of selected
cells (yellow boxes) as an orthogonal view onto the yz-axis (lower row of images in each panel). We
observed parasites surrounded by host cell cytoskeleton (white arrows) at all time points for BLaER1

cells (Figure 11A), GM-CSF-derived hMDMs (Figure 11B) and M-CSF-derived hMDMs (Figure 11C). This
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finding confirms that, notwithstanding their smaller cell size and cytoplasm size, BLaER1 cells are
susceptible to infection with L. major promastigotes and sustain the infection at every time point

tested in this work.
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A BLaER1

Figure 11: BLaER1 cells are susceptible to infection with L. major and able to sustain the infection.

(A to C) To confirm the presence of intracellular parasites, the z-stacks from figure 3 were analyzed using the Image)
software. The upper images in each panel shows a maximum projection of the stack. The yellow lines indicate the positions
on x-axis (vertical line) and y-axis (horizontal line) at which the orthogonal view was done. The yellow square highlights the
cell that is seen in the orthogonal view. The lower images in each panel shows the orthogonal view onto the yz-axis at the
indicated position. White arrows indicate parasites enclosed by cytoskeleton (green dye). (A), infected BLaER1 cells, (B),
infected GM-CSF-derived macrophages, (C), infected M-CSF-derived macrophages.
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4.1.3 Intracellular parasites cannot be identified in BLaER1 cells by histological staining, but can
be determined by fluorescence microscopy

Next, | intended to determine the infection rate and parasite burden of BLaER1 cells infected with
stationary-phase L. major by histological staining. For this, BLaER1 cells were infected with stationary-
phase L. major, stained with Diff-Quick staining kit and analyzed by transmission light microscopy. Due
to the smaller cell size and darker cytoplasm stain compared to hMDMs, parasites could not be
counted using this method (data not shown). Therefore, the parasite burden of infected BLaER1 cells
was analyzed using fluorescent dyes and an Operetta high-content microplate imager (Perkin-Elmer).
BLaER1 cells were infected with CFSE-labeled stationary-phase L. major, the cell membrane stained
with WGA-568 and subsequently analyzed by fluorescence microscopy. The analysis of 13,106 cells
showed an infection rate of 88.43 % + 9.32 % and an average parasite burden of 3.50 £ 1.11 parasite
per cell. On average, most infected cells harbored either two intracellular parasites (755 cells) or three
intracellular parasites (698) (Figure 12). While the abundance of cells with higher parasite burdens
decreased strongly with the number of parasites, BLaER1 cells with up to 19 intracellular parasites
(0.66 cells i.e., one cell in two out of three replicates) could be observed. This data shows that despite

their size, BLaER1 cells can sustain high parasite burdens.

parasite burden of
infected BLaER1 cells

1200+

1000

Count

0_
0 2 4 6 8 10 12 14 16 18

number of intracellular parasites

Figure 12: Determination of parasite burden of infected BLaER1 cells by high-throughput microscopy.

BLaER1 cells were infected with CFSE labeled, stationary-phase L. major DsRed parasites at MOI 10 for 2 h. Afterwards, the
membrane of BLaER1 cells was stained with wheat germ agglutinin (WGA-568) and cells were analyzed by automated
fluorescence microscopy. Infected cells and the number of intracellular parasites were determined using the CellProfiler
software. Graph shows a histogram of the determined parasite burdens. N=3. Graphs show mean values +SD.
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4.1.4 BLaER1 cells resemble hMDMs in both infection rate and parasite burden

After determining the parasite burden of BLaER1 cells, flow cytometry was used to investigate whether
tdBLaER1 cells are infected at a similar rate as M-CSF-derived hMDMs and GM-CSF-derived hMDMs.
For this, BLaER1 cells, M-CSF derived hMDMs and GM-CSF-derived hMDMs were infected with Alexa-
Fluor647-conjugated stationary-phase L. major and analyzed by flow cytometry (Figure 13). No
differences of infection rates were observed at 3 h p.i. and 24 h p.i.. However, at 96 h p.i., both M-CSF-
derived hMDMs and GM-CSF- derived hMDMs were infected at a significantly higher rate than BLaER1
cells. (78 % and 78 % vs. 22 %). Since this strong decrease in the infection rate occurred simultaneously
with an increase in cell numbers (data not shown) for BLaER1 cells, | suspected residual non-quiescent,
undifferentiated BLaER1 cells in the culture supernatant as reason for the proportional decrease of

infected cells.
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Figure 13: BLaER1 cells show a decreased infection rate at 96 h p.i.

BLaER1 cells, M-CSF-derived hMDMs and GM-CSF-derived hMDMs were infected with AlexaFluor647 labeled, stationary-
phase L. major parasites at MOI 10 for up to 96 h. Percentage of AlexaFluor647 positive cells as indicator for the uptake of
both viable and dead (total) parasites. N=3. Graphs show mean values +SD. Significance was determined by Two-Way-
ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Hence, the experiment was repeated with BLaER1 cells whose supernatant, containing
undifferentiated, non-adherent cells, had been discarded before harvesting and re-seeding for the
infection experiment. To test whether undifferentiated BLaER1 cells were part of the culture, BLaER1
cells were also immunostained for CD14. Additionally, since it has been shown previously [155] that
the apoptotic subset of parasites in their stationary-phase plays an important immunosuppressive role
for the L. major infection, the uptake of viable and total, i.e., viable, and dead parasites, was
distinguished by using Alexa-Fluor647-conujgated L. major DsRed-expressing parasites. As measured

by the percentage of Alexa-Fluor647-positive cells, no significant differences in the total uptake of
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parasites between BLaER1 cells and hMDMs was observed at 3 h and 24 h p.i., irrespective of gating
on all cells or only CD14* cells. At 3 h p.i. 56 % of BLaER1 cells were infected compared to 69 % and
78 % for GM-CSF-derived hMDMs and M-CSF-derived hMDMs, respectively (Figure 14A and B). At 24 h
p.i., 78 % of CD14* BLaER1 cells and 75 % of the total BLaER1 cells were infected compared to 72 % and
76 % for GM-CSF-derived hMDMs and M-CSF-derived hMDMs, respectively. At 96 h p.i. the infection
rate of CD14* BLaER1 cells was significantly increased compared to GM-CSF-derived hMDMs (98 % vs
69 %) but not in comparison to M-CSF-derived hMDM. In contrast, the infection rate of total BLaER1
cells was significantly decreased compared to M-CSF-derived hMDMs and GM-CSF derived hMDMs
(44 % vs. 74 % and 69 %, respectively). Interestingly, | did not observe any differences in the infection
rate of CD14* BLaER1 cells and either type of hMDM with only viable parasites, with infection rates of
12 %, 29 % and 54 % for CD14*BLaER1 cellsat 3 h, 24 hand 96 h p.i., respectively, compared to infection
rates of 17 %, 32 % and 35 %, respectively, for GM-CSF-derived hMDMs and 28 %, 37 % and 34 %,

respectively, for M-CSF-derived macrophages. (Figure 14C).
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Figure 14: BLaER1 cells show similar infection rate and parasite burden for both viable and dead parasites.

BLaER1 cells, M-CSF-derived macrophages and GM-CSF-derived macrophages were infected with AlexaFluor647 labeled,
stationary-phase L. major DsRed parasites at MOI 10 for up to 96 h. BLaER1 cells were additionally stained with CD14-PB to
exclude undifferentiated cells. (A) Percentage of AlexaFluor647+ cells as indicator for the uptake of both viable and dead
(total) parasites without a CD14 gate for BLaER1 cells. (B) Percentage of AlexaFluor647+ cells as indicator for the uptake of
both viable and dead (total) parasites with a CD14 gate for BLaER1 cells. (C) Percentage of DsRed* cells as indicator for the
uptake of viable parasites. (D) Comparison of the DsRed MFI of infected cells over time as a measure of the parasite burden.

N=3-4. Graphs show mean values +SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.

In order to determine whether BLaER1 cells support the transformation of L. major promastigotes to
the amastigote stage and their subsequent intracellular proliferation, | compared the DsRed mean
fluorescence intensity (MFI) of intracellular L. major parasites in CD14* BLaER1 cells, GM-CSF-derived
hMDMs, and M-CSF-derived hMDMs up to 96 h p.i. to the initial fluorescence intensity 3 h p.i.. A strong
and significant increase in the DsRed MFI was observed for cells infected with viable L. major DsRed-
expressing promastigotes after 96 h for CD14*BLaER1 cells (31,110 vs. 3,389), GM-CSF derived hMDMs
(36,997 vs 10,174) and M-CSF derived hMDMs (24,522 vs. 9,301) (Figure 14D). Taken together, these
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findings show that BLaER1 cells take up both viable and dead L. major parasites at the same rate as

hMDMs and support the intracellular proliferation of the parasite.

4.1.5 L. major promastigotes transform to amastigote form inside of BLaER1 cells

To further corroborate the intracellular transformation of L. major promastigotes to the amastigote
stage, | analyzed the expression of two proteins that are differentially expressed based on the life cycle
stage of the parasite: SHERP, which is expressed higher in promastigotes, and ABC transporter
homologue, which is expressed higher in amastigotes, by gPCR. The promastigote marker SHERP was
significantly downregulated for BLaER1 cells and M-CSF-derived hMDMs at 96 h p.i. (Figure 15A). While
a similar trend was clearly recognizable for GM-CSF-derived hMDMs, too, it did not reach the level of
significance. In BLaER1 cells, we found the amastigote marker ABC transporter homologue to be
significantly upregulated at 24 h and 96 h post infection, with the strongest expression at 24 h p.i.
(Figure 15B). For both M-CSF-derived hMDMs and GM-CSF-derived hMDMs, no significant
upregulation of ABC transporter homologue could be observed. Together with the flow cytometry data
from Figure 14C, the gPCR results provide strong evidence for a similar intracellular transformation of
L. major promastigotes to the amastigote stage and a subsequent intracellular proliferation in all three

tested cell types.
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Figure 15: BLaER1 cells support the transformation to the amastigote stage.

(A and B), BLaER1 cells, M-CSF-derived and GM-CSF-derived macrophages were infected with stationary-phase L. major
promastigotes at MOI 10 and incubated for up to 96 h. RNA was isolated at the indicated time points and reverse transcribed.
The resulting cDNA was used for gPCR to determine the expression of the life cycle specific proteins SHERP and ABC
transporter homologue. (A), expression level of the promastigote specific protein SHERP. (B), expression level of the
amastigote specific protein ABC transporter homologue. N=3. Graphs show mean values +SEM. Significance was determined
by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4.1.6 BLaER1 cells show a comparable cytokine response as hMDMs

Finally, | compared the secretion of TNF-a and IL-10 by BLaER1 or macrophages in response to an
infection with either logarithmic-phase L. major promastigotes or stationary-phase L. major, and used
LPS stimulation of uninfected host cells as a positive control. For TNF-a, a significantly increased
secretion was found in response to an infection with logarithmic-phase promastigotes, but not
stationary-phase promastigotes for M-CSF-derived hMDMs (1,467 pg/ml vs. 436 pg/ml in untreated
control) and GM-CSF-derived hMDMs (725 pg/ml vs. 170 pg/ml in untreated control) but not for
BLaER1 cells (Figure 16A). All three cell types responded to LPS stimulation with a strong and highly
significant increase in TNF- o secretion of 631 pg/ml for BLaER1 cells, 9106 pg/ml for GM-CSF-derived
hMDMs and 4735 pg/ml for M-CSF-derived hMDMis. Interestingly, the TNF-a secretion of BLaER1 cells
was about one order of magnitude lower than the secretion by hMDMs. For IL-10, a significantly
increased secretion in response to the infection with logarithmic- and stationary-phase promastigotes
was observed for M-CSF derived hMDMs (1,379 pg/ml and 483 pg/ml, respectively, vs. 48 pg/ml in
untreated control), but | did not observe any significant increase for BLaER1 cells of GM-CSF-derived
hMDM in response to either infection (Figure 16B). Similar to the TNF-a secretion, a strong and highly
significant increase in IL-10 secretion was found in response to LPS stimulation of 1188 pg/ml for

BLaER1 cells, 1,487 pg/ml for GM-CSF derived hMDMs and 5,754 pg/ml in M-CSF derived hMDM:s. In
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summary, BLaER1 cells display a comparable but overall lower cytokine secretion than both types of

hMDMs, with a stronger similarity to GM-CSF-derived hMDMs than to M-CSF-derived hMDMs.
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Figure 16: BLaER1 cells show a lower overall cytokine response.

(Aand B), BLaER1 cells, M-CSF-derived and GM-CSF-derived macrophages were infected with either logarithm-phase L. major
promastigotes or stationary-phase L. major promastigotes at MOI 5, or stimulated with 100 ng/ml LPS. After 24 h,
supernatant was collected and the concentration of TNF-a (A) and IL-10 (B) were determined by Sandwich-ELISA. N=7. Graphs
show mean values +SD. Dunnet’s multiple comparisons test. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4.2 Characterization of the human NLRP3 inflammasome activation in response to L. major

infection

The NLRP3 inflammasome plays an important role in the innate immunity against Leishmania ssp. in
murine macrophages, but the role in the human infection remains elusive due to species-specific
differences pertaining the NLRP3 inflammasome itself as well as downstream effector mechanisms.
Furthermore, mechanistic insights into the pathways, which lead to Leishmania-mediated NLRP3
inflammasome activation are lacking due to the limited possibilities of reverse genetic methods in
human macrophages. After establishing BLaER1 cells as a suitable model for the infection of human
hMDMs with L. major parasites, | used them to characterize the activation of the human NLRP3
inflammasome upon L. major infection. For this, | investigated whether L. major infection activates the
human NLRP3 inflammasome. Next, the dependence of inflammasome activation on phagocytosis-
mediated phagolysosomal ROS production and the presence of lipophosphoglycan (LPG) on the
parasite surface was investigated. Finally, the influence of inflammasome activation on parasite

restriction was analyzed.
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4.2.1 Infection with L. major promastigotes activates human NLRP3 inflammasome

First, | sought to investigate whether infection with L. major promastigotes leads to an activation of
the human NLRP3 inflammasome. To this end, | compared the inflammasome activation in BLaER1
cells, the inflammasome-incompetent BLaER1 Caspl1”- cells as well as the inflammasome-deficient
BLaER1 NLRP3” cells. All cells were stimulated with LPS or R848 to ensure a detectable IL-1B secretion
and to distinguish the compounded effects of alternative inflammasome activation and Leishmania
infection expected for LPS stimulated from the effect of Leishmania infection alone expected for R848
stimulated cells. Stimulated cells were subsequently infected with stationary-phase L. major DsRed.
Infection rate and parasite burden were analyzed by flow cytometric analysis, while NLRP3
inflammasome activation was assessed by IL-1B ELISA. At 3 h p.i., L. major infection led to a strong
increase in both LPS- and R848-stimulated BLaER1 cells (440 pg/ml and 190 pg/ml, respectively) (Figure
17A). This increase was NLRP3 inflammasome-specific, as it was not observed for BLaER1 Caspl”” or
BLaER1 NLRP3” cells. BLaER1, BLaER1 Caspl1”- or BLaER1 NLRP3” cells did not differ in infection rate
and parasite burden at 3 h p.i. (Figure 17C and Figure 17D). As expected, LPS stimulation of uninfected
BLaER1 cells led to an increase of the IL-1B secretion (229 pg/ml), which was not observed for R848-
stimulated cells (74 pg/ml). At 24 h p.i., a significantly increased IL-1pB secretion was only observed for
LPS-stimulated uninfected BLaER1 and BLaER1 Caspl” cells and for R848-stimulated uninfected
BLaER1 NLRP3” cells (Figure 17B).
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Figure 17: The human NLRP3 inflammasome is activated in response to L. major infection.

BLaER1, BLaER1 Casp17-and BLaER1 NLRP37- cells were primed with 200 ng/ml LPS or 500 nM R848 for 15 h and subsequently
infected with stationary-phase L. major DsRed parasites at MOI 10 for 3h (A, C and D) or 24 h (B, D and F). (A and B) IL-18
concentrations of supernatants collected 3 h (A) or 24 h (B) post infection determined by ELISA. (C-F) cells were harvested
and analysed by flow cytometry. (C and D) Share of DsRed* BLaER1, BLaER1 Casp1”- and BLaER1 NLRP3"- cells at 3 h (C) and
24 h (D) post infection. (E and F) MFI of DsRed* BLaER1, BLaER1 Casp1/- and BLaER1 NLRP3+- cells at 3 h (E) and 24 h (F) post
infection. N=4. Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01,

*%%<0,001, ****p<0.0001.

To further corroborate the NLRP3 inflammasome activation by L. major infection, | sought to measure

the activity of caspase-1 using the caspase-1 probe 660-YVAD-FMK. BLaER1 cells were stimulated with
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LPS for 3 h, followed by infection with stationary-phase L. major DsRed for 3h, or treatment with the
NLRP3 inflammasome-activating potassium ionophore nigericin for 30 min. Simultaneous with the
addition of nigericin, cells destined as negative control were treated with the pan-caspase-inhibitor
ZVAD to inhibit the inflammasome activation. Cells were analyzed by either flow cytometry of
fluorescence microscopy. The flow cytometric analysis showed that the relative fluorescence intensity
of 660-YVAD did not shift very strongly between the different treatments (Figure 18A). Notably, for
nigericin-treated BLaER1 cells the entire population shifted towards a higher fluorescence intensity,
while in infected BLaER1 cells the population only skewed towards a higher fluorescence intensity.
ZVAD treatment ablated the shift observed in nigericin treated BLaER1 cells, but did not affect the
skewing of infected BLaER1. The measured 660-YVAD MFI values of infected and nigericin treated
BLaER1 cells (2526 and 3015, respectively) increased compared to the unstimulated and ZVAD-
inhibited BLaER1 control condition (1660 and 1680, respectively). Interestingly, treatment with ZVAD
had no effect on the MFI value of infected BLaER1 cells, while it completely ablated caspase-1 activity
in nigericin-stimulated cells (Figure 18D). No pronounced differences were observed between

infection rates and parasite burdens, irrespective of treatment or cell type (Figure 18B and Figure 18C).
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Figure 18: L. major infection leads to increased caspase-1 activity in BLaER1 cells

BLaER1, BLaER1 Caspl”- and BLaER1 NLRP37- cells were primed with 200 ng/ml LPS for 3 h, followed by treatment with
nigericin for 30 min or infection with stationary-phase L. major DsRed at MOI 10 for 3 h. After 2.5 h of infection and
simultaneously with nigericin treatment 50 uM of pan-caspase-inhibitor ZVAD was added to all inhibited conditions. After
3 h of infection, cells were harvested, stained with 660-YVAD, and analyzed by flow cytometry. (A) overlaid histograms of
relative 660-YVAD fluorescence intensity for BLaER1, BLaER1 Casp17-and BLaER1 NLRP37- cells. (B) Share of infected BLaER1,
BLaER1 Caspl1”- and BLaER1 NLRP37- cells, ZVAD treated and unstained controls. (C) MFI of DsRed+ BLaER1, BLaER1 Caspl1”
and BLaER1 NLRP37 cells. (D) Caspase-1 activity BLaER1, BLaER1 Casp17-and BLaER1 NLRP3* cells.

Microscopic analysis showed that caspase-1 activity was considerably weaker in infected BLaER1 cells

(Figure 19A) than in nigericin treated cells (Figure 19B). Notably, the caspase-1 activity was strongest

in eGFP-negative/dead cells, indicating pyroptotic cell death (Figure 19B, upper panel, merge).
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Caspase-1 activity could be completely ablated by ZVAD treatment in nigericin treated cells (Figure
19B, lower panel). For infected cells, the observed caspase-1 activity was much lower than for nigericin
treated cells. Interestingly, caspase-1 activity in infected cells was observed in close proximity to the
intracellular parasites. In contrast to the flow cytometric analysis, ZVAD treatment seemed to ablate
the caspase-1 activity in infected BLaER1 cells Figure 19A, lower panel). Taken together this data
showed that L. major infection activates the human NLRP3 inflammasome. Since the analysis of
inflammasome activation with a caspase-1 probe was more effortful and less compatible with other
analyses, due to the occupation of fluorescence channels in both flow cytometric and microscopic
analyses, than the determination of the IL-1pB concentrations of supernatants, the latter method was

chosen in all further experiments.
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Figure 19: L. major infection leads to caspase-1 activity in BLaER1 cells

BLaER1, BLaER1 Casp1/- and BLaER1 NLRP3/- cells were seeded into a chamber slide, primed with 200 ng/ml LPS for 3 h,
followed by treatment with nigericin for 30 min or infection with stationary-phase L. major DsRed at MOI 10 for 3 h. After
2.5 h of infection and simultaneously with nigericin treatment 50 uM of pan-caspase-inhibitor ZVAD was added to all inhibited
conditions. After 3 h of infection, cells were harvested, stained with 660-YVAD, and analyzed by fluorescence microscopy.
Images show the 660-YVAD staining, eGFP signal, DsRed signal and a merge of all channels (from left to right) of cells infected
with L. major DsRed (A, upper panel), cells infected with L. major DsRed and inhibited with ZVAD (A, lower panel), cells treated
with LPS and nigericin (B, upper panel) or cells treated with LPS and nigericin and inhibited with ZVAD (B, lower panel). The
intensity values of the 660-YVAD channel were multiplied by two for better visualization. Caspase-1 activity in proximity to
intracellular L. major DsRed is indicated by white arrows.
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4.2.2 Activation of NLRP3 inflammasome is dependent on phagocytosis-mediated production
of ROS

To determine whether the activation of the human NLRP3 inflammasome by L. major infection was
dependent on the NADPH oxidase-mediated production of phagolysosomal ROS by the host cell upon
uptake of the parasite, one of the main NLRP3 activating pathways in the murine system, BLaER1 cells
were stimulated with LPS or R848, treated with the NADPH oxidase inhibitor DPI or left untreated and
were, subsequently, infected with Alexa-Fluor405-labeled stationary-phase L. major for 3 h. 30 min
before the end of the infection, cells were stained with fluorescent ROS probe DHE, which is specific
for superoxide and hydrogen peroxide. For LPS-stimulated cells, a significantly higher level of ROS was
detected in the infected BLaER1 cells (33 % of positive control) compared to the uninfected, stimulated
control (Figure 20A). This effect was specific to L. major infection, as it could also be observed in an
unstimulated, infected control (18 % of positive control) (Figure 20A) and in R848 stimulated cells
(26 % of positive control) (Figure 20C). Unexpectedly, treatment of cells with DPI lead to a high level
of ROS in uninfected LPS- (76 % of positive control) and R848-stimulated (72 % of positive control) cells
(Figure 20A and Figure 20C). Infection of DPl-treated, infected BLaER1 cells did not lead to an
additional increase in ROS level in either LPS stimulated (76 % of positive control) or R848-stimulated
(82 % of positive control) cells above the high background caused by DPI treatment alone. L. major
infection of LPS-stimulated cells lead to a strong and significant increase in IL-1B secretion compared
to the uninfected control (366 pg/ml vs. 223 pg/ml), but not in cells additionally treated with DPI
(147 pg/mlvs. 135 pg/ml) (Figure 20B). The same trend was observed for R848-stimulated BLaER1 cells
(273 pg/ml vs. 112 pg/ml for cells without DPI and 81 pg/ml vs. 58 pg/ml for DPI treated cells), even
though the level of significance was not reached (Figure 20D). Notably, DPI-treated cells showed a
significantly reduced infection rate for both LPS stimulated and R848 stimulated BLaER1 cells, when
compared with an infected non-DPI treated control (Figure 20E). Taken together, the inhibition of
infection-specific ROS in DPI-treated BLaER1 cells and the associated ablation of IL-1B secretion
showed a dependence of NLRP3 inflammasome activation on the production of ROS mediated by
parasite uptake, while the high ROS background caused by DPI treatment did not activate NLRP3

inflammasome.
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Figure 20: Phagocytosis-mediated ROS production is crucial for NLRP3 inflammasome activation by L. major

BLaER1 cells were primed with 200 ng/ml LPS (A and B) or 500 nM R848 (C and D) for 15 h, treated for 1 h with 50 uM DPI
and subsequently infected with Alexa-Fluor405 stationary-phase L. major parasites at MOI 10 for 3 h. After 2.5 h cells were
stained with 5 uM DHE. (B and D) IL-1B concentrations of supernatants of LPS primed (B) and R848 primed (D) cells were
collected at 3 h post infection. (A, C and E) cells were harvested and analyzed by flow cytometry. (A and C) MFI of DHE stained
cells primed with LPS (A) or R848 (C) normalized between an untreated negative control and a positive control of cells
stimulated with 1 mM menadione for 1 h. (E) Share of Alexa-Fluor405* BLaER1 cells. N=3-4. Graphs show mean values + SD.
Significance was determined by unpaired t-test. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

To elucidate the high level of ROS observed for DPI-treated cells, the experiment was repeated with
two alternative NADPH oxidase inhibitors, apocynin and NOX VII. As observed for DPI in the previous
experiment, the treatment with apocynin and NOX VIl led to a higher level of ROS that was significant
compared to cells stimulated with LPS or R848 (Figure 21A). Because fewer controls were used in the
flow cytometric analysis of this experiment, it could not be determined whether apocynin and NOX VII
ablated the infection-specific increase of ROS levels previously observed for DPI-treatment. Regarding
IL-1B, no significant differences in secretion could be observed irrespective of stimulus, infection, and

inhibitor. Notably, cells treated with apocynin or NOX VIl alone showed a trend towards a higher IL-1
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secretion compared to infected cells treated with apocynin or NOX VII (Figure 21B). This observation
was made irrespective of the used priming stimulus. To ensure comparability of the samples infected
with Leishmania, no differences in the infection rate could be observed (Figure 21C). This experiment

suggested that the high background level of ROS was not specific to a particular NADPH oxidase

inhibitor.
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Figure 21: High ROS signal is also observed for alternative NADPH oxidase inhibitors apocynin and NOX VII

BLaER1 cells were primed with 200 ng/ml LPS or 500 nM R848 for 15 h, treated for 1 h with 1 uM of apocynin or 50 ng/ml
NOX VII and subsequently infected with Alexa-Fluor405 stationary-phase L. major parasites at MOI 10 for 3 h. After 2.5 h
cells were stained with 5 uM DHE. (B) IL-1B concentrations of supernatants were collected at 3 h post infection. (A, C and
D) cells were harvested and analyzed by flow cytometry. (A) MFI of DHE stained cells normalized between an untreated
negative control and a positive control of cells stimulated with 1 mM menadione for 1 h. (C) Share of Alexa-Fluor405* BLaER1
cells. N=4. Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01,
#%%<0.001, ****p<0.0001.
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Next, to determine whether the high ROS background was caused by DMSO used to dissolve the
inhibitors, R848 stimulated cells were treated with different concentrations of DPI and NOX VII,
thereby, introducing different amounts of DMSO into the culture. R848 stimulated and NADPH oxidase
inhibitor-treated cells were subsequently infected with Alexa-Fluor405 labeled stationary-phase L.
major for 3 h. Treatment with high concentrations of DMSO alone (5 % and 10 %) served as a positive
control. Flow cytometric analysis of the ROS production showed that the concentration of the NADPH
oxidase inhibitors had a small and inconsistent effect on the observed ROS level (Figure 22A). While
reduction of the concentration lead to a decrease of ROS in NOX VII treated cells, it led to an increase
in DPI treated cells. Moreover, the treatment with DMSO alone did not only not increase the level of
ROS, but decreased ROS levels to -27 % for cells treated with 5 % of DMSO and -28 % for cells treated
with 10 % of DMSO, meaning that ROS levels of DMSO-treated BLaER1 cells were lower than the ROS
levels of untreated BLaER1 cells used for normalization. IL-1B secretion of NOX VII treated cells,
decreased with decreasing concentrations, while it remained constant for cells treated with different
concentrations of DPI (Figure 22B). Summing it up, while the first experiment provided strong evidence
that inhibition of phagocytosis-mediated ROS production leads to a reduction of NLRP3 inflammasome
activation despite the high background ROS level caused by DPI treatment, the follow-up experiments
with apocynin, NOX VII and DMSO controls failed to elucidate the high background signal caused by

NADPH oxidase inhibition.
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Figure 22: High ROS signal of NADPH oxidase inhibitors is independent of concentration, inhibitor or DMSO.

BLaER1 cells were primed with 500 nM R848 for 15 h, treated for 1 h with 125 ng/ml, 50 ng/ml, 25 ng/ml, or 12.5 ng/ml NOX
VII, or 2.5 uM, 1.25 uM, 612 nM or 25 nM of DPI (high to low indicated by grey gradient) or with high concentrations of
DMSO (5% or 10 %) and subsequently infected with Alexa-Fluor405 stationary-phase L. major parasites at MOI 10 for 3 h.
After 2.5 h cells were stained with 5 uM DHE. (B) IL-1B concentrations of supernatants were collected at 3 h post infection.
(A) cells were harvested and analyzed by flow cytometry. MFI of DHE stained cells normalized between an untreated negative
control and a positive control of cells stimulated with 1 mM menadione for 1 h. N=2. Graphs show mean values + SD.
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4.2.3 Generation of DsRed expressing L. major T7/Cas9 and L. major T7/Cas9 LPG17

After demonstrating the dependence of NLRP3 inflammasome activation on L. major-mediated ROS
production, | sought to investigate the second major NLRP3-activating pathway in the murine system,
the presence of LPG on the parasite surface. For this, a DsRed-expressing L. major strain with a knocked
out LPG1 gene, which has been previously reported to not express LPG on the cell surface [156], had

to be created.

4.2.3.4 Generation of L. major T7/Cas9 DsRed

In a first step, L. major T7/Cas9 DsRed was created, by integration of pLEXSY-DsRed-sat2.1 into the
18S-rRNA locus of L. major T7/Cas9. The plasmid was generated by Gibson assembly of a 6.3 kbp
fragment of the pLEXSY-sat2.1 vector and a DsRed sequence amplified from pSSU-DsRed-hyg. The
resulting pLEXSY-DsRed-sat2.1 plasmid was digested with Swal and the resulting 6.3 kbp fragment, was
introduced into logarithmic-phase L. major T7/Cas9 by electroporation. After subsequent limiting
dilution, DsRed expressing clones were identified by flow cytometry. Successful integration of DsRed
into the genome was confirmed by PCR with primers for the sat resistance cassette and the 3’-UTR of
the 18s-rRNA locus (SAT+SSU). Subsequent electrophoresis showed a band with a size of
approximately 2.5 kbp for all tested clones but not the wild type control, indicating that the DsRed
cassette integrated into the genome at the designated site. PCR with primers for 18s-rRNA locus
(SSU+SSU) showed a band with a size of approximately 1.5 kbp for all tested clones, indicating the
presence of intact 18s-rRNA loci in these strains. Unexpectedly, no 1.5 kbp band was visible for the
wild type control. All clones retained DsRed expression as determined by flow cytometry using non-

fluorescent L. major wild type parasites as control.

4.2.3.5 Generation of L. major T7/Cas9 DsRed LPG1”"

After generation of L. major T7/Cas9 DsRed, a L. major T7/Cas9 DsRed LPG17 strain was generated by
electroporation of logarithmic-phase L. major T7/Cas9 DsRed with two sgRNAs targeting the 5’ and 3’
end of the LPG1 gene and a blasticidin resistance cassette with homology flanks added by long primer
PCR. After antibiotic selection and two rounds of limiting dilution, L. major T7/Cas9 DsRed LPG1” single
clones were tested for the presence of the LPG1 gene and genomic integration of the blasticidin

resistance cassette by PCR with L. major T7/Cas9 DsRed parasites serving as negative control.
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PCR with primer pairs binding the LPG1 gene (5+6) or the LPG1 gene and its 3’-UTR showed band with
sizes of 1 kbp and 1.5 kbp, respectively, for the L. major T7/Cas9 DsRed (wt) but not for the clones A9
and F1 (Figure 23A), indicating the absence of the LPG1 gene in these clones. Additionally, a 1.5 kbp
sized band was observed for the primer pair binding the blasticidin resistance cassette and the 3'UTR
of the LPG1 gene (B+7) for both clones, confirming the integration of the resistance cassette into the

LPG1 locus. Both clones retained DsRed expression as determined by flow cytometry using non-

fluorescent L. major wild type parasites as control (Figure 23B).
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Figure 23: Generation of L. major T7/Cas9 DsRed LPG1-/-.

L. major T7/Cas9 DsRed were electroporated with a 5’-sgRNA targeting the LPG1 gene, a 3’-sgRNA targeting the LPG1 gene
and a linearized blasticidin or puromycin resistance cassette amplified from the pPT plasmids by long primer PCR to create
homology flanks. After recovery and two rounds of limiting dilution clones were tested for integration of the resistance
cassette by PCR and for retained DsRed expression by flow cytometry. (A) Colony PCR of selected clones from with primer
pair binding inside of the LPG1 gene (5+6), inside the LPG1 gene and downstream of the LPG1 gene (5+7), or inside of the

blasticidin resistance gene and downstream of the LPG1 gene (B+7). (B) Relative DsRed fluorescence of confirmed knockouts
from C.

4.2.4 Activation of the NLRP3 inflammasome is dependent on presence of LPG on the parasite
surface

After successful generation of L. major T7/Cas9 DsRed and L. major T7/Cas9 DsRed LPG17", the role of
parasite LPG on NLRP3 inflammasome activation was investigated. For this, BLaER1 cells, BLaER1
Casp1” cells and BLaER1 NLRP3” cells were stimulated with LPS (Figure 24A, C and E) or R848 (Figure
24B, D and F) and subsequently infected with stationary-phase L. major T7/Cas9 DsRed or L. major
T7/Cas9 DsRed LPG1”. Infection rate and parasite burden were analyzed by flow cytometric analysis,
while NLRP3 inflammasome activation was assessed by IL-1 ELISA. For LPS stimulated cells, infection

with L. major T7/Cas9 DsRed resulted in a strong and significant increase in IL-1B secretion compared
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to the uninfected control (702 pg/ml vs. 217 pg/ml) (Figure 24A). In contrast, IL-1B secretion did not
increase significantly in response to infection with L. major T7/Cas9 DsRed LPG17- (333 pg/ml). The
same observations were made for R848 stimulated cells, in which infection with L. major T7/Cas9
DsRed resulted in a significantly increased IL-1B secretion of 286 pg/ml compared to the uninfected
control (57 pg/ml) while to infection with L. major T7/Cas9 DsRed LPG17 did not increase IL-1B
secretion (102 pg/ml) (Figure 24B). NLRP3 inflammasome specificity was confirmed by the absence of
IL-1B secretion in BLaER1 Casp17-and BLaER1 NLRP3” cells irrespective of stimulus and parasite strain
(Figure 24A and B). Notably, an increased infection rate was observed for L. major T7/Cas9 DsRed
LPG1” infected BLaER1 and BLaER1 NLRP3”" cells compared to BLaER1 and BLaER1 NLRP3” cells
infected with L. major T7/Cas9 DsRed. Thus, the impaired NLRP3 inflammasome activation caused by
absence of LPG was not only independent of the infection rate, but also could not be rescued by the
higher infectivity of the knockout parasites. This was the case for both LPS stimulated (Figure 24C) and
R848 stimulated (Figure 24D) cells. No differences in parasite burden were observed between L. major
T7/Cas9 DsRed and L. major T7/Cas9 DsRed LPG1” for any tested cell type and stimulus (Figure 24E
and F). Summing it up, the drastic reduction of NLRP3-dependent IL-1p secretion in absence of LPG on

the parasite surface demonstrated the dependency of inflammasome activation on parasite LPG.
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Figure 24: Leishmania-mediated NLRP3 inflammasome activation is dependent on the presence of LPG on the surface of
the parasite.

BLaER1, BLaER1 Caspl-and BLaER1 NLRP3- cells were primed with 200 ng/ml LPS (A, C and E) or 500 nM R848 (B, D and F)
for 15 h and subsequently infected with stationary-phase L. major T7/Cas9 DsRed parasites or L. major T7/Cas9 DsRed LPG1-
parasites at MOI 10 for 3 h. (A and B) IL-1B concentrations of supernatants of LPS primed (A) and R848 primed (B) cells
determined by ELISA. (C-F) cells were harvested and analyzed by flow cytometry. (C and D) Share of LPS primed (C) and R848
primed (D) DsRed* BLaER1, BLaER1 Casp1”- and BLaER1 NLRP3-. (E and F) MFI of LPS primed (E) and R848 primed (F) DsRed*
BLaER1, BLaER1 Casp1/- and BLaER1 NLRP3" cells. N=3. Graphs show mean values + SD. Significance was determined by
Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.2.5 Generation of caspase-4 and caspase-5 knockouts in BLaER1 cells

After demonstrating that the presence of LPG on the parasite surface is crucial for Leishmania-
mediated NLRP3 inflammasome activation, | wondered whether this activation is facilitated by the
human orthologs of murine caspase-11, namely caspase-4 and caspase-5. To allow the investigation of
this hypothesis, BLaER1 CASP4”- and BLaER1 CASP5” cell lines were created by nucleofection of
udBLaER1 cells with ribonucleotide protein complexes (RNPs) consisting of a sgRNA targeting either
the CASP4 or the CASP5 gene and recombinant Cas9 protein. At 24 h post nucleofection (p.n.),
udBLaER1 cells nucleofected with pCAGGS-Redstar (plasmid) and or water (mock) were harvested and
analyzed by flow cytometry (Figure 25A-C). The gating strategy consisted of an FSC-A vs. SSC-A gate to
identify udBLaER1 cells, followed by a single cell gate and a viability gate based on eGFP expression
(Figure 25A). The overlayed histogram of the relative RedStar fluorescence of viable mock and plasmid
nucleofected cells (Figure 25B) showed high share of RedStar expressing cells (56 %), thus confirming
the successful nucleofection of udBLaER1 cells (Figure 25C). Seven days p.n. the nuclease activity of
the used RNPs was controlled by flow cytometric analysis of udBLaER1 cells nucleofected with an RNP
targeting eGFP, thereby confirming the successful complexion of the RNPs and activity of the Cas9
protein. The gating strategy was similar to the one used for to control the nucleofection efficiency, but
viability was determined by Pl exclusion to be independent of eGFP expression (Figure 25D). For the
nucleofected udBLaER1 eGFP” population (BLaER1 eGFP” pop) a strong decrease in eGFP* was
observed compared to the non-nucleofected udBLaER1 cells (13 % vs. 100 %), while the share of eGFP"
cells increased (30 %) compared to the clonal udBLaER1 eGFP” cells (BLaER1 eGFP"). Most of the cells

retained an intermediate expression of eGFP (Figure 25E).
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Figure 25: Flow cytometric analysis of nucleofection efficiency and functionality of RNPs.

BLaER1 cells were nucleofected with ribonucleoprotein complexes (RNPs) consisting of recombinant Cas9 protein and
sgRNAs targeting the CASP4 gene, CASP5 gene or the eGFP gene. Additionally, BLaER1 cells were nucleofected with a CAGGS-
RedStar plasmid to control the nucleofection process. After 24 h of recovery, plasmid-nucleofected BLaER1 cells were
harvested and analyzed by flow cytometry. At seven days post nucleofection, the functionality of the used RNPs was
assessed by flow cytometric analysis of the eGFP knockout efficiency. BLaER1 cells nucleofected with eGFP targeted RNPs
were harvested, stained with 500 ng/ml Pl and analyzed by flow cytometry. (A) BLaER1 population was identified in FSC-A
vs. SSC-A plot, followed by quality control gates for single cells and viability. Finally, RedStar positivity was determined by
gating against mock nucleofected cells. (B) Overlay of relative fluorescence histograms of mock and plasmid nucleofected
cells. (C) Share of RedStar* cells. (D) Gating strategy used to determine eGFP knockout efficiency. Population and single cells
were gated as described in A and viability was determined by Pl exclusion. GFP positivity and negativity were gated against
BLaER1 and BLaER1 eGFP- cells, respectively. The relative fluorescence values in between these controls were termed
intermediate. (E) Overlay of relative fluorescence histograms of BLaER1, BLaER1 eGFP”- and the BLaER1 eGPF/- population.
(F) Share of eGFP positive, eGFP negative and eGFP intermediate cells.
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After complexion and activity of the used RNPs had been validated, putative udBLaER1 Casp4”" and
udBLaER1 Casp5”" single clones were generated by limiting dilution, transdifferentiated, and tested by
Western blot for successful knockout of caspase-4 or caspase-5, respectively. Putative BLaER1 Casp4”",
clones (Figure 26A and B), were analyzed by SDS-PAGE. Loading of a sufficient amount of protein was
controlled by Coomassie staining (Figure 26A). On the western blot, a band of approximately 45 kDa
could be observed for 10 of the 12 clones (Figure 26B). This corresponds well to the molecular weight
of caspase-4 of 43 kDa (gene ID: ENSG00000196954.14; [157]). Therefore, knockout of caspase-4 was
considered to be successful for all clones that did not display a band with a size of approximately
45 kDa, despite sufficient protein loading. After confirmation of the Casp4 knockout, the efficiency of
two clones (C9 and C3) to be transdifferentiated into the macrophage-like phenotype was analyzed
flow cytometry. After transdifferentiation, both clones displayed a high expression of CD14 and CD11b

while losing CD19 expression almost entirely (Figure 26C).
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Figure 26: Confirmation of successful caspase-4 knockout in BLaER1 by western blot.

Single clones of BLaER1 cells nucleofected with CASP4 targeted RNPs were generated by limiting dilution,
transdifferentiated and the expression of caspase-4 analyzed by western blot and Coomassie staining as loading control.
(A) Coomassie stained gels of selected clones. (B) Western blots of selected clones (caspase-4 negative clones are
highlighted by pink box). (C) Flow cytometric analysis of two confirmed caspase-4 knockout.

As for Casp4 knockouts, putative BLaER1 Casp5”- clones), were analyzed by SDS-PAGE and Western
blotting. However, on the initial Western blots intense protein bands at the size of 45 kDa and 70 kDa
and several less intense ones were detected (data not shown). While the bands at approximately
45 kDa corresponds well to the predicted molecular weight of caspase-5 of 49 kDa (gene ID:
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ENSG00000196954.14 [157]), the observation of multiple bands without consistent differences in
intensity did not allow the unambiguous identification of BLaER1 Casp5”” clones. Therefore, all putative
BLaER1 Casp5” clones with no observed band at 45 kDa were analyzed again by western blot along
with BLaER1 wild type cells as positive control. Sufficient loading of protein was confirmed by
Coomassie staining (Figure 27A), while the western blot showed a very intense band at approximately
45 kDa for BLaER1 wild type cells, but not for any of the putative BLaER1 Casp57- (Figure 27B). As for
Casp4 knockouts, the knockout of Casp5 was considered to be successful for all clones without a visible

band with a size of approximately 45 kDa.
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Figure 27: Confirmation of successful caspase-5 knockout in BLaER1 by western blot.

BLaER1 cells and BLaER1 CASP57- clones were transdifferentiated and analyzed for caspase-5 expression by western blot
and Coomassie staining. (A) Coomassie stained gel. (B) western blot (caspase-5 negative clones are highlighted by pink
box)

4.2.6 Infection of BLaER1 Casp4” and BLaER1 Casp57 cells with L. major

After successful generation of BLaER1 Casp4”- and BLaER1 Casp5”" cell lines, the role of these cytosolic
sensor caspases on L. major-mediated NLRP3 inflammasome activation was investigated. For this,
BLaER1 cells, BLaER1 Casp4” cells and BLaER1 Casp5” cells were stimulated with LPS, followed by
aspiration of the supernatant and subsequent infection with stationary-phase L. major T7/Cas9 DsRed
or L. major T7/Cas9 DsRed LPG17" (Figure 28). The infection rate was analyzed by flow cytometric
analysis, while NLRP3 inflammasome activation was assessed by IL-1f3 ELISA. For LPS stimulated BLaER1
cells, BLaER1 Casp4” cells and BLaER1 Casp57- cells a significantly increased secretion of IL-1B was
observed (Figure 28A). Upon infection with L. major T7/Cas9 DsRed or L. major T7/Cas9 DsRed LPG17
no cell type showed a significant increase of IL-1B secretion. However, for BLaER1 cells a clear trend

towards an increase upon infection with L. major T7/Cas9 DsRed compared to LPS stimulated
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uninfected cells could be observed (103 pg/ml vs 66 pg/ml), while the IL-1B secretion upon infection
with L. major T7/Cas9 DsRed LPG1”- was less pronounced (74 pg/ml vs 66 pg/ml). Interestingly, the
same trend could be observed for BLaER1 Casp4”" cells (114 pg/ml vs 76 pg/ml and 84 pg/ml) and
BLaER1 Cas57 cells (132 pg/ml vs 93 pg/ml and 104 pg/ml vs 93 pg/ml). Notably, neither the knockout
of caspase-4 nor the knockout of caspase-5 reduced the IL-1p secretion upon L. major T7/Cas9 DsRed
infection to the levels of L. major T7/Cas9 DsRed LPG1” infected cells. This suggests a functional
redundancy of these caspases in human cell. Noteworthy, that discarding of the supernatant prior to
infection, led to an overall strongly decreased IL-1pB secretion, when the findings from this experiment
are compared to the results from Figure 24. Comparable to the previous experiments (Figure 24), the
infection rate of BLaER1 cells, BLaER1 Casp4” cells and BLaER1 Casp57- cells with L. major T7/Cas9
DsRed LPG17" parasites was significantly higher than the infection rate of L. major T7/Cas9 DsRed
infected cells (57 % vs. 41 % for BLaER1, 48 % vs. 33 % for BLaER1 Casp4”- and 54 % vs. 36 % for BLaER1
Casp57) (Figure 28B).
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Figure 28 Caspase-4 and caspase-5 have a redundant function of sensing L. major LPG.

BLaER1, BLaER1 CASP4/-and BLaER1 CASP5-cells were primed with 200 ng/ml LPS for 15 h and subsequently infected with
stationary-phase L. major T7/Cas9 DsRed parasites or L. major T7/Cas9 DsRed LPG1/- parasites at MOI 10 for 3 h. (A) IL-1B
concentrations of supernatants of LPS primed cells determined by ELISA. (B) Cells were harvested and analyzed by flow
cytometry. (B) Share of DsRed* BLaER1, BLaER1 CASP4/- and BLaER1 CASP57-. N=5. Graphs show mean values + SD.
Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4.2.7 The NLRP3 inflammasome is functional, but subject to high donor variation in hMDMs.

Next, | sought to determine whether experiments conducted with BLaER1 cells could be performed in
primary human cells using an inflammasome inhibitor instead of cell lines with knocked out
components of the NLRP3 inflammasome. For this GM-CSF and M-CSF derived hMDMs were
stimulated with LPS or R848, followed by treatment with the NLRP3 inflammasome inhibitor MCC950
and subsequent infection with stationary-phase L. major DsRed or treatment with nigericin. The
infection rate was analyzed by flow cytometry, while NLRP3 inflammasome activation was assessed by
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IL1-B secretion. No significant increase in IL1- secretion was observed except for nigericin treated
GM-CSF derived and M-CSF derived hMDMs, that were previously stimulated with LPS (3845 pg/ml
and 3684 pg/ml, respectively) (Figure 29A) or R848 (3354 pg/ml and 4712 pg/ml, respectively) (Figure
29B). It is particularly noteworthy that the range of this positive control was very large and ranged
from 145 pg/ml to 14,110 pg/ml for LPS stimulated GM-CSF hMDMs, 122 pg/ml to 8,721 pg/ml for LPS
stimulated M-CSF derived hMDMs, 269 pg/ml to 10,918 pg/ml for R848 stimulated GM-CSF-derived
hMDMs and 264 pg/ml to 13,589 pg/ml for R848 stimulated M-CSF-derived hMDMs. There was a clear
trend towards an increase of IL1-B secretion for infected LPS stimulated GM-CSF derived hMDMs and
R848 stimulated GM-CSF derived and M-CSF derived hMDMs. Furthermore, treatment with either
concentration of MCC950 resulted in a trend towards a lower IL1-B secretion, irrespective of cell type
and stimulus. MCC950 treatment did not result in any differences of the infection rate, but a
significantly higher infection rate was observed for M-CSF derived hMDMs compared to GM-CSF
derived hMDMs irrespective of stimulus (Figure 29C and D). Taken together, this data showed that
even though primary hMDMs are inflammasome competent, the NLRP3 activation is donor-dependent

and fluctuates strongly.
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Figure 29: The NLRP3 inflammasome is functional in hMDMs, but subject to high donor variation.

GM-CSF derived and M-CSF derived hMDMs were stimulated with 500 ng/ml LPS (A and C) or 1 uM R848 (B and D) for
4 h, followed by infection with stationary-phase L. major DsRed at MOI 10 for 3 h. IL-1B concentrations of supernatants
were determined by ELISA (A and B). Cells were harvested and analyzed by flow cytometry (C and D). (A and B) IL-1B
concentrations of supernatants from LPS stimulated (A) or R848 stimulated (B) GM-CSF derived and M-CSF derived
hMDM:s. (C and D) Share of DsRed* LPS stimulated (C) or R848 stimulated (D) GM-CSF derived and M-CSF derived hMDMs.
N=3. Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

4.2.8 NLRP3 inflammasome activation does not lead to parasite restriction in human host cells
After characterization of the signals which lead to Leishmania-mediated NLRP3 inflammasome
activation in human host cells, | investigated whether activation of the NLRP3 inflammasome leads to
parasite restriction as it has been reported for the murine system [128]. For this, BLaER1 cells, BLaER1
Casp1”” cells and BLaER1 NLRP3” cells were stimulated with LPS (Figure 30B, E and H), R848 (Figure
30C, F and 1) or were left unstimulated (Figure 30A, D and G) and were, subsequently infected with
stationary-phase L. major DsRed for up to 72 h. As in previous experiments, infection rate and parasite
burden were analyzed by flow cytometry, while NLRP3 inflammasome activation was assessed by IL-1p
ELISA. At 3 h p.i. L. major DsRed infection led to a strong increase of IL-1B in both LPS and R848
stimulated BLaER1 cells (459 pg/ml and 85 pg/ml, respectively) (Figure 30B and C) and to a small but
significant increase in unstimulated BLaER1 cells (21 pg/ml) (Figure 30A). At 24 h p.i. IL-1p secretion
was still significantly increased for unstimulated BLaER1 cells compared to BLaER1 Casp1”” cells but

not compared to BLaER1 NLRP3” cells. All observed increases in IL-1B were NLRP3 inflammasome
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specific, as they were not observed for BLaER1 Casp1”- or BLaER1 NLRP3” cells irrespective of infection

or stimulus.
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Figure 30: Activation of the NLRP3 inflammasome does not lead to parasite restriction.

BLaER1, BLaER1 Casp1”-and BLaER1 NLRP3"- cells were stimulated with 200 ng/ml LPS (B, E and H), 500 nM R848 (C, F and )
or left untreated (A, D and G) for 15 h and subsequently infected with stationary-phase L. major DsRed parasites at MOI 10
for up to 96 h. (A-C) IL-1B concentrations of supernatants collected between 3 h and 72 h post infection determined by ELISA.
(D-1) cells were harvested and analyzed by flow cytometry. (D-F) Share of DsRed* BLaER1, BLaER1 Casp1/-and BLaER1 NLRP3/-
cells between 3 h and 72 h post infection. (G-1) MFI of DsRed* BLaER1, BLaER1 Casp1”-and BLaER1 NLRP3/-cells between 3 h
and 72 h post infection. N=4. Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Neither LPS stimulated nor R848 stimulated infected BLaER1 cells showed a reduction of the infection
rate (Figure 30D, E and F) or the parasite burden (Figure 30G, H and |) compared to either BLaER1
Casp1” or BLaER1 NLRP3” cells. The infection rate decreased over time for all used stimuli. For LPS-
stimulated cells, the infection rate decreased from 29% at 3 h p.i. to 18 % at 72 h p.i. for BLaER1 cells,
from 29 % at 3 h p.i. to 20 % at 72 h p.i. for BLaER1 Casp1” and from 33% at 3 h p.i. to 22 % at 72 h p.i.
for BLaER1 NLRP3”" (Figure 30E). For R848 stimulated cells the infection rate decreased from 27 % at

3 hp.i.to 11 % at 72 h p.i. for BLaER1 cells, from 24 % at 3 h p.i. to 12 % at 72 h p.i. for BLaER1 Casp1”
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and from 27% at 3 h p.i. to 18 % at 72 h p.i. for BLaER1 NLRP3” (Figure 30F). Finally, for unstimulated
cells the infection rate decreased from 33% at 3 h p.i. to 24 % at 72 h p.i. for BLaER1 cells and from
31% at 3 h p.i. to 13 % at 72 h p.i. for BLaER1 Caspl”. Interestingly, the infection rate of BLaER1
NLRP3” increased from 29% at 3 h p.i. to 35 % at 72 h p.i. and reached the level of significance in
comparison to BLaER1 Caspl” but not compared to BLaER1 (Figure 30D). In contrast to the infection
rate the parasite burden increased over time for all tested stimuli. In LPS stimulated cells mean DsRed
MFI increased from 2,381 at 3 h p.i. to 5,134 at 72 h p.i. for BLaER1, from 2,388 to 6,151 in BLaER1
Casp1”- and from 2,370 to 5,937 in BLaER1 NLRP3”" (Figure 30H). In R848 stimulated cells mean DsRed
MFI increased from 2,351 at 3 h p.i. to 4,799 at 72 h p.i. for BLaER1, from 2,048 to 6,592 in BLaER1
Casp1”- and from 2,047 to 6,227 in BLaER1 NLRP3”" (Figure 30l). Lastly, for unstimulated cells mean
DsRed MFI increased from 2,350 at 3 h p.i. to 5,544 at 72 h p.i. for BLaER1, from 2,321 to 7,262 in
BLaER1 Casp1”- and from 2,258 to 6,800 in BLaER1 NLRP3”- (Figure 30G). Taken together, this data
demonstrates that neither prolonged low-level secretion of IL-1B observed for unstimulated, infected
BLaER1 cells of the NLRP3 inflammasome nor strong high-level secretion of IL-1p observed for primed,

infected BLaER1 cells resulted in any reduction of parasite burden or infection rate of human host cells.

4.2.9 Pro-inflammatory polarization of BLaER1 cells does not enhance leishmanicidal activity

After showing that, unlike in the murine system, IL-1p does not cause enhanced leishmanicidal activity
in an autocrine manner in human host cells, | investigated whether BLaER1 cells could be pro-
inflammatorily polarized by alternative stimuli. For this, BLaER1 cells were treated with LPS+IFN-y, IFN-
vy alone or were left unstimulated and were subsequently infected with either Alexa-Fluor405-
conjugated stationary-phase L. major to measure ROS production - due to the spectral overlap of
DsRed and DHE, or stationary-phase L. major DsRed to analyze infection rate and parasite burden.
Additionally, CD86 expression and IL-12 secretion were analyzed by flow cytometry and ELISA,
respectively, to explore their suitability as markers of pro-inflammatory polarization. ROS production,
determined by DHE staining, in Leishmania-infected BLaER1 cells was significantly increased in IFN-y-
polarized cells (78 % of positive menadione-treated control) compared to the unactivated control
(60 % of positive menadione-treated control) (Figure 31A). The ROS production upon Leishmania
infection of LPS+IFN-y polarized cells was not significantly increased compared to the unactivated
control, although a trend could be recognized. Increased ROS production did not result in lower
infection rate (Figure 31B) or parasite burden (Figure 31C), regardless of the stimulus chosen for
polarization. While almost all BLaER1 cells, irrespective of activation state, were positive for CD86 (data

not shown), no significant increase in the expression level could be observed for either LPS+IFN-y
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polarized BLaER1 cells or IFN-y polarized BLaER1 compared to the unactivated control (Figure 31D).
IL-12 could not be detected in the supernatant of uninfected or infected cells at 3 h p.i. nor at 24 h pi.i.,
irrespective of the activation state of the BLaER1 cells (Figure 31F). In summary, pro-inflammatory
polarization of BLaER1 cells did increase the activation of the antimicrobial effector mechanism ROS.
This led to a clear trend towards reduced infection rates and parasite burdens, although the level of
significance was not reached at 24 h p.i.. Expression of the co-stimulatory protein B7.2 (CD86) and
IL-12 secretion were ruled out as indicators of pro-inflammatory activation, because increases in CD86
expression remained insignificant and no secretion of IL-12 could be detected, irrespective of infection

and activation state.
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Figure 31: Pro-inflammatory polarization of BLaER1 cells does not lead to leishmanicidal activity

(A) BLaER1 cells were polarized by stimulation with a combination of 10 ng/ml LPS and 50 ng/ml IFN-y, 50 ng/ml IFN-y alone
or left untreated for 24 h and subsequently infected with Alexa-Fluor405 labeled stationary-phase L. major at MOI 10. At
23.5 h post infection cells were stained with 5 uM DHE for 30 min, harvested and analyzed by flow cytometry. MFI of DHE
stained cells normalized between an untreated negative control and a positive control of cells stimulated with 1 mM
menadione for 1 h. (B and C) unstimulated and polarized BLaER1 cells were infected with stationary-phase L. major DsRed
at MOI 10 for 24 h. Cells were then harvested and analyzed by flow cytometry. (B) Share of DsRed* BLaER1 cells. (C) MFI of
DsRed* BLaER1 cells. (D) Unstimulated and polarized BLaER1 cells were incubated for 24 h, stained with CD86-APC antibody
and analyzed by flow cytometry. MFI values of CD86* BLaER1 cells compared to an unstained control. (E and F) Supernatants
of unstimulated and polarized BLaER1 cells were collected for ELISA at 3 h (E) and 24 h (F) post infection and the IL-12
concentration determined by ELISA. N=4 (A-D), N=2 (E) or N=1 (F). Graphs show mean values + SD. Significance was
determined by unpaired t-test. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

To investigate whether the absence of IL-12 secretion in BLaER1 cells was due to their stimulation with
M-CSF during the transdifferentiation procedure, BLaER1 cells were transdifferentiated with GM-CSF
instead of M-CSF. The resulting cells were termed GM-BLaER1. GM-BLaER1 cells were polarized with
IFN-y or left untreated and subsequently infected with stationary-phase L. major DsRed for 24 h. The
infection rate of GM-BLaER1 cells did not differ from the infection rate observed for BLaER1 cells
transdifferentiated with M-CSF determined in the previous experiment, with an infection rate of 32 %

for unactivated GM-BIaER1s and 34 % for IFN-y-treated GM-BLaER1 cells (Figure 32A). These values
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closely resemble the infection rates observed for M-CSF-differentiated BLaER1 of 36 % for unactivated
BLaER1 cells and 32 % for IFN-y-stimulated BLaER1 cells, determined in the previous experiment
(Figure 31A). The same was observed for the parasite burden, with a relative fluorescence intensity of
1,310 for unactivated infected GM-BIaER1 cells and 1,512 for IFN-y stimulated GM-BLaER1 cells (Figure
32B). These values corresponded well to the relative fluorescence intensities observed for M-CSF-
differentiated BLaER1 cells from the previous experiment of 1,791 for unactivated BLaER1 cells and
compared to 1,731 for IFN-y stimulated BLaER1 cells (Figure 31B). However, transdifferentiation with
GM-CSF did not lead to any detectable secretion of IL-12, demonstrating that treatment with M-CSF
during the transdifferentiation process is not the cause of absent IL-12 secretion after pro-

inflammatory polarization of BLaER1 cells.
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Figure 32: Transdifferentiation of BLaER1 with GM-CSF does not lead to IL-12 secretion.

BLaER1 cells were transdifferentiated with a combination of 10 ng/ml IL-3, 200 nM B-estradiol and 20 ng/ml of GM-CSF
instead of 10 ng/ml M-CSF for seven days. Afterwards, cells were polarized with 50 ng/ml IFN-y for 24h or left untreated.
Cells were subsequently infected with stationary-phase L. major DsRed at MOI 10 for 3h. Supernatants were collected for
ELISA and the cells harvested and analyzed by flow cytometry. (A) Share of DsRed* BLaER1 cells. (B) MFI of DsRed* BLaER1
cells. (C) IL-12 concentrations of supernatants from unstimulated and polarized BlaER1 cells determined by ELISA. N=1
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4.2.10 L. major infection does not lead to upregulation of iNOS in BLaER1 cells or hMDMs

In murine infection models of cutaneous leishmaniasis, NO production mediated by iNOS upon
infection is associated with strong parasite restriction and fast resolution of the disease
[19,59,61,68,69]. To confirm that neither BLaER1 cells nor hMDMs responded to L. major infection
with an upregulation of iNOS, the relative iNOS expression of BLaER1 cells, GM-CSF-derived hMDMs
and M-CSF-derived hMDMs infected with stationary-phase L. major parasites was analyzed by gPCR at
3 h and 24 h p.i.. Uninfected cells were used as a negative control (Figure 33). Since to this date no
experimental treatment has been described that leads to a pronounced upregulation of iINOS in human
cells, gPCR primers were designed to bind both the murine and human iNOS mRNA sequence and
tested with cDNA murine bone-marrow-derived macrophages treated with a combination of LPS
(500 ng/ml) and IFN-y (50 ng/ml) (Appendix A). No significant differences in the expression of iNOS
were observed irrespective of cell type and time point (Figure 33). A slight trend towards a small
reduction in the iNOS expression was observed for GM-CSF-derived hMDMs at 3 h p.i.. In summary,
gPCR analysis confirmed that neither BLaER1 cells nor either type of hMDM upregulated iNOS upon L.

major infection.
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Figure 33: L. major infection does not induce upregulation of iNOS in BLaER1, GM-CSF-derived or M-CSF-derived
macrophages.

BLaER1 cells, M-CSF-derived and GM-CSF-derived macrophages were infected with stationary-phase L. major promastigotes
at MOI 10 for 3 h(3h), 24 h (24h) or left untreated (Ul). RNA was isolated at the indicated time points and reverse transcribed.
The resulting cDNA was used for qPCR to determine the expression of the phagolysosomal NO-producing enzyme iNOS. N=3.
Graphs show mean values +SEM. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.
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4.2.11 Nitric oxide treatment of infected BLaER1 cells leads to parasite restriction.

After neither NLRP3 inflammasome activation nor pro-inflammatory activation of BLaER1 cells resulted
in significant leishmanicidal activity, | investigated whether treatment of infected BLaER1 cells with
NO, a hallmark of the innate immunity of mice, could exert a restrictive effect on intracellular parasites.
In a first step, the effect of several NO-generating compounds on the parasite burden of infected
BLaER1 cells was determined by flow cytometric analysis. For this, BLaER1 cells were infected with
stationary-phase L. major DsRed for up to 24 h and treated with different concentrations of DEA-
NONOate (Figure 34A and D), SNAP (Figure 34B and E) or SNI-1 (Figure 34C and F) either 18.5 h (Figure
34D-F) or 4.5 h before analysis (Figure 34A-C). A reduction of the parasite burden was observed for all
compounds, time points and concentrations, except for the treatment of BLaER1 cells with 10 uM of
SNAP at 4.5 h before analysis and treatment with 10 uM of DEA-NONOate at 4.5 h before analysis. The
strongest reduction of parasite burden was observed for SNI-1 at 80 uM after 4.5 h. Furthermore,
reductions of parasite burden were more pronounced when the compound was added 4.5 h before
analysis compared to 18.5 h before analysis. This finding underlined the short half-life of NO of
approximately 30 min, as stated by the manufacturer, and it pointed towards a recovery of treated
parasites few hours after treatment. Therefore, NO generating compounds were repeatedly added
over time in all further experiments. Since 80 uM of SNI-1 showed the strongest reduction of parasite
burden in this preliminary experiment, this compound and concentration were chosen for all further

experiments protocols.
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Figure 34: The nitric oxide generating compound SNI-1 causes a strong reduction in parasite burden at concentration of
80 uM.

BLaER1 cells were infected with stationary-phase L. major DsRed at MOI of 10 for 24 h and treated with nitric oxide
generating compounds SNI-1 (C and F), DEA-NONOate (A and D) or SNAP (B and E) at concentrations of 10 uM, 20 uM, 40 uM
or 80 uM at 5.5 h p.i. (18.5 h incubation with compound) (D, E and F) or at 19.5 h p.i. (4.5 h incubation with compound) (A,
B and C). Cells were harvested and the parasite burden measured by DsRed MFI was analyzed by flow cytometry. N=1.

Next, the successful generation of NO from compounds was validated by measurement of the final
reaction products of NO, NO, and NOs by Griess reaction. Because the RPMI-based BM used to
cultivate BLaER1 cells contained high levels of NOs™ (Figure 35A) a transdifferentiation protocol, which
allowed generation of tdBLaER1 cells cultured in DMEM-based BM (BM-DMEM) with low NOs
concentrations (Figure 35A). For this, three different transdifferentiation protocols for the change
from BM to BM-DMEM were tested. (I): The transdifferentiation in BM-DMEM, (l1): The substitution of
BM with BM-DMEM from the second medium change onward and (lll): The transdifferentiation in BM
followed by cell harvest in BM-DMEM. BLaER1 cells transdifferentiated with either of these protocols
were infected with stationary-phase L. major DsRed for up to 24 h and treated at 3 h p.i. and 18.5 h
p.i. with 80 uM of SNI-1. All transdifferentiation protocols successfully generated tdBLaER1 cells, which
did not differ in infection rate and parasite burden (Figure 35B-G). Baseline-corrected NOy
concentrations showed little to no NOy for untreated or L. major infected cells, but increased by
approximately 50 uM for each addition of 80 uM of SNI-1 (Figure 35H and 1). Measured NOy

concentrations did not differ between samples that were filtered through a 10 kDa MWCO filter (Figure
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35H) as recommended by the manufacturer of the Griess assay, and those used unfiltered (Figure 35I).
Therefore, this step was omitted in all further Griess reactions. Since no differences in infection rate,
parasite burden or NO;™ concentration were observed between the different transdifferentiation, the

least effortful protocol, which is medium change to BM-DMEM upon cell harvest, was chosen for all

further experiments.
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Figure 35: Functionality of SNI-1 was confirmed by successful measurement of NO reaction products in cell culture

supernatants.

BLaER1 cells were transdifferentiated either in BM-DMEM (A and D), in BM and cultured in BM-DMEM from the second
medium change onward (B and E), or transdifferentiated in BM and harvested in BM-DMEM (C and F). Cells were infected
with stationary-phase L. major DsRed at MOI of 10 for 24 h and treated with 80 uM of SNI-1 at 3 h p.i. and 18.5 h p.i..
Supernatants were collected, filtered with a 10 kDA MWCO filter (G) or not filtered (H) and used for determination of NOy
and NOs™ by Griess reaction (G and H). Medium controls of BM and BM-DMEM were analyzed by Griess reaction (I). Cells
were harvested and analyzed by flow cytometry (A-F). (A-C) Infection rates of BLaER1 cells transdifferentiated in BM-DMEM
(A), with added BM-DMEM from second medium change onward (B) or harvested in BM-DMEM (C). MFI of DsRed* BLaER1
cells transdifferentiated in BM-DMEM (D), with added BM-DMEM from second medium change onward (E) or harvested in

BM-DMEM (F).
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To investigate the effect of NO treatment on intracellular parasites over a longer period, BLaER1 cells
were infected with stationary-phase L. major DsRed for up to 72 h and treated with the NO generating
compound SNI-1 for up to four times. Flow cytometric analysis of infected cells revealed a significant
reduction of the parasite burden, determined by DsRed MFI of infected cells, as early as 24 h p.i. (3,583
vs. 4,690) (Figure 36A). This reduction was also observed at 48 h (4,915 vs. 7,435) and 72 h p.i. (5619
vs. 10,275), even though no fresh SNI-1 was added to the 2xNO condition after the second addition at
18.5 h post infection. The parasite burden of cells treated thrice with SNI-1 (3xNO) was significantly
reduced at 48 h p.i. (4,808 vs. 7,435). This reduction was also observed at 72 h p.i. (5726 vs. 10,275)
without the addition of fresh SNI-1. Finally, the parasite burden of cells treated quadruply with SNI-1
was significantly reduced at 72 h p.i. (5,073 vs 10,275). In contrast to the parasite burden, flow
cytometric analysis did not show any reduction of the infection rate, regardless of time point and
number of SNI-1 treatments (Figure 36B). To validate the successful generation of NO from SNI-1,
supernatants of infected cells were collected and analyzed by Griess reaction. Little to no NO, was
detected in the supernatants of uninfected and infected but untreated BLaER1 cells (Figure 36C).
Similarly, to the preliminary experiment, each addition of SNI-1 increased the nitrite concentration of
the supernatant by approximately 50 uM, which remained constant over time unless further SNI-1 was
added. In summary, this data shows that treatment of cells with NO strongly reduces the parasite

burden in human host cells.
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Figure 36: Nitric oxide treatment of infected BLaER1 cells reduces the parasite burden.

BLaER1 cells were infected with stationary-phase L. major DsRed at MOI of 10 for up to 72 h. Cells were either left untreated
or treated with 80 uM of NO generating compound SNI-1 for up to four times over the course of the infection. SNI-1 was
added at 3 h post infection (1x SNI-1), at 3 h and 18.5 h post infection (2x SNI-1), at 3 h, 18.5 h and 42.5 h post infection (3x
SNI-1) or at 3 h, 18.5 h, 42.5 h and 66.5 h post infection (4x SNI-1). At the indicated time points cells were harvested and
analyzed by flow cytometry (B and C) and the supernatants were collected for Griess assay (A). (A) Nitrite concentration of
supernatants determined by Griess assay. (B) MFI of DsRed* BLaER1 cells. (C) Share of DsRed* BLaER1 cells. N=3. Graphs
show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

To confirm that NO also reduces the parasite burden in primary human host cells, | repeated the
previous experiment in hMDMs. GM-CSF-derived and M-CSF-derived hMDMs were infected with
stationary-phase L. major DsRed for up to 48 h and treated with SNI-1 for up to three times. For GM-
CSF derived hMDMs (Figure 37A-C), a significant reduction of the parasite burden, determined by
DsRed MFI of infected cells, was observed after 24 h p.i. for cells treated twice with SNI-1 compared
to the untreated control (3,561 vs. 4,651). While there was a strong trend towards a prolonged
reduction at 48 h p.i. (9,459 vs. 13,071), it did not reach the level of significance at this time point.
Similar to the BLaER1 cells, no differences of the infection rate, regardless of time point and number

of SNI-1 treatments, were observed for GM-CSF derived hMDMs, although a trend towards an increase
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of the infection rate over time can be noticed (Figure 37B). Finally, just like for BLaER1 cells, no nitrite
was detected in the supernatants of uninfected, or infected, GM-CSF-derived hMDMs, while each
addition of SNI-1 increased the concentration by approximately 50 uM (Figure 37C). For M-CSF-derived
hMDMs, no reduction of parasite burden was observed, irrespective of time point and number of SNI-1
treatments (Figure 37D). Notably, the parasite burden at 48 h p.i. was considerably lower for untreated
M-CSF derived hMDMs (6,440) compared to GM-CSF derived hMDMs (13,070). In contrast to GM-CSF
derived hMDMs, the infection rate of M-CSF derived hMDMs increased significantly at 48 h p.i. after
two and three treatments with SNI-1 (54 % and 53 %, respectively, compared to 37 % in the untreated
control) (Figure 37E). In accordance with GM-CSF derived hMDMs and BLaER1 cells, no nitrite was
detected in the supernatants of uninfected and infected but untreated M-CSF derived hMDMs, while
each addition of SNI-1 increased the concentration by approximately 50 uM (Figure 37F). Taken
together, these experiments show that while neither BLaER1 cells nor hMDMs produce NO in response
to Leishmania infection, introduction of NO into the supernatant by SNI-1 treatment of infected cells
has a restrictive effect on intracellular parasites in BLaER1 cells and GM-CSF derived hMDMs but not

M-CSF derived hMDMs.
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Figure 37: Nitric oxide treatment reduces the parasite burden in GM-CSF derived hMDMs but not M-CSF derived hMDMs.
GM-CSF derived hMDMs (A-C) or M-CSF derived hMDMs (D-F) were infected with stationary-phase L. major DsRed at MOI
of 10 for up to 48 h. Cells were either left untreated or treated with 80 uM of NO generating compound SNI-1 for up to three
times over the course of the infection. SNI-1 was added at 3 h post infection (1x SNI-1), at 3 h and 18.5 h post infection (2x
SNI-1) or at 3 h, 18.5 h and 42.5 h post infection (3x SNI-1). At the indicated time points cells were harvested and analyzed
by flow cytometry (A, B, D, E) and the supernatants were collected for Griess assay (A and D). (A and D) Nitrite concentration
of supernatants of GM-CSF derived hMDMs (A) or M-CSF derived hMDMs (D) determined by Griess assay. (B and E) Share
of DsRed* GM-CSF derived hMDMs (B) or M-CSF derived hMDMs (E). (C and F) MFI of DsRed* GM-CSF derived hMDMs (C)
or M-CSF derived hMDMs (F). N=3. Graphs show mean values + SD. Significance was determined by unpaired t-test. * p<0.05,
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4.3 Pyroptosis as a mechanism of parasite spread to new host cells.

So far, | could demonstrate that L. major activates the human NLRP3 inflammasome through both
described main activating pathways, NADPH mediated ROS production induced by parasite uptake and
LPG independent activation by cytosolic caspases. However, there was no leishmanicidal effect
detected upon inflammasome activation in infected cells. As NLRP3 inflammasome activation is known
to promote the pyroptosis, | wanted to elucidate whether this form of programmed cell death can
function as a mechanism to induce and allow parasite spread to new host cells. In order to address this
question, a BLaER1 cell line with a knockout of the pore-forming gasdermin D protein was tested for
resistance to pyroptosis in comparison with BLaER1 wild type cells. Next, the time of pyroptosis-
mediated parasite release was determined by live-cell imaging for BLaER1 and BlaER1 GSDMD”".
Finally, parasite spread was analyzed regarding the number of extracellular parasites and the rate of

secondary infections.

4.3.1 BLaER1 GSDMD~” cells are more resistant to pyroptosis than BLaER1 wild type cells.

To elucidate the role of pyroptosis in the cell-to-cell spread of L. major parasites, first, a BLaER1
knockout, which is highly refractory to pyroptosis had to be found. | hypothesized that a knockout of
the pore-forming protein gasdermin D would have this property. To test this hypothesis, BLaER1 and
BLaER1 GSDMD” cells were stimulated with LPS, followed by induction of pyroptosis by nigericin
treatment. Pyroptotic cell death was determined by flow cytometric analysis of cell viability by eGFP
expression and of phosphatidylserine (PS) accessibility measured by annexin V binding. The level of
pyroptotic cell death was assessed by quantifying the secreted IL-1 by ELISA. For BLaER1 cells, a strong
and significant reduction of eGFP expression compared to BLaER1 GSDMD” cells was observed for all
nigericin treated samples, but not for untreated and only LPS treated samples (Figure 38A).
Additionally, BLaER1 cells showed a significantly larger share of annexin V* BLaER1 cells after 10 min,
30 min and 120 min of nigericin treatment (Figure 38B). Interestingly, there was a higher level of
annexin V positivity for BLaER1 GSDMD™" cells compared to BLaER1 cells after 240 min of nigericin
treatment (Figure 38C), indicating a higher accessibility of PS. The secretion of IL-1B was significantly
increased for BLaER1 cells compared to BLaER1 GSDMD”" cells in LPS stimulated samples (1019 pg/ml
vs. 91 pg/ml) and samples treated with nigericin for 10 min, 30 min and 120 min (2280 pg/ml vs. 159
pg/ml, 7271 pg/ml vs. 189 pg/ml and 7949 pg/ml vs. 694 pg/ml, respectively). In summary, this data
demonstrates a higher resistance of BLaER1 GSDMD”" cells to pyroptotic cell death compared to
BLaER1 cells (Figure 38D).
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Figure 38: BLaER1 GSDMD-/- cells are more resistant to pyroptosis than BLaER1 wild type cells

BLaER1 and BLaER1 GSDMD- cells were stimulated with 200 ng/ml LPS for 3.75 h before pyroptosis was induced by treatment
with 4 uM nigericin for up to 4 h (time of nigericin treatment in minutes is indicated below graphs). Cells were harvested,
stained with Sytox blue viability stain and Alexa-Fluor647 conjugated annexin V and analyzed by flow cytometry. Supernatants
were collected and analyzed by ELISA. (A) MFI of eGFP expressed by BLaER1 and BLaER1 GSDMD”- cells. (B) IL-1B
concentration of supernatants as determined by ELISA. (C) Share of annexin V* cells. (D) MFI of annexin V* stained BLaER1
and BLaER1 GSDMD- cells. N=5. Graphs show mean values + SD. Significance was determined by multiple Mann-Whitney
tests (B) or Two-Way-ANOVA (A, C and D). * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4.3.2 Resistance to pyroptosis leads to delayed release of intracellular parasites

After confirming that BLaER1 GSDMD”" cells were refractory to pyroptosis, | sought to determine if this
would be associated with a delayed release of intracellular parasites from infected cells. Therefore,
BLaER1 and BLaER1 GSDMD?- were infected with stationary-phase L. major DsRed. At 24h p.i. cells
were stimulated with LPS, followed by induction of pyroptosis by nigericin treatment. Immediately
after addition of nigericin, cells were imaged in a confocal laser scanning live-cell microscope. Almost
all infected BLaER1 cells released their intracellular parasites (73 % of infected cells) within the first
eight hours after induction (Figure 39B). In contrast, only a small fraction of BLaER1 GSDMD” cells
released intracellular parasites in the same time frame (10 % of infected cells). Furthermore, parasite

release from BLaER1 GSDMD™" cells occurred at significantly later time points compared to BLaER1 wild
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type cells (409 min vs. 190 min) (Figure 39C). Interestingly, BLaER1 GSDMD™" cells showed membrane
blebbing, a sign of apoptosis, prior to the release. This observation is in sharp contrast to wild type
BLaER1 cells, which omitted this characteristic and released parasites much more rapidly and in
concert with cellular contents indicated by the disappearance of cytosolic eGFP fluorescent signal
(Figure 39A). This showed that a knockout of gasdermin D results in significantly less and delayed

release of intracellular parasites.
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Figure 39: Pyroptosis resistance leads to delayed parasite release from BLaER1 GSDMD?- compared to wild type BLaER1.
BLaER1 cells and BLaER1 GSDMD- cells were infected with stationary-phase L. major DsRed at MOI 5 for 3 h. Cells were
washed and incubated for overnight. Next, cells were stimulated with 200 ng/ml LPS for 3.75 h and pyroptosis was induced
by treatment with 4 uM nigericin for 8 h. Simultaneously with LPS stimulation, cells were imaged by live-cell microscopy at
2.5 min intervals. (A) Time series of parasite release from an infected BLaER1 (top row) or infected BLaER1 GSDMD-(bottom
row) cell. Images show the intact, infected cell (left), first morphological signs of cell death (center) and released parasite
(right). (B) Share of infected cells releasing their intracellular parasite during the observed time period. (C) Time of parasite
release after nigericin treatment. N=3. Graphs show mean values + SD (B) or individual values + median (C). Significance was
determined by unpaired t-test. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Live cell imaging was performed by Moritz
Jaedtka.
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4.3.3 Pyroptosis induction does not lead to an increase in the number of extracellular parasites
In a next step, the pyroptosis-mediated parasite exit from host cells was quantified by high-throughput
automated microscopy. To quantify pyroptosis-mediated parasite egress more robustly using a larger
sample size. For this, BLaER1 BLaER1 GSDMD”" cells were labeled with CMFDA and infected with either
stationary-phase L. major DsRed or axenic L. major DsRed amastigotes for 24 h. At 24 h p.i., cells were
stimulated with LPS, followed by pyroptosis induction by nigericin treatment for up to 60 min.
Afterwards, DNA was stained with DAPI and parasites were immunostained with a-Lm serum. Cells
were subsequently imaged in a high-throughput microplate imager. Acquired images were analyzed in
the CellProfiler software using a self-designed image analysis pipeline for the quantification of
extracellular parasites. The pipeline is shown as schematic in Figure 40 and in Figure 41 an exemplary
image of each step is shown. Nuclei were identified based on DNA staining and nuclei were used as a
seed to identify the cell membrane based on the CMFDA staining (Figure 41, first row). Signal from
immunostained parasites was first, enhanced and second, thresholded to identify parasites (Figure 41,
second row). In a series of object-based operations, cells were first related to parasites, creating the
“intracellular parasite” subset. Then, cells were filtered by the number of intracellular parasites to
create the “infected cells” subset. Finally, parasites were masked using intracellular parasites. The

remaining parasites were considered to be extracellular (Figure 41, rows 3-5).
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Figure 40: Schematic of image analysis pipeline for quantifying extracellular parasites.

Schematic of the CellProfiler image analysis pipeline used to analyze data from automatic microscopy experiments described
in the Figure 42 and Figure 43. First, the nucleus of each cell is identified. Second, the nucleus is used as a seed to identify the
cell outlines using the image from the CMFDA channel. Third, the signal from stained parasites is enhanced and the parasites
are identified. Forth, parasites are related to cells to identify parasites that reside inside of a cell. This subset of parasites is
labeled “intracellular parasites”. Fifth, cells are filtered for intracellular parasites. Cells that have at least one intracellular
parasite are labeled “infected cells”. Sixth, the parasites are masked with the “intracellular parasites” object i.e., parasites that
are part of the “intracellular parasite” subset are removed. Finally, RGB images and numerical results are exported.
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Figure 41: Exemplary images of the image analysis pipeline.

Exemplary images of the CellProfiler image analysis pipeline used to analyze data from automatic microscopy experiments
described in the Figure 42 and Figure 43. Each microscopy image shows a small section of an image set of three channels.
Green outlines indicate a primary object. Purple outlines indicate a either a secondary object (first row, right image) or a
masked object (firth row, right image). A colored fill indicates an object. The colors are assigned randomly (rows three to
five, left and center images), but are matched when objects are related by an operation (rows three to five, right images).
Row six shows the RGB overlay image alone (left) or overlayed with object outlines (right).

For promastigote-infected cells, no differences in the infection rate and parasite burden were observed
between BLaER1 and BLaER1 GSDMD” cells, irrespective of the used stimulus. The infection rates were
29 % vs. 18 % for unstimulated cells, 27 % vs 19 % for LPS stimulated cells, 26 %vs. 19 % after 10 min
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of nigericin treatment, 14 % vs 19 % after 30 min of nigericin treatment and 27 % vs. 19 % after 60 min
of nigericin treatment for BLaER1 and BLaER1 GSDMD” cells, respectively. Thus, infection rates were
constant across all used stimuli (Figure 42A). The parasite burden was also constant across all used
stimuli and analyzed cell types, and varied between 1.3-1.5 parasites per cell (Figure 42B). The number
of extracellular parasites was overall higher for BLaER1 cells than for BLaER1 GSDMD”" cells in all tested
conditions, but did not reach the level of significance (Figure 42C). To allow a better comparison of the
individual replicates and address the variance caused by the different numbers of total parasites
imaged in each replicate, a ratio of extracellular parasites to total parasites was calculated (Figure
42D). Here, a trend towards a higher parasite release was observed for BLaER1 cells compared to
BLaER1 GSDMD”" cells, with a larger share of extracellular parasites for LPS treated cells (7.3 % vs.
4.4 %), 10 min of nigericin treatment (5.1 % vs. 3.2 %), 30 min of nigericin treatment (12.2 % vs. 2.0 %)
and 60 min of nigericin treatment (6.9 % vs 4.6 %). However, this trend did not reach the level of

significance.
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Figure 42: Induction of pyroptosis in promastigote infected BLaER1 cells does not lead to an increase of extracellular
parasites compared to promastigote infected BLaER1 GSDMD”- cells.

BLaER1 cells and BLaER1 GSDMD- cells were stained with 0.5 pg/ml CMFDA and subsequently infected with stationary-
phase L. major DsRed at MOI 5 for 3 h. Cells were washed and incubated for overnight. Next, cells were stimulated with
200 ng/ml LPS for 3.75 h and pyroptosis was induced by treatment with 4 uM nigericin for up to 60 minutes (time of
treatment indicated below graph in minutes). Afterwards, cells were fixed, permeabilized and stained with a-Lm serum
and anti-mouse Alexa-Fluor568 antibody. Images were acquired using an Operetta automated microscope and
analyzed with CellProfiler. (A) Share of infected cells. (B) number of parasites per infected cell. (C) number of
extracellular parasites. (D) Number of extracellular parasites expressed as percent of all detected parasites. N=4.
Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.

For amastigote-infected cells, the observed infection rates were not significantly different and overall
constant across all tested stimuli, ranging from 52 % for LPS stimulated BLaER1 cells to 62 % for BLaER1
cells treated with nigericin for 30 min in cells and ranging from 41 % for unstimulated BLaER1
GSDMD” cells to 55 % for knockout cells treated with nigericin for 10 min (Figure 43A). The parasite
burden of BLaER1 cells was overall, but not significantly, higher than the one observed for BLaER1
GSDMD” cells and remained constant across all tested conditions. Parasite burdens ranged from
2.0- 2.4 parasites per cell in BLaER1 cells and from 1.7 to 2.0 parasites per cell in BLaER1 GSDMD” cells
(Figure 43B). The number of extracellular amastigotes was overall approximately two times as high as
for promastigote-infected cells (Figure 43C). Furthermore, there was a strong trend towards a higher
number of extracellular parasites for BLaER1 cells compared to BLaER1 GSDMD” cells, that increased

with longer nigericin treatment times. However, this trend did not reach the level of significance. The
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ratio of extracellular parasites to the total number of detected parasites was overall smaller than the
one observed for promastigote infected cells (Figure 43D). While the ratio was higher for BLaER1 cells
compared to BLaER1 GSDMD7 cells in every tested condition (2.8 % vs, 2.7 % for untreated cells, 3.3 %
vs. 2.9 % for LPS stimulated cells, 2.8 % vs. 2.2 % for 10 min nigericin treatment, 2.9 % vs. 2.2 % for
30 min of nigericin treatment and 6.3 % vs 4.0 % for 60 min of nigericin treatment), this trend was less
pronounced than for promastigote infected cells and, also, did not reach the level of significance. In
summary, the experiment showed that the parasite egress observed by life cell microscopy could not

be quantified by high-throughput microscopy using extracellular parasites as a readout.
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Figure 43: Induction of pyroptosis in amastigote infected BLaER1 cells does not lead to an increase of extracellular
parasites compared to amastigote infected BLaER1 GSMD~- cells.

BLaER1 cells and BLaER1 GSDMD- cells were stained with 0.5 ug/ml CMFDA and subsequently infected with axenic L.
major DsRed amastigotes at MOI 2 for 3 h. Cells were washed and incubated for overnight. Next, cells were stimulated
with 200 ng/ml LPS for 3.75 h and pyroptosis was induced by treatment with 4 uM nigericin for up to 60 minutes (time
of treatment indicated below graph in minutes). Afterwards, cells were fixed, permeabilized and stained with a-Lm
serum and anti-mouse Alexa-Fluor568 antibody. Images were acquired using an Operetta automated microscope and
analyzed with CellProfiler. (A) Share of infected cells. (B) number of parasites per infected cell. (C) number of
extracellular parasites. (D) Number of extracellular parasites expressed as percent of all detected parasites. N=4.
Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001,
**%*pn<0.0001.
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4.3.4 Pyroptosis induction increases the rate of secondary infections in a co-incubation assay

Due to high differences in the number of extracellular parasites between the individual replicates of
the previous experiment, | suspected that released parasites could have been washed off the
microplates during the staining procedure after nigericin treatment. Furthermore, the mean time of
parasite release from BLaER1 cells of 190 min determined by live-cell imaging and the significantly
higher cell viability of BLaER1 GSDMD”" compared to BLaER1 cells for up to 4 h were considered, and
the time of nigericin treatment increased to 4 h accordingly. To circumvent this problem, the cell-to-
cell spread was analyzed in a co-incubation assay and the secondary infection rate was used as a metric
for parasite exit instead of the number of extracellular parasites. For the co-incubation assay, BLaER1
BLaER1 GSDMD”" cells were labeled with CMFDA and infected with either stationary-phase L. major
DsRed or axenic L. major DsRed amastigotes for 24 h. At 24 h p.i. CellTracker DeepRed-labeled BLaER1
GSDMD™ cells were added to both cell types, because only this pyroptosis-resistant cell type would be
viable, thus, capable to take up parasites under pyroptosis-inducing conditions. Afterwards, cells were
stimulated with LPS, followed by pyroptosis induction by nigericin treatment for up to 240 min. Then,
DNA was stained with DAPI and parasites were immunostained with a-Lm serum. Cells were
subsequently imaged in a high-throughput microplate imager. Acquired images were analyzed in the
CellProfiler software using a self-designed image analysis pipeline for the quantification of the
secondary infection rate. The pipeline is shown as schematic in Figure 44. The pipeline closely
resembled the one used for the quantification of extracellular parasites (Figure 40 and Figure 41). The
main differences were that (1): Two different cell populations (primary cells and co-incubated cells)
were identified based on the different cell surface stainings (CMFDA and CellTracker DeepRed), (l1):
Cells were no longer identified as a secondary object using the nucleus as a seed, but directly identified
as a primary object like the parasites and (Ill): The “extracellular parasites” subset was termed “residual
parasites” and was used for a second round of object-based relating and filtering to identify secondary
infected cells, i.e. infected co-incubated cells, and secondary intracellular parasites. While this pipeline
was more sophisticated than the pipeline used for detection of extracellular parasites, it was built with

the same set of modules and therefore, no exemplary images are shown for it.
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Figure 44: Schematic of image analysis pipeline for quantifying secondary infections.

Schematic of the CellProfiler image analysis pipeline used to analyze data from automatic microscopy experiments described in Figure
45. First, the cell membrane of each CMFDA stained cell is identified. Second, the signal from stained parasites is enhanced and the
parasites are identified. Third, parasites are related to cells to identify parasites that reside inside of a cell. This subset of parasites is
labeled “intracellular parasites”. Forth, cells are filtered for intracellular parasites. Cells that have at least one intracellular parasite
are labeled “infected cells”. Fifth, the parasites are masked with the “intracellular parasites” object i.e., parasites that are part of the
“intracellular parasite” subset are removed and the resulting parasites are labeled “residual parasites”. Sixth, the cell membrane of
co-incubated cells is identified in the Alexa-Fluor647 channel. Seventh, co-incubated cells and residual parasites are related and
filtered as described in step three and four to identify secondary infected cells and secondary intracellular parasites. Finally, RGB
images and numerical results are exported.

For promastigote infected cells, the observed primary infection rates were not significantly different
and overall constant across all tested stimuli, ranging from 35 % for cells treated with nigericin for
240 min to 53 % for LPS stimulated cells in BLaER1 cells and ranging from 39 % for cells treated with
nigericin for 120 min to 55 % for LPS-stimulated cells in BLaER1 GSDMD?" cells (Figure 45A). The
parasite burden did not differ between the primary infected BLaER1 and BLaER1 GSDMD”" cells and
remained constant across all tested conditions. Parasite burdens ranged from 1.5 — 2.2 parasites per
cell in BLaER1 cells and from 1.5 to 2.1 parasites per cell in BLaER1 GSDMD™" cells (Figure 45C). The
secondary infection rate was overall slightly higher for BLaER1 GSDMD?" cells co-incubated with
BLaER1 cells than for BLaER1 GSDMD™ cells co-incubated with BLaER1 GSDMD”" cells in all conditions
but for nigericin treatment for 180 min (Figure 45E). The secondary parasite burden did not differ
between BLaER1 and BLaER1 GSDMD” cells and remained constant across all tested conditions (Figure

45G). The same was observed for the number of extracellular parasites (Figure 45l).

For amastigote infected cells, the observed primary infection rates were not significantly different and

overall constant across all tested stimuli, ranging from 58 % for unstimulated cells to 72 % for cells
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treated with nigericin for 180 min in BLaER1 cells and ranging from 54 % for unstimulated cells to 75 %
for cells treated with nigericin for 180 min in BLaER1 GSDMD” cells (Figure 45B). The parasite burden
was overall, but not significantly higher for BLaER1 GSDMD”" cells than for BLaER1 and cells and
remained constant across all tested conditions. Parasite burdens ranged from 2.2 — 2.7 parasites per
cell in BLaER1 cells and from 2.1 to 3.1 parasites per cell in BLaER1 GSDMD”" cells (Figure 45D). The
secondary infection rate was overall higher for BLaER1 GSDMD”" cells co-incubated with BLaER1 cells
than for BLaER1 GSDMD™" cells co-incubated with BLaER1 GSDMD”" cells in all conditions. While the
observed differences were small for unstimulated cells, stimulated cells and cells briefly treated with
nigericin, the differences increased with prolonged time of nigericin treatment (Figure 45F). However,
these findings did not reach the level of significance. The secondary parasite burden did not differ
between BLaER1 GSDMD” cells co-incubated with BLaER1 cells and BLaER1 GSDMD” cells co-
incubated with BLaER1 GSDMD” cells and remained constant across all tested conditions (Figure 45H).
The number of extracellular parasites fluctuated strongly and did not show any clear differences
between cell types and tested conditions (Figure 45J). In summary, the results of the of the co-
incubation experiments showed strong trends to an increased secondary infection rate of BLaER1
GSDMD™ cells co-incubated with BLaER1 cells compared to BLaER1 GSDMD?" cells co-incubated with
BLaER1 GSDMD”" cells. This suggests a role of pyroptosis in the parasite spread of amastigotes, even

though results did not reach the level of significance.
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Figure 45: Induction of pyroptosis in infected BLaER1 cells does not lead to an increase of secondary infections
compared to infected BLaER1 GSMD7- cells.

BLaER1 cells and BLaER1 GSDMD”- cells were stained with 0.5 pg/ml CMFDA and subsequently infected with stationary-
phase L. major DsRed at MOI 5 (A, C, E, G, and |) or axenic L. major DsRed amastigotes (B, D, F, H and J) at MOI 2 for 3 h.
Cells were washed and incubated for overnight. Next, fresh BLaER1 GSDMD- cells were stained with 0.5 uM CellTracker
Deep Red and added to the infected BLaER1 or infected BLaER1 GSDMD”- cells. After 1 h of co-incubation, cells were
stimulated with 200 ng/ml LPS for 3.75 h and pyroptosis was induced by treatment with 4 uM nigericin for up to 4 h (time
of treatment indicated below graph in minutes). Afterwards, cells were fixed, permeabilized and stained with a-Lm serum
and anti-mouse Alexa-Fluor568 antibody. Images were acquired using an Operetta automated microscope and analyzed
with CellProfiler. (A and B) Share of promastigote (A) or amastigote (B) infected cells. (C and D) number of intracellular
promastigotes (C) or amastigotes (D) per infected cell. (E and F) Share of CellTracker Deep Red stained BLaER1 GSDMD-
cells that were secondarily infected by promastigotes (E) or amastigotes (F). (G and H) Number of intracellular promastigotes
(G) or amastigotes (H) per infected CellTracker Deep Red stained BLaER1 GSDMD”- cells. (I and J) Number of extracellular
promastigotes () or amastigotes (J) expressed as percent of all detected parasites. N=3. Graphs show mean values + SD.
Significance was determined by Two-Way-ANOVA. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.5 Generation of BLaER1 GSDMD”* x eGFP*

To further investigate the potential role of pyroptosis in the cell-to-cell spread of L. major, the co-
incubation assay was modified to enable analysis by flow cytometry instead of microscopy. This
allowed an increase of sample size and minimized the loss of cells caused by washing steps.
Furthermore, to supersede the need for cell staining, a BLaER1 GSDMD”" with knocked out eGFP was
created by nucleofection with RNPs targeting the eGFP gene. This allowed the identification of co-
incubated secondary infected BLaER1 GSDMD”" cells based on eGFP expression. Nucleofection
efficiency and knockout efficiency were controlled as previously described (see Figure 25) and
therefore, the data is not shown here. After limiting dilution, putative BLaER1 GSDMD”" x eGFP” clones
were analyzed for eGFP expression by flow cytometry Figure 46A and six clones, which were negative
for eGFP expression were transdifferentiated, followed by analysis of their transdifferentiation
efficiency by flow cytometry (Figure 46B). The share of positive cells for each analyzed marker are
shown in Tab. 5 for all tested clones along with BLaER1 as positive control (Table 5).
BLaER1 GSDMD”" x eGFP”- clones G2 and D2 were selected for further experimentation based on their

high CD14 and CD11b positivity, low CD19 positivity and absence of eGFP expression.
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Figure 46: Generation of BLaER1 GSDMD~- x eGFP/- cell line.

BLaER1 GSDMD- cells were nucleofected with RNPs comprised of an sgRNA targeting eGFP and recombinant Cas9
protein. After subsequent limiting dilution, single clones were analyzed for eGFP expression by flow cytometry.
Afterwards, the transdifferentiation efficiency of selected eGFP- clones were checked by staining with CD14-PB, CD19-
PerCP-Cy5.5 and CD11b-PE antibodies and subsequent flow cytometric analysis. (A) Histograms of relative eGFP
fluorescence of all screened BLaER1 GSDMD- x eGFP-/- clones. (B) Histograms of relative fluorescence values for eGFP
and transdifferentiation markers CD11b, CD14 and CD19.
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Table 5: Transdifferentiation efficiency of BLaER1 GSDMD”- x eGFP-/ clones.
Table shows the share of positive cells for the marker eGFP, CD11b, CD14 and CD19 for BLaER1 wild type cells and selected
BLaER1 GSDMD”- x eGFP- clones as determined by flow cytometric analysis in Figure 46B.

clone percent positivity

cD19 CD11b cD14 m

12.6 % 78.6 % 79.4 % 94.8 %
7.29% 95.6 % 6.95 % 0%
72.7 % 19.2% 13.9% 0%
75.7 % 24.0 % 23.9% 0%
49.3 % 48.0 % 46.3 % 0%
3.65 % 78.9 % 98.7 % 0%
5.17 % 83.4% 98.9 % 0%

4.3.6 Parasites can spread to new host cells in the same pro-inflammatory microenvironment

Using the newly generated BLaER1 GSDMD”* x eGFP cell line the pyroptosis-mediated cell-to-cell
spread of L. major parasites was investigated in a modified co-incubation assay and analyzed by flow
cytometry. A schematic of the flow cytometric co-incubation assay is shown in Figure 47A. In brief,
BLaER1 eGFP7" and BLaER1 GSDMD”" x eGFP'" cells were infected with either stationary-phase L. major
DsRed or axenic L. major DsRed amastigotes for 3 h. Then, cells were washed and co-incubated with
fresh BLaER1 GSDMD™ cells for 18 h. Afterwards, pyroptosis was induced as previously described and
followed by flow cytometric analysis. Infected cells were identified based on relative DsRed
fluorescence intensity and autofluorescence and, subsequently secondary infected cells were
distinguished from primary infected cells based on GFP expression (Figure 47B). For promastigote-
infected B->G-BLaER1 GSDMD”" cells, we observed a strong and significant increase in the rate of
secondary infections for 120 min, 180 min and 240 min of nigericin treatment compared to
G—>G-BLaER1 GSDMD™" cells, for which no secondary infection above background level could be
observed (Figure 47C). For amastigote-infected B->G-BLaER1 GSDMD™" cells the secondary infection
rate increased strongly and significantly for LPS-stimulated cells and all time points of nigericin
treatment (Figure 47D). For amastigote-infected G->G-BLaER1 GSDMD™" cells no secondary infection
above background level could be observed. Notably, amastigote-infected B> G-BLaER1 GSDMD”" cells
did not only show a significantly increased secondary infection rate (7.0 % vs. 0.2 %), but also an overall
higher level of parasite spread for nigericin-treated conditions (6.6 % vs. 4.5 %, 9.2 % vs. 5.0 % and
11.7 % vs. 7.8 % for 120 min, 180 min and 240 min of nigericin treatment, respectively) compared to
BLaER1 GSDMD”" cells co-incubated with promastigote-infected B=>G-BLaER1 GSDMD” cells. In
summary, the modified co-incubation assay demonstrated that pyroptosis lead to parasite spread to

new previously uninfected host cells. Notably, the cell-to-cell spread was not impaired by the pro-
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inflammatory activation of the primary host cell by pyroptosis induction nor by the pro-inflammatory

activation of the secondary host cell by IL-1 secretion.
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Figure 47: Parasite release and re-infection of host-cells in pro-inflammatory microenvironment.

(A) Schematic of the co-incubation assay. BLaER1 eGFP-- cells and BLaER1 GSDMD"- x eGFP- cells were infected with
stationary-phase L. major DsRed promastigotes or axenic L. major DsRed amastigotes before co-incubation with BLaER1
GSDMD- cells. Primary and secondary infected cells were, then distinguished by eGFP positivity of infected cells. (B) Gating
strategy of co-incubation assay. Infected cells were identified based on their relative DsRed fluorescence identity compared
to a control infected with non-fluorescent L. major parasites (left plot). Infected cells were distinguished based on eGFP
relative fluorescence intensity into eGFP negative (primary infected) and eGFP positive (secondary infected). (C and D)
BLaER1 eGFP-- cells and BLaER1 GSDMD™- x eGFP~/- cells were with stationary-phase L. major DsRed at MOI 5 (C) or axenic
L. major DsRed amastigotes (D) for 3 h. Cells were washed and, subsequently, fresh BLaER1 GSDMD- cells were added to
the infected BLaER1 eGFP~- cells and BLaER1 GSDMD- x eGFP- cells. After 18 h of co-incubation, cells were stimulated with
200 ng/ml LPS for 3:45 h and pyroptosis was induced by treatment with 4 uM nigericin for up to 4 h (time of treatment
indicated below graph in minutes). Afterwards, cells were harvested and analyzed directly by flow cytometry. Secondary
infection rates of individual replicates were corrected for the background transfer observed in the unstimulated control
before statistical analysis. N=4. Graphs show mean values + SD. Significance was determined by Two-Way-ANOVA. * p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Flow cytometry and data analysis were performed by Moritz Jaedtka.
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The goal of this thesis was to elucidate the role of the NLRP3 inflammasome during the infection of
human host cells with L. major. This consisted of testing whether L. major infection leads to NLRP3
inflammasome activation in human macrophages as it has been shown for murine macrophages.
Furthermore, it was analyzed if the NLRP3 inflammasome activation would lead to parasite restriction
in infected host cells. Finally, it was determined whether NLRP3 inflammasome activation and
subsequent pyroptosis could facilitate the spread of L. major parasites to new host cells. Testing of
these parameters was only possible in a human macrophage cell line model. Therefore, the
transdifferentiating cell line BLaER1 was analyzed for its potential as an infection model for the
infection of hMDMs with L. major parasites. BLaER1 cells were compared to the most commonly used
M-CSF- and GM-CSF-derived macrophages in regard to susceptibility for infection, infection rate,
parasite burden, support of intracellular transformation to amastigote stage of L. major parasites and
cytokine response. BLaER1 cells compared well to M-CSF-derived and GM-CSF-derived macrophages
in every tested parameter, but overall resembled GM-CSF-derived macrophages more closely. By
comparing the NLRP3 inflammasome activation of BLaER1 cells with BLaER1 cell lines with knocked out
key components of the NLRP3 inflammasome, caspase-1 and NLRP3, | could show that the two main
stimuli leading to NLRP3 inflammasome activation, phagolysosomal NADPH oxidase-mediated ROS and
cytosolic LPG, also activate the human NLRP3 inflammasome. Interestingly, this NLRP3 inflammasome
activation did not lead to significant parasite restriction in comparison to inflammasome-deficient
knockout cell lines. While pro-inflammatory polarization of BLaER1 cells did increase the production of
ROS, this did not lead to parasite restriction. However, restriction could be achieved by treatment with
NO producing compounds. Finally, by using pyroptosis-refractory BLaER1 GSDMD”" and BLaER1
GSDMD”* x eGFP7" cell lines, it could be demonstrated by live cell imaging and flow cytometry that
pyroptosis can facilitate the egress of intracellular parasites. By the subsequent use of co-incubation
assays followed by flow cytometric or fluorescence microscopy analysis, it could be shown that this
egress allows the spread to new uninfected host cells in a highly pro-inflammatory, pyroptosis-inducing

microenvironment. In the following sections all findings will be discussed in detail.
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Figure 48: Schematic summary of the research results.

(1. Infection model) BLaER1 cells corresponded well to either type of hMDMs across all tested parameters. (2. NLRP3
inflammasome activation) Experiments with LPG deficient L. major parasites and NADPH oxidase inhibitors confirmed the
role of both pathways in L. major-mediated inflammasome activation. (3. Parasite restriction) Neither NLRP3 inflammasome
activation nor pro-inflammatory polarization led to parasite restriction in human phagocytes. Parasite restriction could be
rescued by treatment with the NO-generating compound SNI-1. (4. Cell-to-cell spread) Induction of pyroptosis lead to a strong
increase in the rate of secondary infections, showing that pyroptosis is a possible mechanism of parasite spread.

5.1 BLaER1 as an infection model for L. major infection of hMDMs

It is widely recognized that cell lines derived from transformed cells react differently than primary
human cells [94,95,158]. However, when it comes to cell line models of primary human cells this fact
often goes unacknowledged. An example for this are the low CD14 expression and deficient alternative
NLRP3 inflammasome activation of THP-1 cells [96] that does not resemble primary hMDMs. To
address this problem, the BLaER1 cell line was systematically compared to the most frequently used
M-CSF-derived and GM-CSF-derived macrophages to establish the cell line as an infection model for
the infection of primary human macrophages with L. major, prior to the analysis of the NLRP3

inflammasome response to L. major infection of these cells.
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5.1.1 Immunophenotype of tdBLaER1 cells corresponds to well to hMDMs
Immunophenotyping of tdBLaER1 cells, udBLaER1 cells, M-CSF-derived hMDMs and GM-CSF-derived

hMDMs revealed that tdBLaER1 cells resembled GM-CSF-derived hMDMs more closely with only three
different markers (CD206, HLA-DR, CD18), which were expressed by a smaller percentage of cells. In
comparison to M-CSF-derived hMDMs, six markers (CD206, HLA-DR, CD18, CD14, CD163, CD116) that
were expressed by a smaller share of cells. The most notable of these markers were CD14, CD206 and
CD18. CD14 is a co-receptor of TLR4 and important for the recognition of LPS [29], while the mannose
receptor (CD206) recognizes LPG on the parasite surface and plays a role in parasite uptake
[13,137,159,160,14]. Finally, integrin B-chan2 (CD18) is involved in cell adhesion [29], which might
explain the weaker adherence of tdBLaER1 cells compared to macrophages, observed throughout this
thesis, and reported by others [100]. This speculation is also supported by the fact that deficiencies in
CD18 expression are the underlying cause of leukocyte adhesion deficiencies, which impair the
extravasation of leukocytes into inflamed tissues [29]. However, it should be noted that CD18-
mediated adhesion to endothelial cells is facilitated by specific interactions with endothelial
intercellular adhesion molecules, thus, it is unclear whether this finding really applies to cell culture-
treated surfaces. However, while the percentage of positive cells was lower for tdBLaER1 cells for the
aforementioned markers (CD14, CD206, CD18), the expression level of the positive subset measured
by the mean relative fluorescence intensity values (MFI) was significantly higher. Accordingly,
tdBLaER1 cells showed a comparable sensitivity to LPS as hMDMs as determined by secretion of TNF-
a and IL10. This result is well in line with reports by Gaidt et al., who reported a highly similar LPS
sensitivity of tdBLaER1 cells compared to hMDMs [77]. The different share of CD206 positive cells did
also not result in different rates of parasite uptake. Likely because the functions exerted by CD18 and
CD206 i.e., cell adhesion and phagocytosis of Leishmania are highly redundant processes
[13,15,16,29,14], thus, subsets lacking these surface markers could compensate their functions with
other proteins beyond the scope of this phenotyping. Overall, tdBLaER1 cells resembled GM-CSF-
derived hMDMs more closely than M-CSF-derived macrophages in terms of their immunophenotype,
but were very similar to both types of h(MDMs. This was not surprising, because GM-CSF and M-CSF
are recognized as survival cytokines for monocytes and macrophages and, while they can facilitate the
differentiation from monocytes to macrophages, they do not promote a pronounced polarization of
the macrophages unlike stimulation with LPS+IFN-y or IFN-y (pro-inflammatory; M1) or IL-4 (anti-
inflammatory; M2) [40]. Accordingly, only 17 % of genes are differentially regulated between GM-CSF-
derived and M-CSF-derived hMDMs [161].
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5.1.2 Smaller size of BLaER1 cells does not affect their susceptibility to L. major infection
A notable difference between BLaER1 cells and primary human macrophages is the smaller size and

the smaller cytoplasm area of BLaER1. This characteristic can be observed by any fluorescence
microscopy staining that labels DNA and a cytosolic or plasma membrane-bound structure and can be
inferred from the results of several groups using this cell line[99,101]. This raised the question whether
BLaER1 cells would be susceptible to infection with L. major parasites, because Leishmania ssp. are
relatively large intracellular pathogens (approx. 8 um of cell body in promastigote form) and also highly
motile [8,9,162]. Accordingly, promastigotes have been reported to cause cell membrane rupture of
macrophages during phagocytosis [162]. The analysis of cell size, cytoplasm area and presence of
intracellular parasites showed that BLaER1 cells, like hMDMs are susceptible to L. major infection and
increase their cytoplasm area in response to the uptake of pathogens. Unsurprisingly, a larger area of
the cell was occupied by the nucleus in BLaER1 cells than in either type of hMDMs at any timepoint.
As enlarged and irregular nuclei are typical for transformed cells and usually do not occur in primary
human cells [163—-165] an influence of L. major infection on this morphologic characteristic was not

expected.

5.1.3 BLaER1 are infected at similar rates as hMDMs and support intracellular parasite growth
In contrast to hMDMs, the parasite burden of BLaER1 cells could not be determined by Diff-Quick

staining. Hence, the parasite burden was determined by automated fluorescence microscopy as an
alternative. Using this method an average parasite burden of 3.50 could be determined, which
corresponded extremely well with the parasite burden of 3.2 reported by Wenzel et al. for
promastigote-infected M-CSF-derived hMDMs [166]. Thus, their smaller size does not affect the

susceptibility of BLaER1 cells to L. major infection.

It has previously been reported that an apoptotic subset of metacyclic promastigote cultures is crucial
for the establishment of a productive infection. This immunosuppressive effect is mediated by the
expression of PS on the surface of the apoptotic, which induces the secretion of the anti-inflammatory
cytokine TGF-f [155]. While the exact mechanism has not been demonstrated, it is assumed that the
apoptotic, PS-expressing parasites hijack the host cell’s efferocytosis pathway, which mediates the
uptake of apoptotic cells by phagocytic cells without inflammation and is an important mechanism for
tissue homeostasis [167]. This is further corroborated by findings of Chaves et al., who showed that
the immunosuppressive effect of parasite uptake within apoptotic neutrophils by TRMs (“Trojan horse

strategy”) is dependent on the expression of PS receptors Axl and mertk [25]. Since, phagocytic cells
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recognize apoptotic cells and cell debris through “eat-me” signals - predominantly PS, it is likely that
this is also the pathway activated by apoptotic parasites [167]. Besides its role in leishmaniasis,
efferocytosis is recognized as an important anti-inflammatory feedback mechanism as the number of
apoptotic neutrophils in tissues peaks concomitantly with a self-limiting inflammation and decreases
through the resolution phase [168,169] In summary, the uptake of both viable and apoptotic parasites
is an important characteristic of a human macrophage infection model, to correctly display the
immunosuppressive effects of apoptotic parasites. The analysis of the total (viablet+dead) parasite
uptake of BLaER1 cells to M-CSF-derived and GM-CSF-derived macrophages showed a strong decrease
of the infection rate of BLaER1 cells compared to hMDMs at 96 h p.i. (Figure 13). This difference
decreased when the supernatant of tdBLaER1 cells was discarded prior to cell harvest and disappeared
when only CD14-positive cells were compared (Figure 14). Hence, the observed differences in total
infection rate were caused by residual udBLaER1 cells and not by a different response to L. major
infection by BLaER1 cells compared to hMDMs. This was further corroborated by the observed
infection rate of CD14" BLaER1 cells with only viable parasites i.e., DsRed-expressing parasites, which
did not show any significant differences in comparison to either type of hMDM at any time point. The
issue of transdifferentiation efficiency is briefly discussed by Gaidt et al., who report difficulties to
adapt the transdifferentiation procedure to larger well formats than 96-well [100]. However, it should
be noted that Gaidt et al. determined the transdifferentiation efficiency only by morphological
assessment and not by surface marker expression, as performed by Rapino et al. [99] and in this thesis.
During the testing of transdifferentiation protocols, | observed very uncomplete transdifferentiation
of BLaER1 cells in 96-well plates, when the efficiency was assessed by surface marker expression (data
not shown), despite the visual absence of cells in the supernatant, suggesting that the lack of
observable udBLaER1 cells in the supernatant might be an artifact of the low medium volume per well
in 96-well plates. Only the increase of the B-estradiol concentration from 100 nM to 400 nM was able
to achieve a similar transdifferentiation efficiency as in 6-well plates. Notably, the transdifferentiation
protocol for the 6-well format adapted from Vierbuchen et al. [101], also required an increase of the
B-estradiol concentration from 100 nM to 200 nM, for a robust and high transdifferentiation efficiency.
It could be speculated that the differences in the transdifferentiation efficiency could be the result of
different cell densities, which affect the available amount of B-estradiol per cell and influence the half-
life of B-estradiol in the culture. In summary, the transdifferentiation protocol of BLaER1 cells should
be tested and optimized prior to experimentation and a readout for the transdifferentiation efficiency

(morphology or immunophenotype) should be defined.
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As amastigotes replicate within the parasitophorous vacuole of macrophages, it was important to show
the intracellular transformation and determine the intracellular growth of L. major parasites within
BLaER1 cells and compare it to GM-CSF-derived and M-CSF-derived hMDMs. Taking advantage of the
work of Stenger and van Zandbergen, which showed that the MFI of cells infected with fluorescent
parasites can be used as a proxy for the parasite burden [170], intracellular parasite growth was
confirmed by flow cytometric analysis of the DsRed MFI of infected BLaER1 cells, GM-CSF-derived
hMDMs and M-CSF-derived hMDMs, which increased over time. This result showed that L. major

parasites can replicate within each tested cell type.

While the increase of fluorescence intensity in the previous experiments already provided strong
evidence for the intracellular transformation of L. major to the amastigote stage, flow cytometric
analysis, unlike a histological staining, did not allow a morphological confirmation. Therefore, the
successful transformation was confirmed by gqPCR of promastigote marker SHERP and amastigote
Marker ABC transporter homologue, as reported by [166]. Interestingly, the expected reduction in
SHERP expression was only significant in BLaER1 cells and M-CSF-derived hMDMs, and the expected
increase in the ABC transporter homologue was only significant BLaER1 cells. The reasons for this are
twofold and consist of a limitation of the experimental setup and the gene regulation of Leishmania.
First, the infection experiment was performed in a micro-reaction tube, thus, extracellular parasites
could not be removed as efficiently by washing steps as in cell culture plates. Hence, RNA from residual
non-phagocytosed promastigotes could have influenced the analysis of SHERP. Furthermore, cells did
not have a cell culture-treated surface for adhesion within the micro-reaction tube i.e., were cultivated
in suspension. It is well established that this negatively affects the viability of primary cell culture [158],
thus, it is possible that the BLaER1 cells, due to their properties as tumor cell line, were more viable in
these disadvantageous culture conditions and allowed more parasite transformations. The second
reason is likely to be found in the gene regulation of Leishmania parasites, which mostly happens on a
translational level and by varying the gene copy numbers rather than on a transcriptional level [10,171]
Hence, it remains a topic of debate to which extend qPCR is a suitable method to determine the
differential regulation of Leishmania in general (reviewed in [10]). Additionally, it has been shown that
upon transformation to the amastigote form, L. major downregulates its transcription, which might
explain the small effect size of the ABC transporter homologue upregulation [171]. Yet, taken together
with increasing fluorescence intensity over time from infection experiments, both BLaER1 cells and

either type of hMDM support the transformation and proliferation of the parasite.
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5.1.4 BLaER1 cells show an overall lower cytokine response than hMDMs
As a final step of the establishment of the BLaER1 cells as infection model, the response to L. major

infection was compared in regard to cytokine secretion. However, this comparison was complicated
by the lack of strong and specific cytokine secretion of hMDMs in response to in vitro infections with
Leishmania. The reason for this is primarily the low immunogenicity of Leishmania ssp.. Based on
reports, that hMDMs infected with PS-negative L. major promastigotes purified from stationary-phase
culture or logarithmic-phase promastigotes induce higher TNF-a [155] and IL-10 [172] secretions than
hMDMs infected with an unpurified stationary-phase promastigotes, these two cytokines were chosen
for the comparison. Initially, IL-12 secretion was also analyzed, due to its crucial role as a key cytokine
of the Tul response [48,50], but was excluded from analysis due to repeated lack of detectability in
any tested cell type irrespective of infection and stimulus (data not shown).While BLaER1 cells, GM-
CSF-derived hMDMs and M-CSF-derived hMDMs displayed a strong secretion of both cytokines upon
LPS treatment, the response to L. major infection was weak and ambivalent. Thie response to LPS
stimulation corresponds well with established literature that describes TNF-a secretion by
macrophages upon contact with a plethora of PAMPs including LPS [29] and recognizes the secretion
of IL-10 upon pro-inflammatory stimulation as an important negative feedback mechanism to limit
immunopathogenic tissue damage (reviewed in [173]). The response to L. major infection in general
was well in line with the low immunogenicity of L. major [174]. Notably, BLaER1 cells displayed an
overall lower TNF-a response compared to hMDMs. The lower cytokine response, however, appeared
to be limited to TNF-a secretion, as the IL-10 secretion was on par with GM-CSF-derived hMDMs. This
is assumption is supported by Gaidt et al., who demonstrated a similar secretion of IL-13 and IL-6 of
BLaER1 cells in comparison to primary human blood monocytes [77]. Interestingly, GM-CSF-derived
hMDMs, unlike M-CSF-derived hMDMs, did not show a significant increase in their IL-10 secretion,
suggesting that even though their phenotype is highly similar, some noticeable phenotypic differences

between GM-CSF-derived hMDMs and M-CSF-derived hMDMs do exist and need to be considered.

Taking it all together, the systematic comparison of BLaER1 cells with GM-CSF-derived hMDMs and M-
CSF-derived hMDMs showed that BLaER1 cells closely resemble these primary human macrophages in
their response to L. major infection. Hence, the establishment of BLaER1 cells as an infection model

for the infection of primary human macrophages with L. major was successful.
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5.2 Characterization of the human NLRP3 inflammasome activation in response to L.

major infection

Through the sensing of multiple PAMPs and DAMPs, the NLRP3 inflammasome plays a crucial role in
the innate immune response against intracellular parasites including leishmaniasis [139,140].
However, effect of NLRP3 inflammasome activation on the outcome of cutaneous leishmaniasis
remains unclear due to species-specific differences between mice and men in this pathway and
between human and murine macrophages in general (see 1.5.3). So far, no mechanistical analyses of
the NLRP3 inflammasome response of human host cells to L. major infection have been conducted,
even though this data is imperative to elucidate the role of the NLRP3 inflammasome in cutaneous
leishmaniasis and to evaluate its suitability as a drug target. Therefore, after the successful
establishment of the BLaER1 infection model, | utilized the reverse genetic possibilities of the BLaER1
model to characterize the human NLRP3 inflammasome response to L. major infection. For this, |
analyzed whether the two main activating pathways, (I): The canonical inflammasome activation with
phagolysosomal NADPH oxidase-mediated ROS production as a second stimulus and (Il): The non-
canonical inflammasome activation by the interaction of cytosolic LPG with the sensor caspases-4/5,

are also the main activating pathways in a human background.

5.2.1 L. major does activate the human NLRP3 inflammasome
| tested whether L. major infection does activate the human NLRP3 inflammasome. For this, BLaER1

cells were primed with LPS or the TLR7/8 agonist R848, followed by infection with L. major. Priming
with two different stimuli was performed to isolate the effect caused by Leishmania infection (R848
priming) from the compounded effect of alternative inflammasome activation and Leishmania
infection (LPS priming). The latter was included because it is the physiological most relevant priming
stimulus as introduction of LPS through sand fly saliva and skin microbiome has been previously
demonstrated [138,175]. L. major infection did result in a strong increase in IL-1p secretion for both
priming stimuli demonstrating that L. major infection did activate the inflammasome by acting as a
second stimulus of the canonical inflammasome activation pathway. This finding was well in line with
previous reports of NLRP3 inflammasome activation by L. major infection in THP-1 cells [176] and mice
[128,130]. As expected, the compounded alternative inflammasome activation by prolonged LPS
stimulation and canonical activation by L. major infection led to an overall higher secretion of IL-1 by
LPS-primed cells than by R848-primed cells. Interestingly, L. major infection did not result in any
prolonged NLRP3 inflammasome activation, as no elevated IL-1pB levels were detected at 24 h p.i.. This

finding contrasts previous reports from experiments in mice, which showed high levels of IL-1B at 42
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h p.i. for. in vitro-generated L. amazonensis-infected macrophages [128] and increased IL-18 levels of
in vivo L. infantum-infected TRMs obtained from infected mice at 14 days p.i. [137]. While it would be
tempting to attribute this to species-specific differences in the innate immunity to Leishmania, it
should be noted that a decrease of IL-1B levels could be caused by a combination of transient
inflammasome activation and uptake of IL-1 by BLaER1 cells via the IL-1R. This would correspond well
with findings of Lima-Junior et al., who demonstrated that murine macrophages showed an autocrine
pro-inflammatory activation by taking up secreted IL-1p via the IL-1R [128]. The IL-1R is also abundantly
expressed by primary human monocytes and THP-1 cells [177]. Another important consideration is
that L. major has been reported to induce a weaker NLRP3 inflammasome activation than other

Leishmania species like L. mexicana and L. braziliensis [178].

L. major-mediated NLRP3 inflammasome activation was further corroborated by measurement of
caspase-1 activity, which showed NLRP3-specific caspase-1 activity upon L. major infection.
Interestingly, caspase-1 activity induced by L. major infection, unlike activation by LPS and nigericin
treatment, could not be completely inhibited by treatment with the pan-caspase inhibitor ZVAD. One
possible reason for this could be that L. major induces caspase-2 activity in host cells, as this caspase
is not inhibited by ZVAD [179]. However, caspase-2 is predominantly located in the nucleus and
although some evidence for an involvement in IL1-B exists, the exact function of caspase-2 remains
enigmatic (reviewed in [180,181]). Therefore, caspase-2 seems to be an unlikely reason for the residual
660-YVAD signal. Another possible reason could be the active cleavage of the 660-YVAD-FMK probe
by L. major, as the observed fluorescence signal of 660-YVAD-FMK was detected in proximity to the
internalized parasites. The mechanism of fluorescent caspase probes is suicidal inhibition of the active
caspase by interaction of the active enzyme with a peptide containing the caspase-specific cleavage
sequence. Hence, the surface metalloprotease gp63 of Leishmania ssp., which has previously been
shown to cleave the caspase-1 substrate pro-IL-1B [176], might be able to cleave the YVAD-sequence

of the caspase-1 probe, too.

5.2.2 NLRP3 inflammasome activation by phagolysosomal ROS production
One signaling pathway for Leishmania-mediated activation of the NLRP3 inflammasome is the

production of phagolysosomal ROS upon uptake of parasites via CLR receptors. Two non-redundant
signaling axes have been reported by Levefre et al. (l): Uptake via Dectin-1 leads to activation of Syk
kinase and subsequent activation of the NADPH oxidase complex, (Il): Uptake via MR leads to release
of arachnidonic acid from the inner leaflet of the plasma membrane, which controls the assembly of
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the NADPH oxidase complex [137]. Treatment with DPI completely ablated the IL-1B secretion of L.
major infected BLaER1 cells. However, the measurement of intracellular ROS by superoxide (O;) and
hydrogen peroxide (H.0,) probe DHE was equivocal. While the determination of ROS levels showed
that L. major uptake, irrespective of prior stimulation, did cause the production of ROS by the host cell,
treatment with DPI caused a high baseline level of ROS in the uninfected control. In follow-up
experiments this high baseline level of ROS was shown to occur for other inhibitors (apocynin, NOX
VIl), too, and to be independent of DMSO. Despite the high baseline, however, DPI treatment
successfully abrogated any increase in ROS levels caused by L. major infection in addition to the LPS
stimulation. Hence, it can be assumed that DPI treatment, despite the observed off-target effects,
successfully inhibited the ROS production induced by phagocytosis of L. major parasites, thereby
demonstrating that phagocytosis-mediated ROS production plays a role in the activation of the human
NLRP3 inflammasome. Even though these findings confirm reports of Levefre et al. and Lima-Junior et
al., which showed that inhibition of ROS abrogates Leishmania ssp.-mediated NLRP3 inflammasome
action, the high baseline ROS levels compared to untreated controls are in contrast to these studies
[137,141]. In general, the role of ROS in the activation of the NLRP3 inflammasome remains
controversial. While some studies support the findings of Levefre et al., Lima-Junior et al. [137,141]
and this thesis [117,182], others found the NLRP3 inflammasome activation to be independent of
NADPH oxidase-mediated phagolysosomal ROS [116,183—-185]. A possible explanation for this
controversy could be that all studies that reported an independence of NLRP3 inflammasome
activation from ROS production used second stimuli like monosodium urate, silica, or liposomes i.e.,
substances that induce lysosomal rupture [116,183—-185]. Lysosomal rupture is an alternative second
stimulus of the NLRP3 inflammasome and presumably activates NLRP3 via H* release and lysosomal
enzymes, like cathepsins [115,120]. In line with this speculation, Hornung et al. reported that
monosodium urate-mediated, ROS-independent inflammasome activation was abrogated by
treatment with the H* ATPase inhibitor bafilomycin A, required for lysosome acidification [116]. It
could therefore be speculated that lysosomal rupture circumvents NADPH oxidase-dependent NLRP3
inflammasome activation pathways. Finally, it should be noted that DPI [186], and likely other NADPH
oxidase inhibitors due to the high structural similarity of this type of enzymes, increase mitochondrial
ROS levels, which have also been implicated in the activation of the NLRP3 inflammasome [114,187].
These findings, however, have in turn been disputed by other reports [109,188,189], hence, the role

of ROS in the NLRP3 inflammasome activation remains elusive.
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5.2.3 Non-canonical inflammasome activation by parasite LPG
The second signaling pathway for Leishmania-mediated activation of the NLRP3 inflammasome is the

non-canonical activation of the NLRP3 inflammasome by detection of LPG by the murine cytosolic
sensor caspase-11 [142]. Therefore, | tested whether the human orthologs of caspase-11, caspase-4
and caspase-5, could detect LPG upon L. major infection and activate the NLRP3 inflammasome.
Infection of BLaER1 cells with LPG-deficient L. major T7/Cas9 DsRed LPG1” led to a complete
abrogation of the NLRP3 inflammasome activation. This finding confirmed the hypothesis that the L.
major LPG is an important activator of the human NLRP3 inflammasome and confirms the findings of
de Carvalho et al. from L. amazonensis-infected murine macrophages, who could show similar results
[142]. Furthermore, this experiment points towards a recognition of LPG by the human orthologs of
caspase-11, caspase-4 and caspase-5. This would be expected, as caspase-11 and caspase-4 have
previously been shown to have highly similar properties in the direct binding of LPS by their CARD
domain [123,142].

To elucidate the role of caspase-4/5 in the detection of L. major LPG, BLaER1 Casp4”-and BLaER1 Casp5-
/- cells were infected with L. major T7/Cas9 DsRed and L. major T7/Cas9 DsRed LPG1”" parasites.
Interestingly, knockout of caspase-4 or caspase-5 did not reduce the IL-1B secretion to the level of cells
infected with L. major T7/Cas9 DsRed LPG1”" parasites. This suggests either a redundancy of these
caspases in human cells or the involvement of other receptors in the recognition of LPG. The latter
would be well in line with findings showing that recombinant caspase-4/11 does not directly bind LPG,
raising the question how LPG is detected by these caspases [142]. The data on caspase-5 is scarce,
presumably due to the lack of caspase-5 expression by the frequently used cell lines THP-1 and U937
[123] and its role in the non-canonical inflammasome seems to originate from its homology to caspase-

4.

5.2.4 Inflammasome activation in hMDMs is subject to high donor variation
To account for eventual differences in the NLRP3 inflammasome response of BIaER1 cells and hMDMs,

| explored whether some experiments that compared BLaER1 cells to BLaER1 Casp1”- and BLaER1
NLRP37- cells, could be performed in primary human cells using hMDMs and the small molecule NLRP3
inhibitor MCC950. Except for nigericin-treated cells — the positive control for inflammasome
competence, no significant results in primary hMDMs were observed. This was due to the high donor
variance as the differences in IL-1B secretion between the lowest and highest responding donors varied

between 40fold (R848 stimulated GM-CSF-derived hMDMs) to 97fold (LPS stimulated GM-CSF-derived
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hMDMs. This data corresponds well with IL-1B concentrations measured in patient material from CL
lesions, which showed high donor variances in several reports [148,149,190]. Moreover, several
authors reported a considerable higher IL-1B production of human peripheral blood monocytes
compared to in vitro-differentiated hMDMs [191,192]. Hence, observed differences in the
inflammasome activation might also arise from different differentiation efficiencies between different
donors. In summary, despite their functional NLRP3 inflammasome, the effect of the NLRP3
inflammasome on L. major infection could not be investigated in h(MDMs due to the low IL-1f secretion
of in vitro differentiated hMDMs and the conservative experimental design, which treated donor-

derived cells as unpaired data.

5.2.5 Inflammasome-mediated parasite restriction
NLRP3 inflammasome activation has been shown to be a potent leishmanicidal effector mechanism of

murine macrophages. Killing of intracellular parasites is mediated by NO production induced by
autocrine stimulation with secreted IL-1B [128]. Since strong iNOS-mediated NO production is a
hallmark of murine macrophages, | tested whether NLRP3 inflammasome activation induces the
restriction of intracellular parasites in human BLaER1 cells. While a strong NLRP3 inflammasome-
specific IL-1B secretion could be observed for BLaER1 cells upon L. major infection, no differences in
infection rate and parasite burden were observed compared to inflammasome-deficient BLaER1
CASP17 cells or BLaER1 NLRP3”- cells. The reason for this is likely a lack of a strong NO production upon
L. major infection, as human cells rely more on ROS as an innate antimicrobial effector mechanism
[19,59,61]. However, it is well established that human macrophages do not effectively restrict L. major
parasites in the absence of Thl T cells [46,193,194]. This is underlined by the fact that Lima-Junior et
al. also managed to induce parasite restriction by murine macrophages via pro-inflammatory
stimulation with IFN-y, a key cytokine of the Tyl immune response [128]. In contrast to the
aforementioned findings, pro-inflammatory stimulation with LPS and IFN-y or IFN-y alone did not
induce parasite restriction by BLaER1 cells, despite an increase in the production of the effector ROS.
Interestingly, my results also did not correspond well with results from experiments with human cells,
which demonstrated the NO-independent, IFN-y-induced restriction of L. braziliensis in human
monocytes [74]. Another group even reported the restriction of L. braziliensis in human monocytes
without any stimulation [195]. However, it should be noted that in this study, PBMCs from CL patients
or healthy donors were infected with L. braziliensis without prior isolation of monocytes, which were
discriminated by anti-CD14 immunostaining in the subsequent flow cytometric analysis [195]. Since
PBMCs contain NK cells, which upon stimulation with IL-12 and IL-18 become strong producers of IFN-

vy [29], it is likely that parasite restriction in that work was also the result of IFN-y stimulation.
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Considering a study by Miiller et al., who demonstrated that Ti1 cells activate macrophages within a
80 um radius [51], thereby suggesting a strong concentration dependency of IFN-y-mediated parasite
restriction, it is possible that the use of a higher IFN-y concentration could have achieved restriction of

L. major in human BLaER1 cells.

Macrophages are a highly plastic cell type and can change their phenotype based on the stimuli they
receive from their respective microenvironment [35,38,40]. Consequently, the exact
immunophenotype of human macrophage subsets is a topic of ongoing debate and very dependent of
the used experimental conditions [36]. In an attempt to establish an easy validation of the pro-
inflammatory polarization of BLaER1 cells, | tested the CD86 expression level and IL-12 secretion of
pro-inflammatorily polarized BLaER1 cells as possible activation markers. However, irrespective of the
pro-inflammatory stimulus and infection, no upregulation of CD86 nor a secretion of IL-12 could be
detected.This finding contradicts reports of significant increases in CD86 expression level by pro-
inflammatory macrophages [196-198] However, it should be considered that CD86 expression of
unpolarized BLaER1 cells was already high, thus, the additional increase by pro-inflammatory
activation might have been too small to reach the level of significance. Immunophenotyping
experiments of polarized hMDMs previously performed by the lab have shown a strong upregulation
of CD86 by pro-inflammatory hMDMs (unpublished data), hence, high baseline expression of CD86

could be a divergent behavior of BLaER1 cells that should be tested in future experiments.

The lack of IL-12 secretion clearly contradicted reports from pro-inflammatory murine macrophages,
which produce IL-12 [199,200]. On the other hand, it overall corresponded well with data from human
cells, which show that IL-12 is primarily secreted by monocytes or DCs [196,201,56,202], and only at
low levels by macrophages irrespective of polarization [197,198]. In contrast to findings by Smith et al.
that pointed towards M-CSF treatment as a possible reason for the absent IL-12 secretion of human
macrophages [203], transdifferentiation of BLaER1 cells with GM-CSF instead of M-CSF did not result
in IL-12 production upon infection of either unpolarized or upon IFN-y treated BLaER1 cells. The reason
for this is likely, that Smith et al. did not compare M-CSF-derived macrophages to GM-CSF-derived
macrophages but to in vitro-generated DCs, which are potent and producers of IL-12 [56,203-205].

However, they are also a different cell type, hence, the conclusion of Smith et al. was unwarranted.
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5.2.5.1 Parasite restriction by NO treatment
Strong, iINOS-mediated NO production is a hallmark of the murine innate immune response, but absent

or extremely low in human phagocytes (see 1.3.4). Furthermore, NO is a very strong leishmanicidal
effector mechanism of macrophages against intracellular pathogens and likely responsible for the
efficient parasite restriction of many Leishmania species by murine macrophages compared to human
macrophages [59,68]. Accordingly, the analysis of iINOS expression by qPCR showed no significant
upregulation for either cell type. Notably, the cycle threshold values (Ct), which allow some conclusions
about basal expression of iINOS, ranged from 30-32 for BLaER1 cells and hMDMs compared to Ct values
of 17 observed for LPS+IFN-y-stimulated murine macrophages used for the validation of the primer
efficiency (Appendix A). This result was expected, because the detection of iNOS by qPCR was shown
to be inconsistent and the observed expression always very low (for a comprehensive overview see
table 1 in [59]). However, it has previously been reported that [206] upregulation of INOS mRNA did
not necessarily lead to NO secretion, hence, it can not be ruled out that the absence of pronounced
upregulation necessarily indicates a lack of iNOS protein. Therefore, BLaER1 cells and hMDMs could
have potentially expressed a sufficient amount of iNOS and simply not have responded to L. major

infection with a higher iNOS gene expression.

Analysis of infected BLaER1 cells by flow cytometry and Griess reaction, showed that infection with L.
major did not induce any production of NO, while the treatment with 80 uM SNI-1 increased the NO
concentration in the supernatant by approx. 50 uM. Treatment with SNI-1 significantly reduced the
parasite burden, but not the infection rate in BLaER1 cells as early as 24 h p.i. and the reduction became
stronger with longer incubation times and increased number of SNI-1 treatments. Since the parasite
burden in this experiment was assessed by flow cytometric analysis of the DsRed intensity of the
intracellular parasites, it is possible that NO did not kill the parasites, but impaired their intracellular
proliferation. This would be well in line with results of Miiller et al. who showed a primarily sublethal
effect of NO on intracellular L. major parasites in a murine infection model [207]. While the same study
also reported that a share of the parasites was killed by NO production, this was not observed here.
This could have been due to lower local concentrations of NO in the phagolysosome, because the SNI-
1 treatment relied on the diffusion of the gaseous NO into the phagolysosome while NO production in
murine cells takes place at the phagolysosome membrane [207]. Another explanation could be phases
of recovery in between of the SNI-1 treatments caused by the short half-life of the compound. This
problem was partially addressed by the repeated addition of fresh SNI-1, but constitutes a notable

difference to murine cells.
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To confirm these results in hMDMs, | repeated the experiment with GM-CSF-derived and M-CSF-
derived hMDMis. A reduction of the parasite burden was observed for GM-CSF-derived hMDMs, but
not M-CSF-derived hMDMs. Another interesting observation was a significant increase in the infection
rate of M-CSF-derived hMDMs upon L. major infection. Heyde et al. reported first evidence that L.
major parasites transmitted to new host cells in an pro-inflammatory microenvironment show a higher
proliferation than other intracellular parasites [50]. Hence, it could be speculated that the NO
treatment in M-CSF-derived hMDM lead to parasite spread by NO-induced cell death, which might
have stimulated parasite growth and, therefore, also an increase in DsRed abundance upon uptake by
a previously uninfected macrophage. In summary, however, the lack of parasite restriction in M-CSF-
derived hMDMs compared to GM-CSF-derived hMDMs and BLaER1 cells was equally unexpected and
enigmatic and further experiments are needed to shed light on the characteristics of these cells that

led to this different outcome.

Taking it all together, | successfully utilized the BLaER1 infection model to confirm the activation of the
human NLRP3 inflammasome by L. major infection. Analysis of the ROS and LPG dependency of the
inflammasome activation largely confirmed the findings of the murine model, but pointed towards a
human-specific convergence of the non-canonical inflammasome pathway and the ROS-mediated
activation upstream of caspases-4/5. In sharp contrast to findings from murine cells, no
inflammasome-mediated parasite restriction could be found in human cells. This is an important
species-specific difference that needs to be considered for the development of drugs targeting the

inflammasome.

5.3 Pyroptosis as a mechanism of parasite spread to new host cells

Over the course of an infection with intracellular pathogen, host-to-host transmission of the pathogen
is required to maintain and spread the infection to new previously uninfected host cells. While this
part of the pathogen life-cycle has been often neglected in the past, interest in the mechanisms of cell-
to-cell spread has increased in recent years (reviewed in [26]). The mechanism of host-to-host
transmission of Leishmania in particular is poorly understood. The egress of Leishmania amastigotes
has often been attributed to cell membrane rupture of the host cell caused by increasing numbers of
intracellular amastigotes. However, this assumption has been challenged by recent studies that
showed the capability of macrophages to tolerate extremely high parasite burdens of greater than 70

parasites per cell both in vitro and in vivo [22]. Therefore, in the final part of the thesis, | used the
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BLaER1 model to test whether pyroptosis, a downstream effector mechanism of strong NLRP3

inflammasome activation, plays a role in the spread of L. major infection to new host cells.

Harnessing the possibilities of reverse genetics by this cell line model, a BLaER1 knockout cell line that
is resistant to pyroptotic cell death had to be found and functionally validated. Based on its role as the
predominant pore-forming protein in pyroptosis [105,106], gasdermin D was chosen as a candidate.
Comparison of inflammasome activation and cell death of BLaER1 GSDMD” cells and BLaER1 wild type
cells showed that BLaER1 GSDMD” cells were significantly more resistant to pyroptosis induction than
BLaER1 wild type cells. Despite pyroptosis resistance BLaER1 GSDMD”" cells started to show signs of
lytic cell death at 4 h post nigericin treatment. This was unexpected, but corresponded well with He et
al., who showed that GSDMD”* RAW264.7-asc cells show increased caspase-3/7/8 activity and undergo
apoptosis upon pyroptosis induction [208]. Possible inducers of apoptosis in this experimental setting
could have been cell stress by prolonged K*-efflux, or the priming step with LPS, which could have
triggered the extrinsic, caspase-8 dependent apoptosis pathway [44,209,210]. At the first glance,
apoptosis would contradict the observed increase in IL-1B secretion by BLaER1 GSDMD” cells,
however, several reports have shown that caspase-3/6/7 activity can induce pyroptosis by cleavage of
gasdermin-E and gasdermin D [210-212]. This is also not the only crosstalk between pyroptosis and
apoptosis, as mitochondrial depolarization by the proteins BAX and BAK releases mitochondrial
contents into the cytoplasm, activating NLRP3 [44,209]. The pro-inflammatory nature of BLaER1
GSDMD” cell death involving IL-1B secretion, could also point towards necroptosis. This type of pro-
inflammatory lytic cell death has multiple intersections with both pyroptosis and apoptosis and acts as
an alternative cell death mechanism if apoptosis is impaired [44,209,213]. However, necroptosis, like
pyroptosis results in an “explosion-like” Iytic cell death and thereby contradicted the morphological
characteristics of BLaER1 GSDMD”" cell death observed by live-cell imaging. In summary, | could show
that BLaER1 GSDMD™" cells, despite their ultimate cell death under pyroptosis-inducing conditions,
were refractory to pyroptosis creating a sufficiently large time window to study the involvement of

pyroptosis in cell-to-cell spread of L. major parasites.

To characterize pyroptosis as an exit mechanism, the release of parasites from BLaER1 cells and
GSDMD™ cells under pyroptosis-inducing conditions was analyzed. The live-cell imaging data showed
that induction of pyroptosis led to a rapid release of intracellular parasites from a large share of BLaER1
cells, but not from BLaER1 GSDMD”" cells. This finding was well in line with a previous report from the

murine system in which induction of pyroptosis led to a rapid release of L. amazonensis amastigotes
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from murine macrophages [214]. Notably, neither in murine [214] nor in human macrophages did
NLRP3 inflammasome activation affect the viability of intracellular amastigotes. While this was
expected for human host cells, due to the lack of NO induction discussed earlier, it is quite important
for the murine system, because in murine host cells a potent leishmanicidal induction of NO
downstream of NLRP3 inflammasome activation has been reported [128]. The reason for this is likely
the rapid onset of pyroptosis by treatment with nigericin that limits the time of NO production. This
raises the question, if parasite viability would be impaired by NO in an in vivo experiment conducted
in mice, because of the slower induction of pyroptosis by physiological stimuli and the concomitant
prolonged exposure to NO. This could possibly lead to an underestimation of pyroptosis-mediated

parasite spread in this system.

After demonstrating pyroptosis-mediated parasite exit, it was analyzed whether this phenomenon
would lead to parasite spread in a co-incubation assay. Flow cytometric analysis demonstrated that
induction of pyroptosis led to strong and significant increases in the secondary infection rate for
BLaER1 GSDMD”" cells co-incubated with BLaER1 eGFP" cells, but not for BLaER1 GSDMD” cells co-
incubated with BLaER1 GSDMD”" x eGFP7 cells. This finding showed that pyroptotic release of parasites
can facilitate the spread to new host cells within the same pro-inflammatory microenvironment in
which the parasite exit occurred, which is a pre-requisite for this mechanism to play a role in vivo at
the infection site. In summary, the co-incubation assay confirmed the hypothesis that pyroptosis can
facilitate cell-to-cell spread of L. major. Notably, | observed a strong, pyroptosis-dependent increase
in the secondary infection rate of amastigote infected BLaER1 GSDMD”" cells co-incubated with BLaER1
eGFP cells, which were stimulated with LPS alone. Therefore, pyroptosis of these cells was likely
induced through the alternative activation pathway of the NLRP3 inflammasome. Since the alternative
activation of the inflammasome i.e., by LPS stimulation alone, does not exist in murine cells [77] and is
non-functional in THP-1 cells, this finding would have not been possible in any other experimental
system. These observations, are in contrast to earlier speculations that cell-to-cell spread of
Leishmania must necessarily involve direct cell-to-cell transfer, due to the susceptibility of Leishmania
to complement-mediated lysis [4,215]. However, they are well in line with recent studies, that showed
a strong recruitment of monocytes to the infection site during the acute infection phase [47,48,50].
Since Carneiro et al. showed upregulation of IL1-B during this phase of the infection [48] it is tempting
to speculate that pyroptosis might play a role in the spread of parasites to new host cells. However, it
should be considered that other groups previously have demonstrated the involvement of apoptosis
in the cell-to-cell spread of L. major under these pro-inflammatory conditions [50]. Interestingly,

transcriptomic profiling of tissue from lesions of cutaneous leishmaniasis patients infected with L.
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braziliensis revealed an upregulation of inflammasome as well as apoptosis-associated genes,
suggesting the activation of both pathways during leishmaniasis [147]. Considering the heterogenous
polarization of macrophages at the infection site [48], and the substantial crosstalk of apoptosis,
pyroptosis and necroptosis mentioned earlier, it is likely that several forms of cell death contribute to

the spread of Leishmania parasites at the infection site.

5.4 Conclusions and outlook

In summary, this thesis provided important insights into the role of the NLRP3 inflammasome in
cutaneous leishmaniasis. By establishment of the transdifferentiating cell line BLaER1 as an infection
model for the infection of hMDMs with L. major fast and easy genetic alteration of human phagocytes,
mechanistic insights into the role of the human NLRP3 inflammasome in could be obtained.
Investigation of the PAMPs and DAMPs that facilitate L. major-mediated inflammasome activation
largely confirmed the findings from murine models that phagolysosomal ROS production and LPG are
the key stimuli. Interestingly, inhibition of ROS and absence of LPG abrogated the NLRP3
inflammasome activation in human cell, hence, pointing towards a convergence of these pathways
upstream of the ROS production. Notably, an absence of parasite restriction in human phagocytes was
discovered in this thesis. This is an extraordinarily important species-specific difference to murine
models that must be considered during the translation of pre-clinical inflammasome research to
clinical stages. Lastly, pyroptosis was identified as a mechanism of cell-to-cell spread of L. major

parasites.

Increasingly powerful in vivo imaging techniques have greatly improved the understanding of TRMs
and the role of different macrophage subsets [25,50,195]. However, this also poses a challenge for the
research in human macrophages that rarely transcends mostly unactivated GM-CSF-derived and M-
CSF-derived hMDMs and few strongly pro- or anti-inflammatory polarizations. Future
experimentations of the BLaER1 model should, therefore, focus on the polarization of these cells to
mimic important TRM subsets. A possible approach for this could the transcriptomic comparison with
macrophages of murine origin and validation of new polarization protocols on primary human

macrophages/monocytes or induced pluripotent stem cells.

While this thesis provided important insights into the L. major-mediated activation of the NLRP3

inflammasome, | could not examine all aspects of this mechanism, due to the broad range of stimuli
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that activate the inflammasome. Particularly, the role of ROS remains enigmatic, not just in the context
of Leishmania infection but also in the context of NLRP3 inflammasome activation in general. All
aspects of ROS, that is, the particular species of ROS, the compartment in which it is produced, and
whether it activates NLRP3 directly or by oxidizing other molecules, are subjects of ongoing debate
[103] Regarding Leishmania infection, microscopic approaches that, in contrast to flow cytometry,
provide structural information should be used to elucidate the role of ROS. The high-throughput
microscopy approach established in this thesis is well suited for this, and allows sample sizes close to
the ones of flow cytometric experiments. By using fluorescent probes, the compartment of ROS
production and phagolysosome acidification could be revealed. Additionally, the information about
the localization of ROS production could clarify the high background ROS levels and allow a more
unequivocal inhibition of L. major-induced ROS production than flow cytometric approaches. Future
experiments in regard to caspase-4/5 signaling should aim to investigate the potential redundancy of
caspase-4 and caspase-5 by using a BLaER1 CASP4”" x CASP57 cell line. Lastly, this thesis demonstrated
that the inflammasome-mediated parasite restriction observed in murine cells does not occur in
human phagocytes. This finding has strong implications for the use of the NLRP3 inflammasome as a
drug target, because it highlights that a protective effect cannot be achieved by innate parasite
restriction, but will likely occur on a T cell level. Hence future experiments should focus not so much
on parasite restriction but on the cytokine secretion and the effect of altered inflammasome activation
on the T cell response. A possible approach could be a combination of established T cell activation
assays [216] with small molecule inhibitors of the NLRP3 inflammasome like MCC950. Furthermore,
the comprehensive comparison of cytokine responses during altered inflammasome activation should

be conducted using Luminex and Legendplex technologies.

Lastly, the demonstration of pyroptosis as a mechanism of parasite exit, showed that inflammatory
forms of programmed cell death can play a role in the cell-to-cell spread of Leishmania and should not
be disregarded in favor of apoptosis. Furthermore, the successful generation of cell lines refractory
against certain types of cell death, has been shown as a powerful tool to analyze the mechanisms of
pathogen spread. With a smart selection of targets, this approach could be applied to other forms of
cell death, like apoptosis and allow mechanistic insights into the role of other forms of cell death in the

spread of Leishmania.
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Appendix

Appendix
Appendix A
Table 6 Ct and ACt values of iNOS determined by qPCR for LPS+IFN-y stimulated murine macrophages.

gene Ct value dCt values (HK=GAPDH) dCt values (HK=HNRNPAB)
32.25 0 10.03

HNRNPAB 22.22 -10.03 0
m 17.31 -14.94 -4.91
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